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INTRODUCTION

The study of the spectra of substances has held the
attention of scientists ever since the discovery of the
refraction of light by Newton. This attention is well de-
served because the spectrum of a substance can give consid-
erable information concerning its detailed atomic or molecular
structure. The spectrum gives informetion on the interac-
tions of the constituent particles with each other and with
externally applied fields, and provides perhaps the fastest
method of identifying and determining the concentration
of many elements in a mixture. Spectral studies provide
such an abundance ofvhigh precision data on the relative
energies and intensities of transitions betweeh the numerous
discrete energy levels of substances that regularities ob-
served in one region of a spectrum frequently suggest theories
which can then be thoroughly checked in other regions of the
same spectrum.‘ For this reason the results of spectra work
were one of the big stimull toward the dévelopmenﬁ of the
quantum theory, and the explanation of the spectra was among
1ts most notable successes. It 1s the same today. There
are many areas, particularly in the case of liquid and
solid materials, where careful spectroscopic work can con~
tribute substantially to the advancement and understanding
of theories, or to the prediction or intérpretation of

thermodynamic and magnetic properties of materials. As we



shall see, rare earth compounds are well suited for this wqu
because they have sharp line spectra in the liquld or solid
state,

' Dysprosium ethylsulfate, chemical formula Dy( °2H5504)3'
9H20, is one of a large class of crystalline rare earth com-
pounds whose properties are particularly interesting to
scientists because the rare earths form what is known as an
inner shell tranaition series. In the case of the rare earth
or lanthanide series this means that as we proceed through
the elements in the periodic table from cerium through lute-
tium, the number of 4f electrons, as well as the nuclear
charge, Increases by one at each step. It 1s called an inner
shell transition serles because the radlial probabllity func-
tion for electrons in the 4f shell reaches its maximum well
- inside those for the filled 5s and 5p shells. This caﬁses
the 4f electrons to be rather well shielded from the outside
environment, and glves a series of metals and compounds of
fairly similar behavior in which trends in physical and
chemicai properties may be observed, and in which theoretical
predictions of these properties may be thoroughly checked.

The optical absorption spectra of liquids and solids,
in contrast with the sharp line spectra of gases, are gener-
ally characterized by broad diffuse bands without much resolv-
able structure. Although 1t is frequently possible to recog-

nilze the presence of certain molecular groupings from these



spectra, it is usually very difficult to obtailn information
on the detailed structure of the material. Early in the |
history of spectroscopy, however, it was recognized that
certain naturally occurring minerals containing lanthanide
group elements showed sharp line spectra even at room temper-
ature. It was later found that this occurrence of sharp line
spectra was characteristic of atoms or ions possessing a
partially filled inner shell of electrons.

The earliest review of these spectra was gilven by
Kayser (1), covering the years before 1905. Following the
discovery of the Zeeman effect in 1895 (2) and the subsequent
calculation of the effect of a magnetic field on the spectral
lines by Lorentz (3), Becquerel (4) and Becquerel et al. (5,
6) studied the Zeeman effect and the Faraday effect of crys-
tals of the naturally occurring rare earth minerals at vari-
ous temperatures as low as that of liquid helium. In 1925
Hund (7) was able to correlate the paramagnetic susceptibil-
ities of the rare earth salts.at room temperature with the
spectrographic ground states of the lons. He was the first
to show that the ground states arilse from 4% electron con-
figurations, where n is the number of 4f electrons. The agree-
ment with experimentlwas quite good except in the cases of
europium and samarium salts where more preclse agreement was
later obtalned by Van Vleck and Frank (8)f Hund's success
indicated that the effects upon the magnetic behavior of the

free rare earth lion induced by including it in a crystal



lattice were small compared to kT at room temperature and
small even in comparison to the multiplet splitting of the
ground LS term. These facts were to play an important role
in the foundations of later theoretical works. |

In the period 1929 to 1940 Spedding (9), Freed (10),
Ewald (11), Merz (12), Gobrecht (13), and many others con-
ducted an intensive experimentallinvestigation of the powder
and polarized crystal spectra of many rare earth salts at
various temperatures and external magnetlc fleld strengths.
Among the compounds investigated were the hydrated rare earth
chlorides, bromides, lodides, sulfates, bromates, ethylsul-
fates, perphlorates, molybdates, acetates, the rare earth
magnesium nitrates, and the p-dibrombenzolsulfonates. The
great improvement of the :esults, compared to those obtained
by the earlier workers was due to the use of synthetic crys-
tals of definite composition in contrast to the naturally
occurring mineral crystals, which usually consisted of a
mixture of rare earths, Prior to this time there had been
little to gain from comparison of the data of two or more
. workers, even though they had made admirable attempts to
identify and subtract lines due to "impurities". The use of
synthetic crystals constituted a ‘great advance toward the
systemizatlion of the étudy of rare earth spectra, though by
today's standards, largely made possible by 16n-exchange
technology, the purity of these crystals would be considered



less than desirable.

The spectra of the various rare earth salts were found
to follow a general pattern of behavior. That is, the ab-
sorption lines occurred in relatively isoclated groups, or
multiplets, whose widths were on the order of a few hundred
wavenumbers, and whose wavelengths were characteristic of
the particular rare earth lon being studied, regardless of
the negative lons or ligands with which it was assoclated.
The internal structure of the multiplets, on the other hand,
their numbers of lines, thelr polarization effects, and their
Zeeman effects, were found to be dependent on the negative
ions or ligands and upon the point symmetry of the rare earth
ion. The spectra were also found to exhlblt a general pat-
tern of behavior when observed at low temperatures. The lines
were generally sharper than their rodm temperature analogs,
corresponding to a decrease in the Doppler broadening, and to
a decrease in variations in the electric field about the cen-
tral ion due to the thermal motions of its neighbors. The
overall separations of the lines within the various multiplets
were generally found to be increased at the lower temperature
(14), and this was attributed to an intensification of the
electrostatic influence of the ligands caused by contraction
of the whole c¢rystal. The number of lines in the multiplets
was also found to depend.on the temperature. Certain "high
temperature lines", appearing mostly on the red side of each

multiplet, disappeared at.the lower temperaturés. This was



found to be due to thermal depopulation of the higher energy
levels of the ground multiplet.

Turning to the theoretical explanation of the rare earth
spectra, 1t seems natural now to assume, as suggested by
Hund's success in identlifylng the spectrographic ground
states, that the rare earth spectra are mainly characterized
by the free ion spectra, slightly modified by the inclusion
of the ions in erystals. Suggestions to this effect were
made in 1928 and 1929 by Becquerel (15), who expressed the
idea of a crystalline electric field, and by Brunetti (16),
and Brunetti and Ollano (17), who measured the order of magni-
tude of this perturbation of the free ilon spectrum, and relat-
ed the splittings observed to the crystalline site symmetry of
the lons. Freed and Spedding (18) also developed this assump-
tlon, but the classic paper of the time was Bethe's (19). He
pointed out, working from group theory considerations, that
the number and type of lines arising from any given free ion
level is determined only by the symmetry of the crystalline
field, and not by its strength. Kramers (20, 21), at the
same time, discovered the requirement that the crystal field,
if truly of electrostatic origin, must leave every level of
systems with an odd number of electrons at least twofold dé-
generate. The classic works in the theory of complex atomlc
spectra were the works of Slater (22), and Condon and Shortley

(23). More descriptive works were published later by White



(24) and Herzberg (25).

Even though it seemed certain that the spectra could be
explained by a small perturbation of the free ion levels by
the crystal field, the intensity of the spectra remalned a
puzzle. Which tfansitions vere responsible for the lines
was unknown, and the situation was complicated by an utter
lack of detailed information on the free lion spectra. Even
today only beglnnings have been made toward understanding the
transition mechanisms involved., Van Vleck (26) pointed out
that the intensity of the lines, when one conslders the high
concentration of ions present In crystalline samples, must
correspond to transitions which are forbidden in ordinary
atomic spectra, Van Vleck also calculated the relative prob-
ablilitles of electric dipole, magnetic dipole, and electric
quadrupole radiative transitions within the 4f1 configuration.
He found no good reason for rejecting any of these as being
not responsible for the lines.

Bethe and Spedding (27) and Spedding (28), by including
the effects of the intermediate coupling of the spln and or-
bital momenta of the states, showed that the energies of the
sharp line groups could be understood in terms of transitions
within the 4P configuration. Good agreement was obtained be-
tween experiment and theory with reasonable magnitudes for
the electrostatic and spin-orbit interactlions. Broer et al.

(29) carefully repeated Van Vleck's estimation of transition



probabilities and concluded that the electric dipole type of
transition was the most probable, and indeed, that in most
cases the probability was large enough to explain the ob-
served intensitles,

Between 1942 and 1949 Racah published a series of papers
(30-33) under the title "Theory of Complex Spectra'. In
these he introduced a number of very powerful concepts which
have since found wide use in nuclear as well as in atomic
spectroscopy. Among these were the definition and use of
irreducible tensor.operators and coefficlents of fractional
parentage, and the application of the theory of continuous
groups to the problem of ldentifying and calculating the
energies of terms for configurations of equivalent electrons.
His work is of extreme Importance in the case of the rare
earths because the standard methods of Slater and Condon and
Shortley become very cumbersome when applied to systems of
more than two equilvalent f electrons such as occur 1in the
case of the rdre earths. The more recent and more detailed
theoretical descriptions by Judd (34) and Wybourne (35) have
shifted almost entirely to the techniques and nomenclature
given Iin these first four papers and in the 1959 book by
Fano and Racah (36).A

Another major advance was the application of paramagnet-
ic resonance techniques to the study of rare earth crystals.
Bleaney and Stevens (37) have given a review of this work.

The method's advantages are high resolution and accuracy.
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Its main advantage is that it is usuvally only applicable to
studies of the lowest energy doublet of the grouﬁd multiplét.
Several attempts have been made to calculate the crystal
field potential from paramagnetic resonance data (38), and
from data obtained from heat capacity (39), and magnetic
susceptibility (40, 41) measurements. Although reasonable
agreement was obtained wlth experiment 1in each case, the
energy levels of the ground multiplet calculated using this
potential were not in agreement with data from optical spec-
troscopy. This was especlally true of the higher energy
levels of the ground multiplet. The lack of success in cal-
culating the crystal field potential from heat capacity and
magnetic susceptlibility measurements is attributed to the
relative insensitivity of these statistical properties to
the relative positions of all but the lowest two or three
levels. In the case of the éalculations from paramagnetic
resonance measurements not enoﬁgh.experimental‘data were
available for an adequate determinatioh.of the crystalline
potential. = . |

The period 1940 to the present saw én intense effort to
gather high resdlutiqn spectral data on rare earth ions in
cfystals)v Impoftant workers in the field were Hellwege,
Dieke, and Spedding. In a series of papers (42-47) published
in 1948,_Hellwege derived crystal quantum numbers'and selec-
tion rules for electric dlpole, magnetic dipole, and electric

quadrupole transitions for ilons in a number of different crys-
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tal symmetries. Viewing the experimental data, he found the
selection rules for electric dipole trdnsitions werc most
often obeyed, though occaslonally transitions were observed
which obeyed the selection rules for mégnetic dipole transi-
tions. Hellwege also studied the hyper{ine structure of the
absorption lines, and electron-vibration combination fre-
quencles assoclated with the main lines. More recently, how-
ever, he and hls assoclates have shifted theilr attention to
studies of rare earth spectra in magnetilcally ordered crystals.
Dieke demonstrated the importance of combining the results of
absorption, fluorescence, and Zeeman measurements for maximum
surety in identifying the levels (48), and was one of the few
workers who made a serious attempt to determine the fleld
free spectra of the trivalent ions (49, 50). Spedding and
his group have made detalled studies of the Zeeman effects
of the ethylsulfates. They found & variation of Zeéman
splitting and intensity for certaln. lines when the c¢rystals
were rotated about their ¢ axis while the directions of the
incident light and magnetic field were kept constant in the
hexagonal plane (51). ' Most of the later high resolution
work has been devoted to the ethylsulfates and anhydrous
chlorldes because of theilr relatively high éymmetry. The
point symmetry of a rare earth ion 1n these crystals 1is C3h
as demonstrated by the structure determinations of Ketelaar
(52) and Fitzwater and Rundle (53).

The study of rare earth spectra since 1960 has been
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especially marked by the use of large high speed computers.
Many workers (54-62) have used these valuable tools to caléu-
late matrix elements, energy levels, elgenfunctions, and to
fix theoretical parameters determining the electrostatic,
spin-orbit, and crystal field interactions by least squares
fitting of the experimental data. The aim of these calcula-
tions has 1argély been to explore the possibilliles and
limitations of a necessarily simplified theoretilcal model
following Condon and Shortley. Although energy levels cal-
culated with the parameters obtained in thils way often agree
with the experimentally determined levels within one percent,
the experimental energles can be measured to within one part
in 105, fThere is therefore much room for improvement in the
caleculations, particularly in the case of the higher energy
levels. It was for this reason that Margolis (63) in his
work on praseodymium chlofide, considered not only the inter-
actions mentioned above, but also the magneﬁic orbit-orbit,
spin-spin, and spin-other-orbit interactions. For the same
reason other workers have explored the possibie effects of
configuration interaction (64, 65), closed shell correlation
(66, 67), and covalent bonding (68). The biggest obstacle
t6 advances in this area of the theory has been the lack of
good experimental data on the excited levels,

A recent example of how careful experimental ﬁork on
the excited levels can stimulate advances in the theory of

rare earth spectra has been provided by the group of research-
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ers headed by Professors Spedding and Good. Observations qf
non-linear Zeeman splitting behavior in a number of rare
earth ethylsulfates and observations of transitions whose
intensities depended on the strength of fthe magnetlc fleld
led to an extensive theoretical treatment of the Zeeman
effect for rare earth ions in a crystal fleld of C3h symme-
try (69). In addition to explaining the observed behavior,
this work predicted that the Zeeman splittings and intensi-
ties of transitions to certain‘energy levels of systems with
an odd number of 4f electrons should be found to be aniso-
troplc wlith respect to rotation of the crystal about its ¢
axis when the magnetic {ield 1s perpendicular to this axis.
(The éxperimentai situation in. which the magnetic field is
perpendicular to the‘c axis wlll be referred to hereafter as
the HsC case.) It has been commonly believed up to this
time that the Zeeman effect would be l1sotropic in the a
plane, although Hamm et al. (70) had observeéﬂah anisotropic

+2 at cubic and tetragonal sites. For

Zeeman effect for Co
systems with an even number of hf'electrons,the same theory
predicted only intensity changes on rotation. Experimental
results presented in a raper (51) published as a companion

to the theoretical work and In the work of Spedding and Bartel
(71) confirmed these prédictions in the case of erbium and
thulium ethylsulfate. Here the rare earth ions have 4fll and
4f12 configurations, reépectively. Later experimental work

on holmium ethylsulfate (72) likewise supported the theory,
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but here, since the magnetic splittings were not small com-
pared to the crystal field splittings, 1t was necessary to.
follow the extended theory outlined in reference (51) in
order to explain the energy changes observed on rotation
for & system with an even number of 4f electrons,

In the past year two new theoretical works on the Zeeman
spectra of rare earth ethylsulfates have appeared (73, T4).
In the first 1t was polnted out that when the magnetic field
1s perpendicular to the ¢ axls the Hamiltonlan has a strange
symmetry of a type first described by wigner (75). Studies
of this symmetry led to simplifications in the energy level
calculations for systéms of both even and odd number of 4f
electrons, and to the assignment of a new quantum number
for each level. In the second work these ldeas were applied
to the problem of calculating relative intensities and in-
tensity variations on rotation for the Zeeman absorption
lines of erbium ethyisulfate. A number of fairly simple
examples were treated, and the fésults vere in good agree-~
ment with the previously unéXplained experimental data.

The Zeeman theory of Murao, Spedding and Good (69) also
defined a new property of crystals with C3h point symmetry.
This property is the direction of what 1s known as the x
axls. Its direction 1s determined theoretically by choosing
the z axls in the crystallographic ¢ direction, and choosing
a direction for the x axis which makes the coefficient of

the imaginary part of thelvg erystal field potential vanish.
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The direction of the x axis depends on the environment of the
rare earth lon, and in éeneral does not coineide with the
directlion of the crystallographic a axls of the crystal. It
can be determined experimentally, and preliminary measure-
ments of B, the angle between the a and x axes, have been
presented in references (51) and (71) for erbium and thulium
ethylsulfate. The measurements seemed to indicate that there
was a small but measurable difference in the values of 5 ob-
tained in the pure salts and thése obtained when either
erbium or thulium ethylsulfate were diluted with yttrium
ethylsulfate. If the environment of the rare earth ion in
the crystal lattice of the pure salt is different from that
in the yttrium ethylsulfate lattice one would expect E’to be
different, and if better techniques for aligning the crystals
were developed it might be possible to use the 5 measurements
for rare earth ions in various lattices as a sensitive probe
of their immediate environments in mixed crystals.

The aim of the present work 1is threefold} 1) to observe
and report the anisotropic HsC Zeeman effect for dysprosium
ethylsulfate; 2) to determine the X axls direction in dys-
‘prosium ethylsulfate, and in mixed crystals containing
various concentrations of Dy+3 in erbium and yttrium ethyl-
sulfate, and 3) to extend the present experimental and theo-
retical understanding of the excited levels of dysprosium

ethylsulfate into the ultraviolet.
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Single erystals of dysprosium ethylsulfate (hereafter
referred to as DyES) were chosen for this investigation for
two reasons. The first is that the theory indicated that
the ground state levels of DyES would have a sizeable aniso-
tropy in the HsC Zeeman effect (76). If this were true, the
results of earlier Zeeman effect measurements in thls orien-
tation would certainly be.open to question. In addltlon, the
substantial mixing of the wavefunctions which accompanies the
HsC anisotropy would lead to thé observance of many transl-
tions which are not visible at zero magnetic field. This
would be a big help in the interpretation of absorption lines
in the excited multiplets because the more lines we see, the
more checks and cross-checks we have. The second reason for
choosing DyES was a desire to stimulate further theoretical
work on the spectra of ions in crystals. Data on the 4f9
levels of Dy'*'3 would be ideal for this because here 1s a
many electron problem in which the wealth of data which can
be obtained completely oVerwhelms the number of theoretical
parameters. Such a situation always provides an attractive

proving ground for new theorles.
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THEORY

Fleld Free Ion States
The spectra of many electron atoms or ;ons in the absence
of external fields has been dlscussed at length by.Condon and
Shortley (23) and Slater (22). If the mass of the nucleus is
assumed to'be infinite, and all relativistic effects except
the magnetic Interaction of the spin and orbit of each elec-
tron are ignored, tﬁe Hamiltonlan for an N electron system

can be written as
N

= 32 2 7 2
i) [ - 2 bl ]+ ) £ o

it l ¢ : L=t g
The first term is the sum of the kinetlc energies of each of
the electrons, the second is the sum of the potentiél ener-
gies of the electrons due to their Coulomb attraction to the
nucleus, and the thlrd term is the sum of the approximate
spin-orbit interactions of each of the electrons. The last
term is the sum of the mutual repulsion energiles for all
palrs of electrons. |

Exact solutions of the Schrodinger équation for this
Hamiltonlian are not possible, but approximate solutions can
be obtained by use of the central field approximation. In
this approximation each electron 1is assumed to move inde-
pendently in the fileld of the nucleus and a spherically sym-
metric central field due to the average potential fields of
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all of the other electrons. If U(ry) 1s the potential energy
of an electron in such a field, the central field Hamiltonlan
is

H, = Z[Z‘M+Ur>] ) (2)

i=1
Schrodinger's equation for this Hamiltonian has exact solu-
tions known as the Slater determinantal product wavefunctions.
They satisfy the Paull exclusibn principle, and serve as &
convenlent starting polnt for a calculation in which the re-
maining part of the Hamiltonian in Equation 1 is treated as

& perturbation. The perturbation Hamiltonlan 1s written as
N

HPert=Z[—U(ri ] z— (3)

i=] L j=t

In the case of rare earth spectra we are only interested
in the relative energies 9f the 4f" states, so'we can lignore
the {irst two terms In the brackets. They depend on the n
and l quantum ﬁumbers only, and therefore cannot affect the
relative an energies. Condon and Shortley have shown that
the suﬁ over electrons in spherically symmetric closed shells
in the 1aét two terms may be omitted also, because this part
of the sum can only give a shift of the entire 4" configu-
ration. We are left with a perturbation Hamiltonilan of the
form |

E(r)S '+Z | ()

1=t j=l- ('

[>T

H F;r‘t =
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where now the sum is only over the electrons in the 4f shell.
The relative energles of the states are given by the

eigenvalues of the matrix M, whose elements are given by

M = S\KHFM\% dr (5)

br, in the Dirac notation,
MLJ=<LIHPP.HC=J> : (6)

Here \k‘ and Qﬁ are ﬁhe 189 ang Jth functions 1n a complete
ordered set of orthonormal solutidns of the central field
problem (the Slater determinantal product wavefunctions or
unitary rearrangements of them), and H{ is the Hermitian con-
Jugate of 1k . The integration- is understood to be over all
allowed values of the space and spin coordinates of all of
the 4f electrons. - -

The calculation of matrix elements of the perturbation
Hamiltonian can be considerably simplified by an intelligent
choice of the basis functions ﬂ'. There is a great deal of
freedom in this choice because each of the Slater functions,
or unitary rearrangements of them, glves the same energy in
the central field problem. A particularly useful choice 1is
one in which the basls functlons are chosen to be eigenfunc-
6ions of operators which,commute.with the Hamiltonlan or its
parts. Thils gives rise to selecfion rules on the matrix

elements which can simplify the work considerably, and the
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eigenvalues of the operators can be used as‘quantum numbers
in labelling the states.

In the case of the perturbation Hamiltonian in Equatilon
4, for example, the well known angular mohentum operators
(77) §2, §z, 12, and iz commute with each other and with the
electrostatic repulsion term. If we choose simultaneous
eigenfunctions of these operators for our basis, we find
that the matrix of the electrostatic interaction is diagonal

This means that matrix elements of the

in S, M., L, and M.

S’ L’
electrostatic interaction between functions ﬂp(fnk'SMSLML)
and V(&8 Y'S'MS’L'ML') are zero unless S = S', Mg = MS',
L = L', and ML = ML’. Here £ tells what configuration we
are studying, and { stands for additionai numbers used to

distinguish functions.with the same values of S, MS’ L, and

ML.

The angular momentum stepping operaﬁors'§* and f& also
commute with this part of the Hamiltonlan, and give us the
additional information that matrix elements of electrostatic
interaction are independent of My and Mp. Solutions of the
elect&ostatic part of the perturbation problem are completely
characterized therefore by stating values of Y, S, My, L,
and M, and states with the same values of Xv, L, and S have
the same energy.

The total angular momentumoperatoré_j2 and 3; commute

with each other and with both the electrostatic and spin-

orbit parts of the Hamiltonlan. 'They also commute with S
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and i?. If we choose simultaneous eigenfunctions of these
four operators for our basis set, we get selection rules fér
both parts of the Hamiltonlan. The matrix of the electro-
static interaction is dlagonal in S, L, J, and M, and is
independent of J and M, while the matrix of'the spin-~orbit
interaction is diagonal in J and M, and 1s independent of M.
The matrix elements do not depend on M because the stepping

ownle -

operators J, and J_ commute with the entire Hamlltonian.
These facts greatly reduce the amount of work in calculating
the field free ion energy levels and elgenfunctions because
they reduce the number of matrix elements that have to be
calculated, and because they reduce the size of the matrices
that have to be diagonalized.

Racah (30-33) haé shown that an additional classifica-
tion of the 4f§ wavefunctions can be attained by studying
thelr properties uqder certain groups of transformations.
This 1s especially important for configurations of more than
two equivalent f-electrons becéuse some way 1s needed to
‘distinguish between states with the same values of L and S.
The additionalhclass1ficafion i1s not quite as useful as that
furnished by the angular mbmentum operators because in gen-“
eral the group operators do not commute with the Hamiltonian.
Nevertheless it does simplify the calculation of matrix ele-
ments, and ylelds quantum numbers which are verj useful in

labelling the states.
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The classification of states of configurations by
group theory depends on the fact that the states for a givén-
S and MS form a basls for a single irreducible representa-
tion of U7; the continuous group of unitary transformations
in seven dimensions. The representation doés not depend on
MS, so ldentifying 1t by some label 1s equivalent to speci-
fying the spin. The process of using the labels of irreduc-
ible representations as quantum numbers can be continued be-
cause U7 has a succession of subgroups. The subgréups have
irreducible repreggntations too, and the labels of these can
be used as additional quantum numbers. The succession of

subgroups is written

where ( 1s read as "is a subgroup of". .R3 and R7 are the
‘rotation groups. in three and seven dimensions, respectively,
and Gp 1s a special group unique to i configurations.

Jﬁst as specifying the lrreducible representation of U7
is equivalent .to specifying S, specifying the irreducible
representation XSL.of~R3 is equivalent to specifying L.
Racah's method lets us further classify the states according
to the'irreducible representations of the intermediate sub-
groups R7 and G2. In this way states with the same values
of L and S can usually be distinguished, and the calculation

of matrix elements can be simplified by rearranging the

Hamiltonlan into parts which separately transform according
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to one or the other of the irreducible representations of
these groups. The basis states are completely specifiled bf
writing VY (7 WUSMSLML) or ?(fnfcwusmm). Here W =
(wlw2w3) and U = (uyu,) are sets of integers which serve to
identify the irreducible representatlions of R7 and 62 accord-
ing to ﬁhich the states transform, and T 1s an additional
number used to distinguish between pairs of states with the
same values of W, U, S, and L which occur for U = (31) and
U = (40). The numbers have much more significance than Just
labels, but that does not concern us here. The reader is
referred to Judd (34) for an extensive discussion of their
group fheoretical significance.

The states which arise from the 42 configuration of
Dy+3 have been classified by.Wybourne (78) and are given in
Table 1. They are the same as those which arise from the
45 configuration because, as Condon and Shortley have shown,
the quantum mechanical problem for n f-electrons 1s the same
as that for 14ln'positive holes. Wybourne has also calcu-
lated matrix elements of electrostatic (79) and spin-orbit

3, and has calculated

{80) interaction appropriate for Dy
the free ion energy levels in intermediate coupling (81).
This last calculation was also a least squares determination
of the values of the radial parameters of electrostatic and
spin-orbit interaction, F2 and § which give the best fit

of the calculated'energy levels to the experimental crystal

levels determined by Rosa (82), Dieke and Singh (83), Gram-
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Table 1. g;i%d free lon states of the 49 configuration of"
W U SL
(110) (10) 6p
(11) 6pby
(211) (10) g
(11) dply
(20) hphghs
(21) Uplphalyhyly,
(30) 4phphahuirixin
(111) (00) 4y
(10)° 4
(20)  ‘Uphehr
(221) (10) - °F
(11) 2pey
(20) 2p2g2r
(21)°  °D°ReGeHeK4L
(30)  2p2reGeHeI°K4NM
(31) 2pepeReR2a 222 121 2K K21, 2M2N 20
(210) (11) 2p2y |
(20) 2peger
(21) 2p2p2G2HK2Y,
(100) (10) 2p
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berg (84), and Crosswhite and Dieke (85). The values of Fy
and F6 were fixed by assuming hydrogenlike ratios for F4/F2
and Fg/F,.

Wybourne's calculation showed that the effect of inter-
mediate coupling is very pronounced in Dy+3, and that it is
Impossible in most cases to assign physically significant
values of L and S quantum numbers. He therefore followed
the procedure of labelling the energy levels by their posi-
tion and J value, and listed percent contributions for the
major LS states. The agreement with the experimental ener-
gles was quité good for tbg ;evels below 22000 cm—l, but

there was Insufficient data on the higher energy levels for

a satisfactory interpretation.

‘ Crystal Field Levels
Rare earth ions in a crystal lattice are subjected to
the electric fleld of all the other atoms and ions in the
crystal. The spherical symmetry of the free ion problem 1s
desﬁroyed, and the (2J+1)-fold degenerate levels of the free
lon split under the influence of the field. The Hamlltonian

for an ion in a crystal is

H = H + v, ' (7)

ilon

where Hion is the free lon Hamiltonlan and V is the potential

energy arising from interaction with the crystalline environ-

ment. Since the 4f electrons of the rare earth ions are well
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shielded from the surroundings, the crystal field splittings
in most cases wlll be small compared to the separation of |
the free ion levels. Therefore 1t 1s appropriate to treat
the crystal fileld potential as a perturbation on t@g free
ion levels. The basls states are taken to be the solutions
of the free lon problem, and the crystalline potential is
expanded in terms of spherical harmonics (34).

The potentlal energy of the 4f electrons is given by
V= zi V;, where

¢

v, =2 4/ IR =R O
J

and the sum is over the 4f electrons. Here qje is the effec-
tive charge on the'Jth ion and the sum on J runs over all the
ions in the crystal other than the one under consideration.

—

RJ is the position vector of the jth ion and Fi is the posi-
tion vector of the ith 4f electron. The factor L/lﬁ} - F}[

can be expanded as an infinite series of Legendre polynomi~
als Pk(cos Wij)’ where Wy 4 is the angle bgtween the position

vectors,. to give

l/lﬁJ - ;‘1, = k}_ (F<k/F>k+1) Pk(COS WU) . (9)

—

Here r, 1is the lesser of Ry and ;;, and v, 1s the greater.

<

The spherical harmonic addition theorem (34) gives
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k

R (cos wij) = (4Tr/21<+1)<2ﬁ$(@j,9%) Ykm(e-k,séi) ’ (10)
so il we deflinc
Co = J@n/2k+ 1) %608, (11)

the potential energy of the ith electron can be written as

kK o/ b+t lc)* U‘)
\, = }} ~(%;¢ Y )EC {HC (12)
J k=0 11:-(
The potential 1s real so if we sum 1t and its complex
conjugate and divide by two we get the same result. This

gives

L

oo k ) »
V = Z}( k/2}[(3‘@(: W+ C ()C ®] » (13)
k=0 ==k

where Ajk has been substituted for (-qjeefﬁ/r§+1). The terms

which depend on the angular coordinates i and J can be fur-

ther separated, and the sum on q can be restricted to posi-

tive values 1f we write the potential in fthe form

=l . L

N (y* &) (L
o [Q_g;)”;‘_CQ_(_p_:I [C‘Lm + C 1(”)] |
Vf‘E AJ-E (14)
T [Q‘;’q) ~ g“‘q’*ga')] [c‘iﬁu c‘;‘j*m] |
B 2% ]
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Here i stands for V-1.

Now the sum on j can be performed to gilve

V, = 2 z {x k%[c“"u ) + L,@qu[c‘ifm - c“;”’iu]} . (15)

10 <‘_=o

Here

“kcv-JE(‘%fz‘Q/@ +) [C °v(5) -g C Y &) ] (16)

sl
3
s}

" 2L

The crystal field potential must have the same symmetry

B §<+%ez gl 20— c W% ).

as the environment of the rare earth ion. The potentlal

must therefore be Invariant under.the group operations of

the rare earth lon point symmetry group. Thils requirement
considerably restricts the sum on k and g in Equation 15. In
the case of the rare earth ethylsulfates the point group is
C3h (52, 53),_and.the group operators are the six powers of

the operator,
0 = 1lexp(1mwJ,/3)P, ' (17)

defined by Murao, Spedding, and Good (69). Here P is the

parity operator. The only terms in Equation 15 which fulfill
the symmetry requirement are those wlth ¢ equal to an integer
multiple of three and k+g even. All other terms must be zero.

The sum can be further restricted in the case of the
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energy calculation because we are only interested in matrix
elements of Vi between single 4f electron states. The first
reduction in this case is based on the parility argument.

Both of the states in any 4L matrix clement have parity
(-1)", and the potential operators have parity (-l)k. In
order for the matrix element to be nonzero, the product of
the paritlies of the two states times the parlity of the
operator must be (+1). Therefore the only potential terms
vhich can contribute to nonzero matrix elements are those
with k even.

The final reduction is made by applying the Wigner-
Eckart theorem (34) for matrix elements of irreducible
tensor operators. An lrreducible tensor operator of rank k
is defined by Racah (31) as an operator T(k) whose (2k+1)
components Tq(k) satisfy the same commutation properties
with the total angluar momentum operators,'j;,'j_, and 3;,
as do the spherical harmonics. Because of’the definition
in Equation 1i, it is clear that the Cq(k)’s are components
of an irreducible tensor operator. Ve are interested in
sums of matrix elements of the form (nlmi mSICq(k)(i)l

nlmi mé). The operator C (k)(i) is independent of mg, SO

q
the Wigner-Eckart theorem gives

(nlm, mSICé(k)(i)l nlmim;)

= §lmg,mg)(-1)1 < bk 1') (1l ¢y (K)(1)In1).
T d T (18)



29

The factor (nlllcq(k)(i)llnl) 15 called the reduced matrix

1 k 1

q ) is a 3-j

element of C (k), and the factor (
-m, g m;

symbol (86). Together with (_1)l-m it contains all of the
my and mi dependence of the matrix elements. One - -of the

properties of the 3-J symbol, written in general as

Jy Jdp dg
2|, is that it is zero unless the triangular

conditions

Jp 35 =33 %05 3y = Jp + 33205 = §) +Jp*+ 320
(19)

“are satisfied. Thus, in the case of matrix elements of 4f

electron states, we get zero contribution from all terms in

V with x> 6. The only terms which need to be considered

in the energy calculation when all the restrictlons have been

taken into account are those glven in Table 2.

Table 2. Sigﬁificant crystal fleld terms for C p energy
calculation 3

O O F
(@]
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The odd parity terms of the crystal fleld potential
which are not eliminated by symmetry requirements have been
shown by the parity argument to have no effect on the cnergy
levels when the calculatilons are carried out within a basis
of 4" states. However these terms are very important in
the determination of the intensities of the spectral lines.
They represent the strongest odd parity interaction in the
Hamiltonilan, and are lmportant in mixing states of opposite
parity. It is the mixing of confipguratlions of opposilte
parity which permifs electric dipole transitions within the
L confipguration. 'The terms in the C3h crystal fleld ex-

pansion which need to be considered in intensity calculations

are given in Table 3.

Table 3. Significant crystal field terms for C°h intensity
calculations -
k q
3 t
5 73
T 3

The requirement that the crystalline potential have the

same symmetry as the environment of the rare earth lon does

o

much more than tell us what potential terms to retain. If
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we study the properties of the operator O whose powvers gener-
ate the C3h point group we can predict the number of crystal
field levels to be expected from each of the free ion levels,
we can know the transformation properties of the wavefunc-
tions corresponding to the crystal fleld levels under the O
operation, and we can derlive sclectlion rules for radlative
transitions between the levels.

The 0 operator 1s unltary and commutes with the entire
Hamiltonian for an ion in a C3h crystal field, so we can {ind
solutions ‘P(/Ai) that are eigenfunctions of H and of O si-

multaneously:
H Y (i) = E(ui) Y(RD) (20)

and
OV = explirp /DY) (e

Here J+1s the crystal quantum number defined in (69), and 1
1ls a serial nuﬁber which distinguishes between states with
the same values of /A. The solutions may be expanded in
terms of solutlons of the central field problem, but since
the crystal field potential is generally treated as a pertur-
bation on the free ilon levels, it is usually more appropriate

to expand in terms of the free lon solutions. This gives

Y(p) = 5 (vamlpd) Y(ram) (22)

Y
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where the sum is over all possible values of the free lon
quantum numbers ¥ , J, M, for the configuration under consid-
eration. The expansion coefficlients are represented by

( §aM}ui), and the connection between the s and M quantum
numbers for Dy+3 is given in Table 4.

Table 4. Relation between and M quantum numbers for Dy+3
in C3h symmetry

S values Contributing M values

0 -21/2, -9/2, 3/2, 15/2
3 -15/2, -3/2, 9/2, 21/2
1 -19/2, -7/2, 5/2, 17/2
2 -17/2, -5/2, 1/2, 19/2
-1 -23/2, -11/2, 1/2, 13/2
-2 . =13/2, -1/2, 11/2, 23/2

The sixth power of the O operator is equal to the iden-
tity operator regardless of the number of electrons, so we
can write a single character table for the cases of both even
and odd numbers of electrons. The irreducible representations
are labelled by the crystal quantum numbers /u.= 0, fl, f2,
and 3, for both cases. The character table for the CBh point

group is given in Table 5. Using this table one can casily
determine how the levels of the free ion will split due to



Table 5. th character table for even or odd number of

electrons -- w = exp(iw /3)
2 4 |
o E 0 0 0 03 02
0 1 1 1 1 1 1
1 1 w2 -y W -1 -w2
2 1 -W w2 w2 1 -y
3 1 1 1 -1 -1 -1
-1 1 -W w2 -w2 -1 W
-2 1 w2 -y -W 1 w2

the crystal fleld.

Since the free ion levels in the rare earths are well
separated in energy we can usually ignore crystal fleld inter-
actions between them, and we can consider the 2J+1 states of
each free lon level as forming the basls of a reducible rep-
resentation of the symmetry operators of the group. The crys-
tal fileld splittings are found by dlagonalizing the matrix
representation of V in this basis, and the number of irreduc-
ible representations contained in the reducible representation
corresponds to the number of levels into which the orlginal
free ion levels will split. The number of times a(/*) that a
given M representation occurs 1In any J representation is

given by



= (1/9)S A Vo) X @3
G

Here g 1s the order of the group, and the sum.is over the G
elements of the group. The reader 1ls referred to Tinkham
(87) for further information on the group theory.

The characters Xm (Q“) » for Cgy, symmetry are given

by the expression

Gy aky — yon K sin (T +5)(kw/3)
0 =
K00 = (ed) sin (krr/3) (=)

Here o« is the parity of the configuration, and n is the number
of electrons not in closed shells. The 'X(’“) G)'s are read
from the character table given in Table 5. The CBh character
table for the half—infegrai J representations which occur in
the Dyt3 49 configurdtion are given in Table 6, and the num-
ber of times the various /L representations occur for each J

value are given in the right hand half of the table.

Time Reversal
FPurther progress on how the free ion levels split in the

crystal fleld is made by studying the time reversal operator,
W .

T = -IT (20'.5). K . (25)
{

Here crs is the y-component of the Paull spin matrices, and



Table 6. Cgj, character_table for half integer J representations in the 4r9 configu-
raftion of Dy+3

J E O2 04 0 03 05 a(o) a(l) a(2) a(3) a(-l) a(_z)
12l 2 -2 -1 |-iv/3- 0 1U3 0 0 0 0 1 1
3/2 L 1 1 | -1/3 0 1/3 1 0 0 1 1 1
5/2 6 1 1 0 0 -0 1 1 1 1 1 1
7/2 8 0 o | 1/3 o -iJ/3 1 2 2 1 1 1
9/2 | 10 2 2 | 1i/3 o -1/3 2 2 2 2 1 1
11/2 | 12 1 1 0 0 0 2 2 2 2 2 2
13/2 || 14 0 o | -1/3 0 i/3 2 2 2 2 3 3
15/2 || 16 2 2 | -1/3 0 1/3 3 2 2 3 3 3
17/2 || 18 1 1 0 0 0 3 3 3 3 3 3
19/2)l 20 0o o | 1/3 0 -1J/3 3 4 L 3 3 3
e1/2ll 22 2 2 | 1/3 0 -1J/3 i 4 h 3 3 3
23/2 || 24 1 1 0 0 0 4 4 Y b Il 4

13
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K 1s an operator which takes the complex conjugate of its
operand. The serial numbers of the electrons are denoted by
J. The time reversal operator commutes with the Hamiltonian
for an ion in a cerystal field, so if tP(/u,)'is a solution of
the Schrodinger equation with energy E(l“') then so is ‘I"‘}'(/J«).
If TY(u) 1s orthogonal to Y () 1t 1s a distinctly differ-
ent state, but with the same energy as \P(}L). The degen-
eracy which results 1s known as the time reversal or Kramers
" degeneracy, and 4'(/L) and T\V(/A) are said to be Kramers
conjugate states,

For a system with an odd number of electrons the time
reversal operator commutes with the even powers of 0 and

anticommutes with the.odd powers. Thus
OH[THy] = Dk TOYgo
= TP Y

= )")é""fo")[wm)] , (26)

and we see that the state T1?(/A) belongs to a new irreducible
representation of the symmetry group with crystal quantum
number /'&./ We can substitute X(}L)(Ok)‘x’(/u.) for Ok‘P(/u) in this
equation because the representations are all one dimensional,

and the matrix representations of oK are therefore just the
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characters of the representations. The characters of the new

-representations are given by
s ~ ¥
L9 = DR (27)

When we look these up in the character table we find that

}1 = -f& f3. The states which remain twofold degenerate in
the crystal field are \V(/AnO) with IP(/Lm3), 1P(/Aw1) with
ql(}tna), and q}(/tu—l) with \P(/A--Q). In the experimental
description the degenerate levels will be written for conven-
ience as (0,3), (1,2), and (-1,-2). The number of twofold
degenerate levels into which each Dy+3 free ion level will
split under the influence of the crystal field is J + 1/2.

The Zeeman Splitting of the Levels
The Hamiltonlian for the interaction of an atom or ion
wlth an external magnetic field 1s given by Condon and

Shortley (23).. It can be written.as. .

H' = -gH«(+2, | (28)

where 3 1is the Bohr magneton (efi/2me), and the L and S
operators have the i taken out of them. H is the magnetic
field vector. The Hamlltonlian can also be written in the

form -

H’ = gUDAH-J , | (29)

4
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where J also has its f factor removed, and g( ¥ J) is an effec-

tive Lande' g factor defined by

g(ya) = Z(ocsrl Y 7)2g(sLd). (30)
«SL

Here g( o SLJ) 1s the Lande! g factor for a Russell-Saunders
state with quantum numbers «SLJ (23), and the numbers
(xSL] ¥ J) are coefficients in the expansion of the free ion
statesi YJ) in terms of Russell-Saunders states.

The Hamiltonian for an ioh in the.presence of an external
magnetic field does not commute with the time reversal opera-
tor, so the Kramers degeneracy 1s removed. Each level of the
free ion splits into 2J+1 components and 1n the case of Dy+3,

which has an odd number of 4f electrons, every C__ crystal

field level splits into two cohponents if the fizﬁd is large
enough.

Koster and Statz (88, 89) have studled the magnetic field
interaction fof various symmetries, but confined most of thelr
calcuiations to the unfilled d-shell in crystals with cubic
symmetry. Tﬁéir method used the same considerations of group
theory and time reversal as does the method of Murao, Spedding
and Good (69). The studies of reference (69) and the later
work of Murao et al. (73) were confined to the magnetic inter-
action_of rare eartb ions in C3h symmetry, sSo these works are

more applicable for discussion of the experimental results

obtained in this work.
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Magnetic field parallel'to the ¢ axis

The Hamiltonian for the magnetic fleld interaction in
the case where the field 1s parallel to the ¢ axis of the
crystal (HpC case) 1s, from Equations 28 and 29,

!

Hp = ~BH(L,+2S,), (31)

or equivalently

/

Hp = g DAHT, . (32)

Here the z axls has been taken in the ¢ direction, and H 1is
the magnitude of the magnetic field. The complete Hamlltonilan
for an lon in a C3h crystal fleld plus HpC Zeeman interaction

is given by

H o= By + Vo4 HI;. (33)

It commutes with the operators of the C3h symmetry group So
we can find solutlons q)(/u 1) which are simultaneous eigen-
functions of H and 0, Jjust as we did in the crystal fleld

problem,

HYP(pE) = E () Ypi) (34)

and
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OVipi) = explimp/3) W (pi) . (35)

The solutions may be expanded in terms of soiutions of the
central fleld problem, but since the crystal field and mag-
netic splittings are usually small compared to the free lon
splittings, it is more appropriate to expand 1ln terms of the
free lon solutions. The expansion is similar to that glven
in Equation 22 for the solution to the crystal fleld problem;
only the values of the expanslon coefflclents are changed.

If the crystal field and magnetic éplittings are of a
comparable size, but small compared to the separation of the
free ion levels, we can treat V + H; as a perturbation on the
free lon levels and ignore matrix elements of the perturbation
between them. The splittings caused by the combined effects
of the crystal and HpC magnetic flelds can then be calculated
by diagonalizing the matrix representation of V + H; in the
basis formed by the 2J+1 functions of each free lon level.

If the magnetlic splittings are small compared to both
the free ion and crystal fileld splittings, H; is treated as
a perturbation on the crystal field levels. Here the basis
functions are taken to be the IP(}Ai), and the usual approach
is to use ordinary first or second order perturbation theory

to solve for the eigenvalues and eigenfunctions. Bartel and

Spedding (71) used this method to show that the HpC splitting
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for a twofold degenerate crystal field level described by
(/A,}Z)i is given to second order by

DFPFY, = 2|(miHp I
2BHgUD)S (c§3‘M)2M (36)
M

Z i 2
HereM (C 5 J M) M gives the effective M value of the crystal

field level, and we 8e¢e that to this order of the approxima-

tion the HpC Zeeman splittings should be linear in the magnet-
ic field strength.

Magnetic field perpendicular to the c¢ axis

The Hamiltonian for the magnetic fleld interaction in the
case where the field 1s perpendicular to the c axlis of the

cerystal (HsC case) is given by

H. = -p [HCC,+250 +HLF25)], 60

S

or equivalently

H, = gDB[HI, +H I, ] (38)

The z axis has been taken in the ¢ direction as before, and
Hy and Hy are the components of the magnetic field along the

X and y directions of the crystal. The x axis is taken so
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that the factor /366 which occurs in the crystal fleld expan-
sion of Equation 15 vanishes. If @, 1s the angle between the
magnetic fleld and the x axis the Hamiltonlan can be written
in the form (73)

Hy = ~(AH/2) [ H25) +e ¥ +23)]  (39)
oxr

(40)

H = gUDBH/2) [T + 9T ]

Here H is the magnitude of the magnetic field and §é, it’ and

-l

J, are the usual angular momentum stepping operators without

+
the 4 factor.

The complete Hamiltonian for an ion in a C3h crystal
field plus HsC magnetic field 1s glven by

) i
| H = H  + V + Hg. (41)

It does not commute with the operators of the C3h point group
or with the time reversal operator because the H; term does
not commute with these operators. If the magnetlc splittings
are small compared to the crystal fleld splittings an appro-
priate way to treat the problem 1s by perturbation theory.
This is the method employed in (69). The basis functions are
taken to be the solutions Y (1) for the crystal field prob-
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lem, and H; is treated as a perturbation. The results from
(69) which are pertinent to the present work can be summarized
as follows:

1) (0,3) levels may show HsC Zeeman sélittings which
depend on the angle ﬁh between the x axis and the magnetic
field. Since the (0,3) splitting can only occur by virtue of
a considerable magnetic interaction with both (1,2) and (-1,
-2) levels, the HsC splittings of these levels might also
depend on ﬁm’ |

2) The HsC Zeemon splittings should be proportional to
H3 for (0,3) levels, and should be periodic by 60° about the

¢ axis according to Equation 42,

s oc B3 | Aexp(16¢.) + B, (42)

where A and B are characteristic of each level.

3) The maximum or minimum spiitting of all levels should
occur at g = 0 + n60°, where n is any integer.

4) The HsC Zeeman splittings of (1,2) and (-1,-2) levels
should be linear in the magnetic field strength if these
levels are well separated in energy from other levels.

5) The intensities of the lines, if they vary at all,
must be periodic by 60°., However, the maximum or minimum
intensities of all of the lines need not occur at the same
angle.

While the conclusions from perturbation theory are in agree-
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ment with the experiment (51, 71, 72) at low magnetic field
strengths, there are many observable cases where the magnetic
splittings at finlte magnetic fields are comparable to the
crystal field splittings. Here the agreemeﬁt is understandably
less satilsfactory.

In (73) the theory of the HsC Zeeman effect was extended
to the case where the magnetic and crystal splittings are
comparable., It was shown, for both even and odd numbers of 4f
electrons, that the energles of all the levels as functions of
ﬁﬁ do not cross, have 60° periodicity, and have extreme values
when the magnetic field is parallel to any one of the twelve
equivalent x axes for a rare earth ion 1n C3h symmetry.

These features of the energy levels are in better agreement
withvthe observations at high magnetic fields (51, 72) than
those predicted by the earlier theory. 1In (73) the combined
effects of the crystal and magnetic fields were treated as a
perturbation on the free ion functions \y( YJM), and only the
consequences of the symmetry of the problem were used. The
results therefore apply as long as the splittings are small
compared to the energy separation of the free ion states, and
the details of the wavefunctions are not needed.

In (73) it was also poinﬁed out that although the com-
plete Hamiltonian for the HsC Zeeman effect does not commute
with the C3h or time reversal operators, it does have a sym-

metry of the type first discussed by Wigner (75). The symmetry
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operator in this case is 03T, "time reverse and reflect in
the plane perpendicular to the ¢ axis." 037 is an antiunitary
(75) operator, it commutes with the full Hamiltonian for the
HsC Zeeman effect, and 1ts second power 1is ﬁhe identity oper-
ator for both even and odd number of electrons. As usual
this symmetry property leads to quantum numbers for the
states, selection rules on the matrix elements, and simplifi-
catlions in the work required to solve the problem.

Since there 1s no degeneracy in the HsC case the eigen-
functions of the full Hamlltonlan must also be elgenfunctions

of 037, This led the authors of (73) to choose the functions

XIME) = (2')‘/2[\P(J|Ml) +EYT-M)] )

for their basis of free lon funetlions. These functions have

the advantage that they are elgenfunctions of O3T,
OTXIIMID = I ¥ UTIMILE) | o

80 the selection rules arising from the 03T symmetry may be
used in setting up the perturbation matrix.
The matrix to be considered for the HsC Zeeman effect is

hII(ﬂh), with matrix elements

ey = [XOMIEVHHXOMIB. w9
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The selection rule which results from the commutation.of O3T

with the Hamlltonlan is
DIV + XM e>]*
= FEOMIB[verH, XM e

so the matrix must have the {form

E: real | purely
imaginary
—_——— e T
§=-l purely l real
imaginary |

Here only magnetic fleld terms proportional to Hy are non-
dlagonal in ?, so the problem uncouples into two smaller
matrices when H is parallel to the x axis.

If the perturbation matrix is set up with the basis
functions ¥ (JIM| § = +1) and 1X(JIMI f = -1), then it is
real and symmetric for all values of ﬁh. It must be possible
to write the solutions in the forms

V@, 5=+0=>[D
M

W BIUTIMED+HE (@EIKTMED] )

and



b7

Y, k=-0 =S[F ENIM-D+G @I MI+]ee)

M
where the coefficlents D|M§¢ﬁ)’ Eleﬂh), etc., are real and
contain all of the ﬁh dependence of the solutions. Each
solution has one or the other of these forms, and has quantum

number E such that

31 (g, ¥) = (-1) TRy Yg ). (49)

M ({

For free lon states with half integer J values there are
J +1/2 levels with § = +1 and J + 1/2 with ’g = -1,

The relationships between the solutions at various angles
ﬁﬁ have been thoroughly studied in (73), and are summarized

below. -

Vig,-1, 8 = trovg,, b (50)

W’QM“ = \VE%,E) | (51)

The sign which 15 to be used on the right hand side of Equa-
tion 50 depends on the state under consideration. States with
the plus sign are called type A, those with the minus sign
type B. The E numbers of type B states are sensitive to the
cholce of x axis, while those of type A states are not. If

there 1s effectilve D3h symmetry in the crystal field terms
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important for intensiltiles, there 1s an experimental distinc-
tion between absorption transitlons of the type A to A or B
to B, and transitions of the type A to B or B to A,

Interaction with Electromagnetic Radilation
The perturbation Hamiltonlian for interaction of electrons
with electromagnetic radiation 1is given by Schiff (90) as

rad

. W
= —(e /MmO AR )
H : LlA\r )
Jz

Here ?ﬁ i1s the momentum operator for the Jth electron (or
hole) and K(;J,t) is the instantaneous vector potential of
the radiation at the 3N electron with coordinates ?3. The
aﬁsorption part of K is

K&bs(?J,t) - Xgexp(iﬁ-;J + 127y t), (53)

where A_ 1s the polarization vector of the radiation with
propagation vector k and frequency v.

Time dependent perturbation theory gives the probability
per unit time for absorption of a photon and fransition from

an initial state \Pi to a final state le as

W o= (ea/érrmzc vU2)I(v) *

t & i 2
J”} Eéiexp(ik-rj)e-pj'wid4 (54)

Here v is the transition frequency, I( vy )dv 1s the intensity
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of the light shone inside the frequency range dv, and € 1s
& unit vector in the polarization direction of the light. So
far nothing has been assumed about the parity of the functions.
All we know is that in the case of the rare‘éarth ethylsulfates
the functions VW, and Y, will be eigenfunctions of O in the
H = 0 or HpC case, and of 03T in the HsC case. They there-
fore have M or § as good quantum numbers regardless of
whether or not their parlty is well defined.

The usual procedure in calculating transition probabilil-
ties from Equation 54 is to assume that k'r is small. Then we

can expand exp(ik'r) in an infinite series

exp(iﬁ';J) = 1+ iE-FJ + ... (55)

and keep only the first few terms. This is Justifiled in the
case of optical absorption in atoms or ions because the wave-
length of the light 1s large compared to the atomic dimensions,
but 1t 1s not Justified if the wavelength is in the X-ray
region. In the latter case the higher order terms afe more
important and lead to scattering phenomena. | .

If we replace exp(iﬁ'FJ) by only the first term in the
expansion we get

2

. |
W= (e2/2wnte v2H2)I( » ) S“il; JZI &3, ‘Pia?-] , (56)

but



J J
- e
= (me/P)(Eg-E,) l S“f ZJ. 3 Jwid'rl
2 2 * ¢
- 4 wenSy I S A rJ Wid ] . (57)
Making this substitution in Equation 56 gives
2
W = (2 rrez/c};{a)j[(v IS‘}'{\ erJ \Pid'r ’ (58)

~

and transitions for which this approximation may be used are
called electric dipole transitions. This is because only
matrix elements of the electric dipole moment in the direc-
tion of the polarlization vector are involved.

The nexﬁ term in the expanslion of the vector potential,
as Condon and Shortley have shown, contains all of the magnet-
ic dipole contribution and part of the electric quadrupole
contribution to the intensitles. The probablility for magnet-
ic dipole transitions 1s proportional to the square of the -

absoiute value of the matrix element

e 7
f\f’“z_/i(lj+2%)\}’iaf, » (59)
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where /3 is the Bohr magneton. The probability for allowed
magnetic dipole transitions 1s generally several orders of
magnlitude less than that for allowed electric dipole transi-
tions. This 1is because of the additional féctor of lﬁ-;lz
which enters lnto the expression for the transition probabil-
ities in the magnetic dipole case. Thils factor comes from
the expansion of the vector potential, and for light in the
visible region of the spectrum has a value of approximately
1072,

Selection rules for electric and magnetic dipole transi=-
tions have been worked out in (69) and (73) for ions in C3h
symmetry. In the absence of an external magnetic fileld the
conclusion 1s that the transition probabilities are zero un-
less the conditions listed in Table 7 are fulfilled for the
crystal quantum numbers of the initial and final states.

Table 7. Selection rules for transitions between C3h crystal
states of a 4tn configuration

Polarization Electric dipole Magnetic dipole
direction . transitions transitions
EgC, MpC ap =To, Iy A= 0
EpC, MsC ap =13 ap =11, ts5

The symbols EpC and EsC are used here to specify the direction
of the electrlic vector of the incident radiation with respect
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to the ¢ axis of the crystal. EpC means that it is parallel
to the ¢ axls; EsC that 1t is perpendicular. The symbols MpC
and MsC are used in the same way to specify'the direction of

the magnetic vector.

In the case where an external magnetic field 1s applied
parallel to the ¢ axis of the crystal (HpC case) the selec-
tion rules are the same as for the zero magnetic field case.
This 1s because the Hamiltonlan is still invariant to the

operators of the C h group, and the crystal quantum number is

still a good quantim number,

When the external magnetlc fleld 1s perpendicular to the
¢ axis (HsC case) the symmetry of the Hamiltonian is reduced,
a5 we have seen, and the crystal quantum numbers no longer
have any meaning. However, we can still.get information on

the transition probabilities by using the O operator. Ve
know from Equation 50 that

Vg-%,%) = T00VE,, B (50

Therefore if the transition probability when the field is at

angle f with respect to the x axis is
z. |
W(@,,) = ki5w¥0pwth‘ : (60)

then the probability for the same transition‘when'the field
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1s at angle f,-w/3 is

l2

|
=~

chb; T §[¢ L"O\llf]TOp #1007 Jdr

| ‘{f [0"0p0] Y, ATIZ

(61)

i
=

Here k 1s a real positive proportionality factor which depends
.on the frequency and intensity of the incident light, and on
whether the transition mechanlism 1s electric or magnetic
dipole. The operator in the matrix element, written here as
Cp, depends on the transition mechanlism, and on the polariza-
tion of the incident light. The operators to be used in
Equations 60 and 61 for the various cases of polarization and
transition mechanisms are given in Table 8.

Table 8. Electric and magnetic dipole moment operators for
various polarizations of the incldent light

Transition Polarization | Moment

mechanism direction operator
Electric dipole EpC 2. ZJ

J
Electric dipole EsC % (xjcosf + yjsin¢m>
Magnetic dipole MpC % /3(1Z '*'2*42)3

Magnetic dipole MsC %ﬁ[ux"'?/"x) Jcos¢m+(fy+24y) Jsinﬂm]
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Here the directlons of the c¢ axls, the magnetic field, and
the propagation vector of the incldent light are assumed to
be mutually perpendicular. Then the polarigation vector in
the EsC or MsC case 1s parallel to the magnetic fleld, and
1s at an angle ﬁm from the‘x axls of the crystal, Thils 1s
the experimental situation in the present work.

There are no angle dependent factors in k in Equations
60 and 61 so we can relate the transition probabllities for
various angles by studylng the transformation properties of
the operators in Table 8 under the O operator. The result
1s that the transition probabllities for both electric and
magnetic dipole transitions must be 60° periodic when the
directions of the magnetic fleld and the incident light are

kept constant and only the crystal is rotated.
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EXPERIMENTAL INVESTIGATION

The Spectrograph and Optical Arrangement

A Jarrell-Ash 3,4 meter Ebert spectrograph (91-93) was
used to photograph the absorption spectra observed 1in this
work. Most of the photographs were obtained using this in-
strument with an interferometrically ruled 300 line/mm
Harrison plane grating blazed for 57000 X in ﬁhe first order
at 59°= The spectra of the various line groups were observed
in the seventh through the nineteenth orders near the blaze
angle, and the order of interest was lsolated on the plate
by using either a Jarrell-Ash order sorter (94) or a Jarrell-
Ash 1/4 meter grating monochromator as a predispersing in-
strument. The linear dispersion ranged from 0,62 K/mm in the
seventh order to 0.23 X/mm in the 19th order. Schematic
drawings of the optical arrangement for théée two cases are
shown in Figures 1 and 2.

Vhen the order sorter was used several orde.s were ob-
tained at once, and they were displayed on the plate one
above the other. However, to get a separation of the orders
with the relatively low vertical dispersion of this instru-
ment, 1t was necessary to use a rather small vertlcal aperture
at the slit of the order sorter. This limited the height of
each spectral order to about two millimeters, and made it very
difficult to place a useful reference spectrum adjacent to

the order which was to be measured. There 1is no doubt that
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the use of the order sorter reduced the resolution and accu-
racy which could have been obtained with the main spectro-
graph,

When the grating monochromator was usea'as the predis-
persing instrument only one spectral order was obtained on
the plate. However, since this instrument dispersed the
light in the same direction as the main spectrograph, there
was no limitation on the vertical apertures. The full height
of the spectrograph slit could be used, and the Hartmann
dlaphram could be used to place reference spectra above and
below the spectrum to be measured. This 1s the optimum
condition for accurate measurement of the absorption lines,

Some of the photographs were obtained in only the second
or third order with a 600 line/mm grating in the main spec-
trograph. The disperéion in these photographs was only about
one tenth that obtained with the 300 line/mm grating in high
orders, but th;s seemed to make the very weak and very broad
absorption lines much easier to observe and measure. For
these photographs neither the order sorfer or the monchromator
was used because the limited spectral sensitivity of the
photographic plates was enough to isolate the order of inter-
est.

The procedure in obtaining the absorption spectra was to
place the sample in the position indicated in Figures 1 and
2. The sample absorbs light of certain wavelengths from the
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continuous spectrum emitted by the high pressure xenon lamp,
and only a fraction of the light with these wavelengths
reaches the photographie plate. The absorptions were ob-
served as unexposed or only partly exposed portions on the
plate and the wavelengths which were absorbed were measured
with respect to a standard reference spectrum,

The reference spectrum in this work was qbtained by re-
moving the sample and replacing the xenon source wilith a
hollow iron cathode discharge tube (95). Many of the wave-
lengths emlitted by tubes of this type have been measured by
Interferometry techniques, and are the accepted standards
for wavelength measurements (96).

In order to determine the polarization of the light
which was absorbed by the sample, a Glan (97) polarizing
prism was used. The polgrizer was lined up so that the
electric vector of the light whilch reached the spectrograph
was elther parallel or perpendlcular to the ¢ axis of the .
sample. The polarizations will be referred to as EpC and

EsC, respectively.
The Magnet

For the Zeeman studles the magnetic fleld was supplied
by an Arthur D. Little electromagnet. The current was
supplied by a 100 kilowatt D.C. generator driven by an A.C.
motor, and the current was regulated by controlling the cur-

rent through the field windings of the generator. During each
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exposure of the spectrum the current in the magnet was moni-
tored by measuring the voltage drop across a 1200 L shunt.
The maximum field obtainable in the 1-9/16 inch gap, for
5-3/4 inch pole faces tapered from 11 inches, was 27912 Gauss,
The field strengths were measured with a Type 820 Rawson-Lush
rotating coll Gaussmeter and Type 501 meter type indicator.
The probable error for the magnetic fleld measurements was

less than 0.15% for all field values.

The Dewar

A stainless steel dewar, pictured in Figure 3, contained
the samples in contact with up to six liters of 1liquid helium
or liquid hydrogen. If the outside radiatlon shleld was kept
filled with liquid nitrogen the helium lasted up to ten hours,
and the hydrogen up to one hundred hours. The transparent
tip and plane windows were UV grade fused quartz to allow the

transmission of ultraviolet light.

Preparation of the Rare Earth Ethylsulfates
The single crystal samples used in this work were grown
by Mr. H. 0. Weber of Dr. Spedding's chemistry group. The
rare earth ethylsulfates were obtained by reacting the rare
earth chlorides with sodium ethylsulfate. The rare earth
chlorides were prepared from 99.95% pure oxides obtained from
the lon exchange group of the Ames Laboratory of the U.S.A.E.C.

The sodium ethylsulfate was purchased from Amend Drug and
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Chemical Company, New York.

The rare earth oxide was reacted with an eﬁuivalent
amount of C.P. hydrochloric acid in water with a conductivity
of 5 x 10~7 mhos. This mixture was heated just below the
bolling point untlil almost all of the oxide had reacted.
Water wés added to adjust the concentration of the rare
earth chloride to about two molar. A one percent excess of
rare earth oxide was added to the solution and it was heated
for two more hours. The excess oxlde was friltered off, and
the pH of the filtrate was adjusted to 3.0 by carefully
adding dilute HCl., The solutlion was heated for one hour to
destroy any colloidal rare earth oxide or oxychloride and
then was cooled. The pH of the solutlion was checked, and the
above process repeated until the pH remained unchanged after
heating. The resulting solution was evaporated to the point
where crystals formed. This solution was cooled slightly,
and about 500 ml of absolute alcohol were added to it. The
resulting rare earth chloride solution was added slowly with
stirring to a one percent excess of sodium ethylsulfate in
alcohol, and the sodium chloride precipitate was digested
overnight. The alcoholic supernatant containing the rare
earth ethylsulfate was decanted and the alcohol was distilled
off under.reduced pressure at 309 C. The salt remaining was
dissolved in a minimum.amount of conductance water and this

solution was filtered. The salt was. then purified by frac-
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tional crystallization to remove any sodium chloride or sodium
ethylsulfate that may have been present. Finally some of the
purified rare earth ethylsulfate was dissolved in absolute
alcohol in a sidearm flask and the alcohol was distilled off
under reduced pressure until the solution was nearly satu-
rated, At this point it was set aside in a glove box whose
temperature was kept at 25° C. Hexagonal crystals of the rare
earth ethylsulfate nonahydfates grew (71) as the alcohol

slowly escaped through the small sidearm orifice.

Grinding, Mounting, and Alignment Procedures

The crystals normally grew to a size of about 3 mm by
5 mm by 2 mm thick, and all of the crystals used in this work
were checked on a polarizing microscope to determine the
direction of the ¢ axis and to verify that they were indeed
single crystals. When white light 1s passed through the
crystal perpendicular to the ¢ axis and through the crossed
nicol prisms of the microscope, a null in the intensity is
observed every 90° as the crystal is rotated. The direction
of the null corresponds to a dlirection eilther parallel or
perpendicular to the c axis; The ¢ axis was found fto lie
parallel to the long dimension of all of the crystals used
in this work.

In order to obtain samples thin enough to resolve certain
features of the spectrum it was often necessary to grind the

single crystals. Fine rayon polishing cloth and ethyl alco-
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hol were used for the initial grinding, and cotton swabs mols~
tened with alcohol were used for the final reduction and
polishing. Typical crystal thicknesses used in the experi-
ments were 0.1, 0.2, 0.5, 1.0, and 4.4 mm.

Two crystals were mounted for each experiment, one with
its ¢ axls parallel to the magnetic fleld, and one with its
¢ axis perpendicular to the fleld. The sample holder pic-
tured in Figure 4 was used to make the alignment as accurate
as possible. It provides three axes of rotation for each
crystal by means of the small adjusting screws, and 1t can
be screwed into a standard optical goniometer head. Care was
exercised in grinding the crystals so that one broad natural
face of each crystal was not disturbed. Optical reflections
from these faces were later observed on the gonliometer and
were‘used to ald in the crystal alignment procedure. The
crystals were mounted over the holes in the outer plates of
the sample holder with Duco cement and masking tape, and were
~aligned under éhe polarizing microscope so that thelr ¢ axes
were perpendicular to each other.

The sample holder was next mounted on the optical goni-
ometer and both crystals were adjusted by means of the small
screws above and below each crystal so that thelr broad
natural faces were parallel to the long axis of the sample
holder. The situation at this point in the alignment proce-

dure is shown in Figure 5. Here only the broad natural faces



Figure 4.

Front and side views of the single crystal sample holder
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are shown for simplicity, and both faces are parallel to the
long axls of the sample holder.

The next step in the alignment procedure was a determl-
nation of the angle ¥ subtended in the x-y plane by the
broad natural faces of the two crystals., See Figure 5. This
was Important for determination of the angle between the a
and x axes of the crystals because for this one needs to know
the angle between the magnetic fleld and the a axis of the
HsC crystal. In this work the a axils was assumed to be par-
allel to the broad natural face of the crystal. Therefore
when @ and the angle between the magnetic field and the ¢
axis of the HpC crystal were known, the angle between the
megnetic fileld and the a axis was also known. The angle &
was measured on the optical gonlometer, and the sample holder
was returned to the polarizing microscope for a final check
of the ¢ axls directions. The latest version of the sample
holder had provision for aligning the crystals so that g=0
whiie the sampie holder was in position on the optical goni-
ometer. Experlence showed that the measurements and adjust-
ments performed on the optical gonlometer were accurate to
within plus or minus one venth of one degree. |

The sample holder was threaded into the bottom of a
stainless steel tube running the length of the dewar and a
pointer was attached at the top. The crystals were rotated

by simply turning the sample tube, and the angles of rotation
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were read from & dial which was flrmly attached to the body
of the dewar. Ior later mecasurcments in thiz work the upper
end of the sample rod was held in the angle measurlng device
shown in Figure 6. The inner plate and domé of this devlce
held the sample rod and the outer base plate was {irmly
attached to the dewar. The inner plate and sample holder ..
were rotated by means of the worm gear drive, and the angles
of rotation were measured with respect to the vernier scale
on the base plate. The upper portlon of the sample rod was
milled flat and had a reference line scribed lengthwlse on
the flat part. To shift elther the HsC or HpC crystal into
the light path without disturbing the orientation of the
erystals wlth respect to the magnetic field direction, ohe
merely had to ralse or lower the sample rod and make sure
that the reference line remained in line with a similar
reference line scribed on the top of the dome. When the
dewar was removed from the light path for the recording of
the reference spectrum, rotation was prevented by moving the
dewar on a slot wheeled carriage which rode on an angle iron

track.

Crystal alignment in the external magnetic field

The accurate alignment of crystals in the magnetic field
is the single most critical and most vexing problem encoun-
tered in low temperature studies of the Zeeman effect of

single crystals., It is a particularly annoying problem be-
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Figure 6. Top view of angle measuring device
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cause mlsalignment is usually not discovered until after
numerous plates have been prepared and measured. For example,
Dieke, who was well known as a careful worker in this fileld,
reported the possibility of a 12 degree misalignment in his
paper with Singh (98) dealing with the spectrum of ErCls.
Hellwege et al. (99) tried to solve the problem by recording
the spectra of two crystals mounted at right angles to each
other. They then calculated the Zeeman splittings f{or cach
level from the splittings resulting from the nominally
parallel and from the nominally perpendicular crystals. The
difficulty with this method 1is that a perpendicular com-
ponent of the Zeeman splitting can still result from misalign-
ment of the nominally parallel crystal in the horizontal
plane, and the calculations take no account of this possibil-
ity.

The methods used the present work for aligning the crys-
tals and for checking their alignment in the magnetic field
were similar tb those previously described for erblum ethyl-
sulfate (51). When these methods were used good alignment
was obtalined and the alignment checks allowed quick verifi-
cation of proper alignment. With the use of these methods
1t was possible to forego the lengthy measurement and analysis
procedures until after 1t had been demonstrated that the

crystals were properly aligned.
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HpC alignment Photographs of the high field Zeecman

spectrum were taken as the c axis of the crystal was rotated
in the horizontal plane by 20 increments through 10° on
either side of the suspected aligned position. Photographs
such as those shown in Figure 7 resulted. The ¢ axls was
parallel to the magnetic field when the EsC lines at 24966
em™L and 24980 em™d vanished. The angle of best alignment
was noted and the other degrec of freedom was then checked
by observing the spectrum of the HsC crystal mounted at 90°
to the HpC crystal. See below. If both crystals were
aligned at the same angle, one could proceed wilth the meas-
urement and analysis of the HpC spectrum with considerable
confidence that the crystal was properly aligned to within
less than 0.5°.

For some of the photographs in this work even more
precise HpC alignment was obtained by uéihg a larger range
of angles in the alignment photographs. When this was done
the splittings of some of the more sensitive levels changed
enough so that the angle of maximum or minimum splitting
could be calculated to within a few tenths of a degree from
the measured splittings at various angles. The most sensi-
tive levels are those with large HpC splittings and small
HsC splittings, or vice versa.

HsC alignment check Photographs of the high‘'rileld

Zeeman spectrum were made as the HsC crystal was rotated



Figure 7. Typical HpC alignment photograph
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through 70° about its ¢ axis in 10° increments. The crys-
talline ¢ axis was perpendicular to the magnetic field when
the separation of the EsC lines at 25007.1 em™1 and 25008.0
em™L did not change by more than 0.1 em™t for this range

of éngles. The splltting of these lines corresponds to the
HsC splitting of the (0,3) level of the ground state, and
changes of up to 0,1 em~! could be attributed to anisotropy
in the HsC splitting of this level 1f the separations re-
peated every 60°. However due to the large HpC splitting

of this level, changes of 0.2 cm'1 over thls range of angles
corresponded to a crystal misalignment of 1.9°. This was
determined experimentally by photographing the spectrum of
a crystal déliberately misaligned by 5°. For the experi-
ments in which mixed crystals of dysprosium and erbium
ethylsulfate were used, the HsC alignment check previously
reported for erbium ethylsulfate was used because this was

a2 more sensitive check. In this case the ¢ axis was perpen-
dicular to thé field when the EpC lines of erbium ethylsulfate
at 18466.7 em™Ll and 18455.5 em™t exhibited no splitting.
These lines correspond to transitions from the (-l,~2) levels
of the ground state to a (0,3) level in the excited state.
According to the theory of the HsC Zeeman effect (69) it
should not split if the field is.precisely perpendicular

to the ¢ axis.

The alignment of all the crystals used in this work
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were checked by the procedures described above and none had
to be realigned. This was probably due to the extreme care
in aligning the crystals on the polarlzing microscope and

optical goniometer prior to their insertlon in the dewar.

Preparation and Measurement of Plates

The photographs of the spectra for thils investigation
were obtained on 4" by 10" glass spectroscopic plates,
Eastman Kodak types 103a0 and 103aF. They were developed
for four minutes in Kodak D-19 developer, stopped in dilute
acetic acid, and fixed in Kodak general purpose hardening
fixer. The plates were dried by passing warm air over
then.

Since the standard iron reference spectrum interfered
with the observation of the absorption spectrum when the
order sorter was used, the plates obtained with the order
sorter were photographed and measured as described below.
Alternate exposures of the spectrum of the hollow iron
cathode and of the absorption spectrum were photographed
at intervals down the plate. The plates were always care-
fully racked in the same direction from start to finish in
order to eliminate any possibilllty of racking backlash with¥
in the spectrograph.

The plates were measured on a Jarrell-Ash.model 23-500
recording microphotometer. They were carefully aligned so

that the recording slit of the microphotometer tracked pre-
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cisely in the order of interest. The precision microphoto-
meter screw and the strip chart of the recorder were driven
by synchronous motors at constant speeds of 1 mm/min and

127 mm/min, respectively. Thus 1 mm at thé plate vas ex-
panded to 127 mm on the strip chart. A switching device
activated by a pin on the crank of the precision micro-
photometer screw placed fiduclary marks on the chart at in-
.tervals corresponding exactly to each revolution of the
screw. By measuring the distance between these marks 1t was
possible to check the relative drive speeds of the screw and
the strip chart.

The positions of the absorption lines and of the stand-
ard iron lines in the appropriate order were measured from
the strip chart, and the vertical positions of the exposures
were measured from a vernler scale on the microphotometer
stage. The data for each plate were treated in a linear
least squares calculation to find equations describing the
horizontal positions of the iron lines versus the vertical
plate position. The equations were then used to project the
standard iron lines into the positions they would have occu-
pied had the iron spectrum been superimposed upon the absorp-
tion spectrum. The plates were always racked vertically
from the same direction in order to eliminate microphotometer
backlash, and the racking of the precision screw for the

horizontal position was carrlied out with the same caution.
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The equations were found to fit the experimental positions
to within ¥ 0,0055 mm on the average or, in the reglons of
special interest here, to within t 0.002 X. The small
errors seemed to justify the use of the projected lron llne
positions as good position references for the measurement

of the absorption lines.

Callbratlon of plates

[ab}

The energies of the absorption lines in any order are
not linearly related to thelr positions on the plate so 1t
was necessary to obtain a callbration. The first step in
the calibration was the identification of the standard iron
lines in the order of interest. When there vere too few
standard lines in the same order as the absorption spectrum
it was necessary to include lines from adjacent orders. The

wavelengths of these lines were converted to wavelengths in

the order of interest by the relation
/
A= wA/n, (62)

where n and n' are the order numbers of the order in which
the line occurs and the order of interest, respectively, and
A and A' are the wavelength in the order in which the

line occurs and the wavelength in the order of interest. The
wavelengths were then converted into wavenumbers in vacuum
by means of the Bureau of Standards tables (100),

Two of the standard iron lines were chosen as end iron
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lines for calculation of the dispersion. They were in the
same order as the absorption spectrum and bracketed the
region of absorption. The linear wavenumber dispersion was

calculated from
D =(c, = a)/(p,~ p,), .(63)

where Gi and Gé are the wavenumbers in vacuum of the two
end iron lines, and Py and Py are thelr respective millimeter
positions at the plate. The approximate vacuum wavenumbers

of the other iron lines were calculated by means of

L

7, = 0T -p)D. (64)

Here i is a serial number to distingulsh between the differ-
ent iron lines. The differences between the wavenumbers
calculated in.this way and the true wavenumbers of the lines,
045 which had been found from the tables, were then used

to determine a calibration curve of &, = (g - ?Fi)
versus ('53.- o). Figure 8 shows a typlcal calibration

curve. The second order equation of the type

z=AF-¢) + BE-)+C, (65)

which best fit the experimental points In the least squares

sense was found by solving the normal equations,
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for A, B, and C. For simplicity ( 31

placed in the above equations by X4 and n 1s the total num-

- Ga) has been re-

ber of iron lines. The wavenumber of an unknown line was
given by the sum of Equations 64 and 65.

In this work the second order approximation was found,
by use in the measurement of many exposures of the standard
hollow iron cathode spectrum, to yleld results accurate to

within T 0.005 em™® in the thirteenth order, = 0.006 om™t

in
the fourteenth, L 0.004 em™t in the fifteenth, and ¥ 0.012
cm"1 in the sixteenth order. These were considered to be

good results because the hollow iron cathode lines have been
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estimated to be accurate to within t 0.001 X in general. 1In
the thirteenth order ¥ 0.001 X corresponds to t 0.o004 cm'l,
and in the sixteenth order the same wavelength error corre-
sponds to t 0.008 em~1. The errors in measuring and calcu-~
lating by the second order calibration method were compa-
rable to the errors in the encrgies of the standard iron
lines. The method used here i1s believed to be superior to
many methods described in the literature for grating plates
because of 1ts accuracy when the proper polynomlal 1s used
and 1ts speed when the calculations are performed by an
eiectronic computer. In addition it eliminates the need to
first calculate wavelengths and then to convert these to

wavenumbers in vacuum for every unknovmn line.

Calculation of vacuum wavenumbers for absorption lines

The determination of the energles of the absorption
lines in vacuum wavenumbers proceeded as follows. The
millimeter poéitions of the absorption lines were measured
from the atrlp charts, and the positions of the first and
last iron lines in the order of interest were calculated
by means of the previously described projection method. The
dispersion was calculated using Equation 63 and the projccted
positions of the 1ron lines, and approximate vacuum wavenum-
bers for the absorption lines were calculated using Equation
64. The measured energies of the absorption lines were given

by the sum of the results of Equations 64 and 65.



81

Estimation of error arising from the measuring procedure

If one assumes that the only sources of error in the
energies of the absorption lines arise from 1) not having
the standard spectrum superimposed on the absorption spectrum
when the order sorter was used, 2) error in the calculated
correction curve, and 3) errory in the estimation of line
centers, then the probable error ranges f{rom ¥ 0.013 em™+
in the thirtcenth order to ¥ 0.028 em™ in the sixteenth
order. This cstimate was obtained by adding the probable
errors arising from 1) and 2), and by assuming that the
errors in estimation of lline centers were already included
in the estimates given for 1) and 2). This assumption is not
quite true, however, since it was usually easler to estimate
the centers of the iron lines than it was to estimate the
centers of absorption lines. Better estimates of the errors
for the absorption lines will be obtained in a later section

of this work.
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EXPERIMENTAL RESULTS

Initial Survey and General Observations.

The initial photographs of the spectrum were obtained
with 0.5 mm and 1.0 mm dysprosium ethylsulfate crystals
immersed in liquid hydrogen. These photographs were taken

to £ind those line groups with sharp lines and closely
| spaced energy levels which would yield the best measurements
of any basal plane anisotropy in the HsC Zeeman effect. Line
groups I through S, as previously labelled by Crosswhite and
Dieke (85), were observed in the second order with the 600
line/mm grating, and groups D through W were observed in
orders seven through nineteen with the 300 line/mm grating
and order sorter. Some examples of the HsC Zeeman spectra
as observed in the second order are shown in Figures 9
through 11; examples of the higher order spectra will be
given later. The absorption of groups D, E, J, L, N, and Q
was qulte strong, even in a 1.0 mm crystal, and one could
not be sure that the lines were completely resolved. The ab-
sorption of groups E' and K was so weak and the lines were
so diffuse that they were not observed in the high order
spectrum., Groups G, I, M, O, P, R, and S had very sharp and
intense absorption lines, and because of the short exposure
times required for groups G and I, these two groups were
thought to be the most suitable for studies of basal plane
anisotropy in the HsC Zeeman effect.



Figure 9. HsC spectra of DyES group I -- 1.0 mm crystal at 20°K
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Figure 10. HsC spectra of DyES groups K and J -- 1.0 mm crystal at 2001{
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 Pigure 11. HsC spectra of DyES groups M and L -- 1.0 mm crystal at 20°K
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In the absence of an external magnetic fleld, and when
a magnetic field was applied parallel to the ¢ axis, most
of the absorption lines observed in this work obeyed the
selection rules for electric dipole transiﬁions. For the
lines of group G however, an appreclable contribution from
magnetlic dipole transitions was observed. This observation
is in agreement with the earlier findings of Gramberg (84).
'or the case where the magnetic f{ield was perpendicular to
the ¢ axis additional lines appeared with increasing magnet-
lc field strength which seemed to obey the selection rules
for magnetic dipole transitions. They were in fact electric
dipole transitions, but were reflecting the fact that, since
the matrix elements of the HsC Zeeman effect connect states
with Apm = t 1, S 1s not a good quantum number for this
case. The observation of transitions which are forbidden in
the absence of the perpendicular field gives added incentilve
for studying the HsC Zeeman effect because their observation
must certainl& lead to less chance of error in measuring the
centers of gravity and in assigning term symbols for the
various line groups.

Table 9 compares the approximate energies of the line
groups of Dy+3 in DyES with the free lon energy levels of
Dy+3 as calculated in the intermediate coupling scheme by
Wybourne (81), and with some previously reported line group

3

energiles for Dy+ in other salts. The values given for the

Infrared groups Y through W and A through E' of DyEs were



Table 9.

Calculated free ion energy levels and observed line group energies for
Dy+3 in various salts

Calculated
Term Empirical free ion b DyCl Dye(sou)3 Dy(NO3)3
symbol label levels® DyES DyClg - 6H,0° -8H,04 -6H,0°
6
H15/2 0] 0 0 O
®H15 7 Y 3457 3600 3517 3583
6x, . /2 X 5778 6000 5835 5857
6x 7613
9/2 Y 7740 7650 7665
' OFa1/p 7920
6 -
6rq /o 9164 9025 9043
@From Wybourne (81).
bprom Crosswhite and Dieke (85).
CProm Dieke and Singh (83).
drrom Rosa (82).
eFrom Gramberg (84).

06



Table 9. (Continued)

Term Empirical C?;:gligﬁd DyCij Dy, (804) 5 DY(N03)3
symbol label levels® DyES DyCl3b - 6H,0° . 8H,004 - 6H,0°
®Hs s B 10089 10171 10138 10157
6F /o c 11130 11004 10925 11018 10939
°Fs /o D 12550 12383 12323 12447 12358
6F3 /o E 13299 13178 13116 13202 13182
6F1/'2 E' 13843 13729 - - _

g /n F 20216 21100 20963 21112 21049 21170
4115/ G 21427 22140 21954 22150 22117 22180
%611/ H poul2 T 23450 23303 23450 23420 23500
o1 /0 1 22734 25070 2UghO 25060 25120
Ky7/2 J 23428 25730 25581 25770 25790
Mg /0 K 23903 26220 26098 26290 26340
H1y30 L 24296 27420 27280
47 /o M 24720 27920 27827
15 /0 N 26170 28520 28326

16



Table 9. (Continued)
Calculated
Term Empirical free ion Cl- D S0 Dv(NO
symbol label levels? DyES DyC13b ?gﬂgdc Y§é203)3 {222823
111/ 0 2622l 29570 29480
4p3 /0 P 26529 29980 29867
My 7 Q 27662 30690 30583
Fs /0 R 27752 31125 30996
419 /0 S 27772 31560 31462
fag /o T 28592 33110 32985
.10/ U 28949 33400 33262
65/ 29161 33530 33444
K150 W 29167 33920 33781

26
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obtained from the work of Sutherland (101) and Hellwege et
al, (102), respectively. It can be seen from the table that
the enefgies of the line groups are falrly similar in the
various salts. However, the energles of tﬁe nitrate groups
for which data are avallable are all about 200 cm™* greater
than those of the corresponding anhydrous chloride groups,
and the energies of the hydrated chloride, sulfate, and
ethylsulfate groups are about 100 cm_1 greater than those of
the anhydrous chloride. In the rare earths the line groups
are due to transitions between the energy levels of the 4B
configuration and the 4f electrons are well shielded from
their external environment by filled shells of 5p and 6&s
electrons. Therefore the observed line group energles for a
rare earth ion in any salt are very near what would be ob-
served for the free rare earth lon. The small changes in
the energies which are observed 1In various salts are attri-
buted to small changes in the covalency of the chemical bonds
of the rare earth ion to its nearest neighbors (103). It has
been suggested (104) that as the covalency of the bonding
increases, the "tail" of the 4f electron radial distribution
function 1s enlarged, and that this leads to a decrease in
the electrostatic interaction between the 4f electrons which
decreases the separation of the 4ent energy levelé. The ex-~
pansion of the 4f electron charge cloud, known as the

nephelauxetic effect, is thought fo be a direct result of the
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screening of the Uf electrons by overlapping charge clouds
from the surrounding ligands.

The results gilven in Table 9 are in agreement with
previous work on compounds of Pr+3 (105) wﬂich established
that the energy of the line groups decreases and the cova-
lency of the rare earth--ligand bonds increases in the order
RF3,R+3-XH20, RCl3, RBr3, R203, where R stands for one of
the rare carths. However the data for Dy(NO3)‘6H20 suggest

3

that the nearcst neighbors of the Dy+ lon in thls casec are
not all waters of hydration; as 1s true for DyES, but that
the nitrate ions must be making an appreciable contribution
to coordination complex. The data thus tend to support the
results of a recent determination of the crystal structure
of Pr(N03)3'6H20 by Rumanova et al. (106), in vhich it was
proposed that the Pr+3 lon has a coordinatlon of ten, with
four waters of hydration and six nitrate oxygens in the co-
ordination polyhedron.

It can also be seen from Table 9 that while the agree-
ment of the observed and calculated energles and J values 1is
good in the infrared the agreement deteriorates rapidly for

the groups beyond 24000 em™ 2,

For these groups no signifi-
cance can be attached to the fact that a particular term

symbol and calculated free ion energy level corresponding to
that state appears opposite one of the observed line groups.
It was therefore clear at the outset of this work that much

more work, both theoretical and experimental, remained to be
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done before a clear understanding of the higher energy levels

could be obtained.

Basal Plane Anisotropy in the HsC Zeeman Effect

When the HsC Zeeman effects of groups D through P of
DyES were observed as a function of the angle between the x
axils of the crystal and a static external magnetic field of
approximately 28 kG, varliations with a 60o periodiclty were
observed for the energy and/or Intensity of absorption lines
in many of the line groups. Some examples of the observations
are given in Figures 12 through 14. Of the line groups ob-
served, only groups D, K, and N showed no dependence of the
observed pattern on the angle between the x axis and the
external magnetic field.

When the HsC Zeeman effects of groups G and I were ex-
amined in detail as a function of the angle between the a
axis of the crystal and a statlic external magnetic field of
approximately 28 kG, it was determined that the energy of each

absorption line obeys a relation of the type
El(ﬁe) = EOi + AiCOS6(¢e "/G> (67)

within experimental error. Ei(ﬁé) is the measured energy of
the 1th absorption line and is a function of the magnetic
fleld strength and of ﬁé, the angle between the a axls and
the external magnetic field. Eoi is that part of the energy
of the ith absorption line which is dependent on the magnetic



Pigure 12. HsC spectrum of DyES group G as a function of the angle between the
maghetic field and the x axis of the crystal, This is & 1.89 mm
erystal at 20°K and the magnetic field is 27488 ¢
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Figure 12. HsC spectrum of DyES group G as a function of the angle between the
magnetic field and the x axis of the crystal., This 1is a 1.89 mm
crystal at 20°K and the magnetic field is 27488 G
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Figure 13. HsC spectrum of DyES group H as a function cf the angle between the
magnetic field and the x axis of the crystal. This is a 1.0 mm
crystal at 209K and the magnetic field is 27912 G



O ~N O W

O N 0 W

86



Figure 14, HsC spectrum of DyES group I as a function of the angle between the
magnetic fielg and the x axis of the crystal. This is a 1.0 mm
erystail at 20K and the magnetic field is 27475 G
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field strength, but which is independent of ﬁé. A, the
rotation coefficlent for the 1th line, gives the amplitude
of the variation in energy about Eoi which occurs when the
crystal 1s protated about its ¢ axls in the HsC magnetic
field. B has been defined previously as the angle between
the & and x axes of the crystal.

In the preliminary analysis of the data an equation of

the type 67 was found for each line by solving the least

squares normal equations

-
cos6f, sinéﬁel 1

cosﬁﬁel cosGﬁéz . . . cos6g_ . cos6f o sinbfo 1 (4]

'sin6¢él sinbfes . . . sinbf,, . . . B
1 1 .« o e 1 . . . E

L - L

cosbf,,, sinbf,, 1

-

cos6¢el cosbf, . . . cosbfy, E4(Bap) v
= |8in6F,1 sinbfy, . . . sinbf, . - (68)
L 1 1 . e e 1
_?i(ﬁénZJ

for A, B, and E,. Here n 1s the number of distinct angle
settings, A is equal to Aicoséa, and B is equal to Aisinda.

Ai i1s therefore given by
Ay = Afcos6d, (69)
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where

6 = arctan(B/A). (70)

Examples of the results obtalned for Eoi and Ai are given in
Tables 10 and 11.

The Roman numerals used to identlfy the initial state
for each absorption line are the numbers previously assigned

by Gramberg to identify the three lowest lylng crystal {leld

—

evels of the ground term, and the 4 quantum numbers used to
identify the final states are the crystal quantum numbers of
Murao, Spedding, and Good. See Table 4. The plus and minus
signs are used to identify the higher and lower energy Zeeman
level of each of the crystal fleld states, and the primes
serve to distinguish between crystal field states with iden-
tical crystal quantum numbers,
The column headed by (Ti in the tables is defined by.
n
2, -E Pz
o [SErat)

v=t icale . obs

(71)

n - |

It indicates the goodness of fit of the type 67 equations to
the observed energies of the lines 1n wavenumbers. Here the
Eicalc are obtalned from the ith Equation 67 for the n values
of ﬁé, and the Eiobs are the corresponding observed energles
of the ith absorption line.

The phase angle 5} which according to the theory of

(69) should be a measure of the angle between the a and x



Table 10.

Angular dependence of DYES group G absorption lines for 1.89 mm crystal

at 200K

Transition Eg in em~1 A in em~1 Polarization 0’1
22162.58% .12 377 P t. 33

22157.61%. 0k .14% 05 P t,13

ozi41,.11%, 02 .07%.02 P *,06

22132.82%.13 .30%.18 P t,36

22122,11%,08 .22% 11 S *t,28

22121.87%.03 .out oy P t.30

22107.93%.02 .05%.03 P *.06

22107.87%.01 .02t 01 S t,03

I. to -1,-2, 22068.08%,03 .03%,04 S t. 09
I, to -1,-2, 22067.27%.03 -.05% o4 s *,09
I_ to -1,-2_ 22064 ,52%,01 .04t o1 S 1,03
I, to -1,-2_ 22063.68%.03 .07%. 04 S .08
II_ to -1,-2, 22051.88%.01 .ot o2 P +,04
II_ to -1,-2_ 22048.27%.01 .02% 02 S T on

€0t



Table 10. (Continued)

Transition Eo in cm"1 ‘ A in em~l Polarization
II, to -1,-2; 22043,98%.05 -.51%.08 s
III_ to -1,-24 22042 .56%, 02 .60%,03 s
I to -1,-2} 22039.89%.01 .01%,03 s
I to -1,-24 22038.98%, 00+ -.02%,01 P
I_ to -1,-2' 22035.57%.00+ .ot oo+ P
I, to -1,-20 22034, 70,01 .05F.02 S
II_ to -1,-2, 22023.62%.01 .02t ,01 s
II_ to -1,-2! 22019.32%.01 .03%t,01 S
II, to -1,-2 22015.84% . 02 -.38%.03 P
III_ to -1,-2, 22014,31%,03 .48% ok P
III, to -1,-2, 22012.94%,01 -.21t. 01 P
IT, to -1,-2! 22011.59%,04 -.47t 06 P
IIT_ to -1,-2! 22010.05%,03 .62%,03 S
III, to -1,-2] 22008.62%,05 -.27%.07 S

701




Table 11. Angular dependence of DyES group I absorption lines for 2.1 mm crystal

at 200K
Transition Eo in em~1 A in em™} Polarization oy
I_ to -1,-2, 25008.02%,01 -.03%.01 S t.03
I, to -1,-2, 25007.17%.00+ .ot 00+ s toa
I_ to -1,-2_ 24997.87% .01+ -.09%, 01 S t, 02
I, to -1,-2_ 24997.03%.00+ - .04t 00+ P .01
I_ to 1,2, 24992, 96%,01 .27¥.01 P %,03
I; to 1,2, 24992.10%.01 .35%.01 S + 04
II_ to -1,-2, 24991.69%.01 -.03%.02 P .ol
I_ to 1,2_ 24991 .04%,01 -.33t.01 S * 03
I, to 1,2_ 24990.17%. 01 -.24%. 01 S +,03
II, to =1,-2, 24983, 76% .02 ot o2 S t.07
III_ to -1,-2, 2uo82.27t.03 -.55%,05 S * 06

I, to -1,-24
24981.00%, 00+ .15%.00+ P .01

I. to 0,3,

got



Table 11. (Continued)

Transition E, in em™d A in cm-1 Polarization T
I, to 0,3_ 2&980:93f.01 .20% .02 S *.05
I, to 0,34 24980.14% .02 .08%,02 S .07
I_ to 0,3_ 24980,01%,01 -.12¥ 01 S T, 04
I, to 0,3 24979.17%.00+ -.11%,01 P *,02
II_ to 1,24 24976.62%,01 .26%,01 S +.04
II_ to 1,2 24974 . 69%,01 -.33%.01 S t,03
III_ to -1,-2_ 24972.16% .02 -.64t o4 S t.10
III, to -1,-2_ 24970.73%.01 +.14%, 01 P t. ok
III, to -1,-2_ 24970.75%, 02 +.18%,02 s +,06
III_ to 1,2, 24967.21%,01 -.31t,01 P . .03
II, to 1,2_ 24966,86%,01 L4t 02 P *,06
III, to 1,2, 24965.82% 02 .53%.03 S - t,07
II. to 0,3 2496h.64% 02 .10, 04 S +.08

90T



Table 11. (Continued)

Transition | Eo in em™ A in em™d Polarization oy
II_ to 0,3, 24964 ;661,01 A4t 01 P t.oh
II_ to 0,3_ 24963.841 02 -.15%,03 P i, 07
IXI_ to 0,3_ 214963.68%, 00+ -.18%,01 S +.02

I, to 0,3_ 24979.19%.01 -.14% . 01 S *,03

LOT
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axes of the crystals, was found to be the same within experi-
mental error for all observed lines. It has therefore not
been tabulated. The fact that ¢ was the same for all lines
in each crystal means that, wilithin experimehtal error, every
line attalned either its maximum or minimum energy when an
X axls was parallel to the magnetic field. This'finding is
in agreement with the theoretical findings of (73). Further
discussion of the determination of E for the various crystals
studled in this work wlll be presented in a later sectilon.
The standard deviations assocliated with the quantities
given in the tables were derived Trom the variance-covariance
matrix for each set of Equations 68 by the ordinary methods
for studies of the propagation of error (107). In the pres-
ent case the variance-covariance matrix is the inverse of the
product of the first two matrices on the left hand side of
Equation 68. According to the theory of propagation of error,
if

't = 2(a, B, E), (72)

then the standard deviation for determination of f from values

of A, B, and E, is gilven by

2 2 2
of \ 2 Bf \ -2 ar ) 2

| (aA) T ( e) g Tt (ago) og

" of of\ [ af\ /3 (73)
+(a )(aa) %AB ""(aA) an) Oag, T (as (aso =
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Here 0‘i 1s the standard deviatlion of the measurcments from
which A, B, and Eo were determined, and the quantitiles CﬁA2,

O‘Bz, ete., are defined by

. .
0y = 0 C, 1)
2 _ o2

0 = 0C(2,2)

O‘EZ = o'.LZC(S,B)
and
— s
Opg = 07 C(1,2)
The C(I,J) are the elements of the variance-covariance
matrix. Application of Equations 73 and 74 to Equations 67,
69, and 70 gives the expressions used to calculate the stand-

ard deviations of the derived quantities, Eo, Ai, and 5:

se = o3VcEd) (75)
S) = (ag/lA.Ll)ﬁ? Ci, b+ BPC2,2) + 2ABCU,2) (76)

55 = (o /62 )P e, v+ B c@2) — 200,20 (77)

;t should be noted that the error in determination of the

rotation coefficient Ai is inversely proportional to IAiI,

and that the error in determination of B is inversely propor-

tional to Ai. Thus, as we might expect, the best determina-
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tlons of rotatlion coefficlents, and of the angle between the

a and x axes, are obtalined from absorptlion lines with large

rotation coefficients.

Energy level scheme for the anlsotroplc HsC Zeeman effect

The next step in the analysis of the basal plane anlso-
tropy in the HsC Zeeman effect was the determination of an
energy level scheme such that the energy differences between
the various energy levels would have the same angular depend-
ence as the observed absorption lines. In general the deter-
mination of the energy line scheme is complicated for DyES
5ecause the energy levels of both the initlal and final states
in each transition may depend upon the direction of the magnet-
ic field with respect to the x axls. When this is the case
the energy of each of the absorption lines as a function of

Zo is given by

EgbsorptiontPe) = Erina1(fe) - Einigia1(f,).  (78)
line level level

The quantities on the left hand side are obtained directly
from the experiment, and what are needed for the energy level
diagram are the quantitles on the right, the energies of the
initial and final levels as functions of {Zs.

Ve know from (69) and (73) that the variations in the
energles of the levels all have the same phase and 60° peri-

dicity, so the energles of the levels should be given by the
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same type of equation as that used for the energles of the
absorption lines. Thus ve can substitute the right hand

sides of equations like Equation 67 for Epy,.;(fe) and

level
Einitia1(fe) in Equation 73 to obtain

level

Eaboorption (%e) = (Ey final - Eo initial)
line level level

+ (Apinal = Ainitiay)cos6( Zo - B) - (79)
level level

Equating coefficients of cosG(f, - #) in Equations 67 and 79

gives
Eo absorption = Ey final = Eo initial » (80)
level level
and
Asbsorption = Afinal - Ainitial (81)
line level level

For each pair‘of initial and final energy levels the E,'s
and A's on the left hand sides are known from the experiment,
and to construct the energy level dlagram we have to solve
for the Ey's and A's on the right. However, since only energy
differences are observed In the experiment, not absolute
energies, these equations have no unique solution unless
additional conditions arc imposed.

Any additional conditions which provide a reference point

for the measurement of energy and energy variations will allow
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a unique solution for the Eo’s and A's of the energy levels.
For example, 1if one can observe absorption lines resulting
from transitions from ground term Zeeman levels to a group
of excited state levels whose center of grévity 1s not
affected by the magnitude or direction of the applied HsC
magnetic field, a good choice of extra conditlions would be
to take the center of gravity of the group of levels at
zero magnetic field as the reference for energy measure-
ments, and to restrict the solutlon for the A's such that
the sum of the A's of all of the excited state levels in

the group is equal to zero. This 1s a very useful conditilon
because it allows determination of the shifts of the levels
with respect to thelr zero magnetic field positions, and
because it gives the rotation coefficlents of the levels
with respect to the center of gravity of the configuration.
This makes 1t easy to compare them with the results of
theoretical calculations.

The difficulty with using this cholce of side conditlons
is that large amounts of experimental data are required to
determine that the center of gravity of any group of excited
étate energy levels is independent of the direction and
magnitude of the external magnetic field. The difficulty can
be circumvented, however, if, proceeding under the assumption
that the side conditlons outlined in the previous paragraph
are fulfilled for two or more relatively lsolated groups of

excited state levels, one obtains l1dentical results for the
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Eo's and A's of the ground levels. This 1s true because
deviations from the assumed conditions would be reflected
in the results obtalned for the ground levels, and because
1t 1s unlikely that two or more relatively'isolated groups
of exclted levels would have exactly the same dependence
upon the direction or magnitude of the external magnetic
field.

In the present work the simultaneous Equations 80 and
81 were solved for the absorption lines between 22005 and
22070 em™! in group G, and for the lines between 24950 and
25010 em™t in group I, under the assumption that the center
of gravity of the group of final levels in each case was
independent of the direction and magnitude of the external
magnetic field. The lines treated for group G result from
transitions from the Zeeman levels of the three lowest lying
crystal fleld states of the ground term to the Zeeman levels
of the (-1,-2) and (-1,-2)' crystal field states of the
excited term.. These levels of the excited term are separated
by approximately 27 em~1 at zero magnetic field, and the next

nearest level is some 44 em™%

away, so the assumption is
certainly expected to be fulfilled. The lines treated in
Group I result from transitions from the same levels in the
group term to the Zeeman levels of (0,3), (1,2), and (-1,-2)
levels in the exclted term. These levels occur’within the

1

space of only 14 ecm™ at zero magnetic field and the next

nearest level 1s 59 em~1 away, so &again the assumption is
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expected to be fullilled.

The results obtalned for the Ej's and A's which describe
the energy variatlons of the ground term levels are given in
Tables 12 and 13. Apart from the second order shifts which
are expected from the difference in the strength of the
external magnetic fleld, the results obtained from groups G
and I are within experimental error. The concluslon is that
the centers of gravity of both groups of exclited levels are
independent of the direction and magnitude of the external
magnetic fleld as was assumed, and that in both cases the
correct E 's and A's were obtained for the ground levels,
The results obtained for the levels of groups G and I are
given in Tables 14 and 15.

Table 12. HsC anlsotropy of the low lylng levels of the
ground term of DyES as determined from group G

H = 27488 &
Level Eo A

I_ - 3.14% 02 +.03%,02

I, - 2.28%.02 +.01%.02
II_ 13.11%.02 +.03%, 02
II, 20.91%.02 -.45%,03
III_ 22,40%, 02 +.57%.03
III 23.81%.03 -.2ut ol
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Table 13. HsC anisotropy of the low lying levels of the
ground term of DyES as determined from group I

H = 27912 G
Level E, A
I - 3.26%.01 +.03%.01
I, - 2.41%.01 -.01t.01
TT_ 13.07%,01 +.04T .01
I, 20.95%.01 ~.1to2
TIT_ 22, 47% 01 +.59%.02
III, 23.88%.01 -.22%. 02

Table 14. Observed HsC anisotropy of low lying (-1,-2)
levels of DyES group G

H = 27488 G
Level Eo A
(-1,-2), 22064.96% .02 .02t 02
(-1,-2)_ 22061.39F.02 - -.02%.03
(-1,-2) 22036.73%.01 .01t 02
(-1,-2)" 22032. 44T, 01 -.01%,02
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Table 15. Observed HsC anisotropy of some low lylng levels
' of DyES group I

H = 27912 G
Level Eg h A

(-1,-2), 25004.75%. 01 .02t 01
(-1,-2)_ 2ligol, 621 01 -.05% 02
(1,2), 24985.69%, 01 31T, 01
(1,2)_ 24987, 78%, 01 -.28%, 02
(0,3), 2u977.72%. 01 .13%.02
(0,3)_ 24976.76%.01 -.12t 01

The angular dependence of the Zeeman splitting of any
pair of levels can be obtained from the quantities given in
the tables by using Equation 82, and the center of gravity

of any two levels can be obtained by using Equation 83.

Si_J(ﬁﬁ) = (Eyy - on) + (Ay - Aj)cosdﬁh (82)
Ci-J(ﬁﬁ) = 1/2(EOJ +.on) + 1/2(A4 +‘Aj)cos6¢ﬁ (83)

Here ﬁh = fo - 5 is the angle between the x axis and the
external magnetic field, and 1 and j are labels to distin-
guish between the higher and lower energy levels of the pair.

For example, the splitting and center of gravity of the II,
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and II_ levels of the ground term are given by

SII+ - II_(ﬁm) = (EoII+ - EoII-) + (AII.;. - AII_)cos6¢m
(84)

Crry - 11.(fm) = 1/2(Eqpr, - Eorr_)

A comparison of the observed Eo's and A's of the absorp-
tion lines and those calculated from the E 's and A's ob-
tained for the energy levels is given in Tables 16 and 17.
The agreement 1s quite good consldering that In group G there
were 20 absorption lines involving transltions between only
6 initial and 4 final energy levels, and that in group I
there were 26 absorption lines involving transitions between
only 6 initial and 6 final energy levels. The standard devi-
atlon between the observed and calculated E,'s and A's of
the absorption lines in group G was pa 0.037 cm'l and t 0.054
cm"l, respectively, and for the lines of group I pa 0.019
em™t ang T 0.031 cm'l, respectively.

Another useful choice of side conditions for the solu-
tion of the simultaneous equations is to require E, and A for
the lowest Zeeman level of‘the ground term to be zero for
all values of the external magnetic fleld. This choilce makes
1t especlally easy to determine the E 's and A's of the

excited term Zeeman levels by merely watching transitions
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Table 16. Comparison of observed Eo's and A's for group G
absorption lines with values calculated from
the energy level scheme

Observed Calculated
Eo A N A
22068.08 -.03 22068.09 -, 01
22007.27 +.,05 22067.23 -.00
22064,52 -.04 22064 ,52 -.05
22063.68 -, 07 22063, 66 -.03
22051,88 -.04 22051.85 -.01
22048.27 -.02 22048 .28 -.05
22043,98 +.51 22044,05 +.46
22042.56 -.60 22042 ,55 -.56
22039.89 -.01 22039.87 -,02
22038.98 +.02 22039,01 -.00
22035.57 -.04 22035.58 -, 04
22034,70 -.05 22034 ,72 -.02
22023.62 -.02 22023.62 -,02
22019.32 -.03 22019.34 -.03
22015, 84 +.38 22015, 82 +. 46
22014.,31 -, 48 22014.33 -.56
22012,94 +.21 22012.92 +.25
22011.59 . +.47 22011.54 +.44
22010.05 -.62 22010.04 -.58

22008.62 +.27 22008.63 +.23
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Table 17. Comparison of observed E,y's and A's for group I
absorption lines with values calculated from
the energy level scheme

Observed Calculated
E, A E, A
25008.02  =-.03 25008, 01 -.02
25007.17 .04 25007.16 .03
24997.87 -.09 24997.88 ~.09
24997,03 -.04 2h997,03 -.0b
24992,96 27 21992,95 27
2992, 10 .35 2h9g92.,10 .32
24991.69 -.03 24991.67 -.02
24991,04 -.33 24991 .04 -.31
24990,17 -.24 24990,19 -.27
24983,76 2 24983.79 A3
24982 .27 -.55 24982, 27 -.57
24980, 14 .08 24980, 14 14
24980.01 -.12 24980,02 -.16
2UgT79.17 -.11 24979.17 -.12
24976.62 .26 24976, 62 .27
24974, 69 -.33 2497l 70 ~.31
24972.16 -.64 2497214 -.64
. 24970.73. 14 24970, 74 .16
24970.75 .18 24970. 74 .16
24967.21 -.31 24967.22 -.28
24966, 86 14 24966 .82 .13
2496582 .53 24965, 81 .52
24964, 64 .10 24964 .65 .09
24964 , 66 14 24964 .65 .09
24963, 68 -.18 24963 .68 -.16

24979.19 - 14 24979.17 -.12
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from the lowest ground term level to any of the excilted
term levels. This 1s because, as can be reen from Equations
80 and 81 with E, and A for the initial level taken to be
zero, the Ey's and A's of the excited term levels are simply .
equal to the measured Eo's and A's of the absorption lines,
This choice of side conditions also has the advantage that
nothing at all needs to be known or assumed concerning the
behavior of the center of gravity of the excited term. One
may proceed immedlately with the analysls of the data, and
if 1t 1s later demonstrated that some group of exclited levels
1s independent of the direction and magnitude of the magnetic
field, it is then a simple matter to transform from this set
of side condltions to the set described earlier. The dis-
advantage of this choice of side conditions is that the
shifts and rotation coefficients which are obtained are not
in the most useful form for comparison with theoretical
results,

The method of solving simultaneous equations for the
Eo's énd A's of the energy levels, no matter what the cholce
of side condltions, has ﬁﬁe disadvantage that, while 1t is
assumed that the variations in the energies of the levels
all have the same phase and 60o periodicity, because of
experimental error the equations used to describe the energy
variations of the adsorption lines do not all have the same
phase, Thus when the Eo's and A's of the absorption lines

are taken from tables like Tables 10 and 11, and used in the
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solution of the simultaneous equation, phasec errors are
introduced. It 1s felt that errors are small however, be-
cause the absorption lines whose phases deviate most from
the average are those with very small eneréy variations,
The experimental error in determination of the phase angle
for these lines therefore makes only a very small error in
both the E,'s and A's of the lines, and those of the energy
levels.

This conclusion was checked by determining the varlations
of the ground term energy levels and their phases by another
method. In this method the energies of absorption lines due
to X to Y transitions were subtracted from the energies of
lines due to I_ to Y transitions, and these energy differences
and thelr respective angles for the orientation of the magnet-
ic field were used to determine the type 67 equation which
gave the best least squares i1t of the data. Here I_ 1s the
lowest Zeeman‘level of the ground term, X 1is I+, I1I_, II+,
III;, or III+, any one of the higher energy ground levels,
and Y is any Zeeman level of the excited term. Equation 78
tells us that the energles of these two types of absorption

lines are given by

By o vife) = By 1ever(fe) - Er_ 1ever(Ze)s  (86)

lines :

and
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Ex to v(%e) = By 1eve1(fe) - Ex 1even(fe)s (87)

lines
so the difference in thelr energiles 1s

ET o Y(ge) - Ex o Y(gé)
1ines lines

= £y level(ﬁé) - B level(ge)' (88)
There is no dependence on the final level so when these
energy differences were fit for X = I+, for example, with ¥ =
(-1,-2),, (-1,-2)_, (-1,-2);, and (-1,-2)!, an equation was
obtained which describes the angular varilation of the I+
level and 1ts phase with respect to the energy of the I_
level. The angular variations of the ofher ground term
levels and thelr phases were obtained in a simlilar manner.
The results are illustrated in Figure 15, and the Eo's and
A's for the eﬁergy variations of the ground term levels are
given in Table 18.

As can be seen by comparison of the results presented
in this table and those in Table 19, which were obtained by
solution of the simultaneous equations wlth side conditions
EI_ = 0 and AI- = 0, the difference method ylelds more pre-
cise results for the E 's and A's of the ground levels. This
is due to the fact that in general several examples of each

energy difference are observed for each orientation of the



Figure 15.

HsC anisotropy of low lying DyES ground term
levels at H = 27488 G. The experimental points
were derived by the difference method from th
absorption lines of group G between 22005 cm™
and 22070 em~1l, and the smooth curves are the
best least squares fits with sixfold periodicity
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Table 18. HsC anisotropy of the low lying levels of the
ground term of DyES as obtained from the sub-
traction method in group G

H = 27488 @
Level Eg A B

I 0 0 - -

I, 0.87%.01 -0.04% 01 t,05 3.15%3,04°
II_ 16.25%,01 +0.02t 01 t ou 12.00%6 360
II,  24.o4t.02 -0.44T.03  ft.0 5.33F 660

IIT_ 25,55%,02 +0.5U4% .02 t 08 5.59% 419
ITI,  26.96%.01 -0.22f, 02 fo5  5.12% 70°

Table 19. HsC anisotropy of the low lying levels of the
ground term of DyES as obtalned from group G
with side conditions Eg(I.) and A(I.) = O

H = 27488 ¢
Level Eo A
I 0 +.00 0 *.00
I, .861,03 -.02%,03
II_ 16.24%.03 -0 %03
II, 24,04t 03 -.48%,03
III- 25.54%,03 +.54%,03

III, 26.94%.03 -.27%.04
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external magnetic fleld, and to the fact that the error for
the measurement of energy differences befween absorption
lines 1s about one half that for the measurement of thelr
absolute energies. |

Table 18 also shows that there 1s good agreement for
the angle at which each of the levels with large energy
varlations attains its maximum or minimum energy. The devi-
ations whilch occur for the levels wilth very small energy
changes are due to the fact that, since the ampllitudes of
their variations are comparable to the measuring error, it
is extremely difficult, if not imposslble, to obtain a satis-
factory determination of the angle at which thelr maximum or
minimum energy occurs. There 1s certainly nothing here to
contradict the theoretilcal conclusion reached in (73) that
every level must have 1ts maximum or ﬁinimum energy at the

same angle.

Determination of E

The angle ﬁ between the a translational symmetry axis
of the crystal and the x axis direction was determined for
several single crystals of dysprosium ethylsulfate, and for
mixed crystals of Dy+3 in erbium ethylsulfate (ErES) and
yttrium ethylsulfate (YES). The results are given in Table
20.

The x axlis direction was determined by finding the values

of the adjustable parameters S,, A, and @, in Equation 89
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Table 20, Measured values_of 5, the angle between the a and
x axes, for Dy*3 and Ert3 in DyES, ErES, and YES
single crystals at 209K

Sample g for Dy™® 4 for Ex™3
1.0 mm DyES 9.86° t [ 56° -
0.5 mm DyES 4.93° T ,34° -
1.0 mm DyES 7.12° £ ,51° -
1.9 mm DyES 5.51° t ,36° -
2.4 mm (DyES)qo(ErES), 6.35° £ ,19° 6.63° t ,26°
1.4 mn (DyES)go(ErES)y, 6.01° T ,42° 6.25° £ ,40°
2.4 mn (DyES),,(ErES)y, 6.23° + ,17° 6.06° t ,24°
2.1 mm (DyES)o(YES)gg 8.17° % .44° -
1.0 mm ErES - 4.80° * 19°

which gave the: best least squares fit of the energy differ-
ence between two absorption lines with large rotation co-

efficients of opposite sign.

S(fg) = S, + Acos(g, - £) (89)

Here ¢a is the angle reading at'the top of the dewar and ﬁk
1s the angle setting for which an x axis is parallel to the
external magnetic fleld. Splittings were fit rather than
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absorption line energies becausc, as noted earlier, the error
for measurement of splittings 1s one half as large as the
error for measurement of absolute energies, and because by
choosing absorption lines with rotation coéfficients of
opposite sign, the varlation of the splitting as a function
of magnetic fileld directlion has a larger amplitude than any
of the absorption line energles. The use of splittings thus
makes 1t possible to obtain more precise determinatlons of
Dy

The absorption lines used for the determination of ﬁk
for Dy+3 in the various host lattices were the EsC lines re-
sulting from the III, to (1,2)+ and III_ to (-1,-2)_ transi-
tions in group I. (See Table 11.) Those used for the &,
determination for Er+3 in DyES and ErES were the EpC lines
at 27497 and 27500 em™* which result from the (-1,-2), to
(0,3)+ and (-1,-2), to (-1,-2)! transitions, respectively.
(See reference 51.) The variations of both of these split-
tings as a function_of the magnetic field direction had
amplitudes of approximately 1.1 em™t at 27.5 kG.

Thé angle setting ﬁé for which an a axis was parallel
to the magnetic field was determined by reference to the HpC
crystal in each experliment. Knowing the angle setting ﬁé
for which the ¢ axis of the HpC crystal i1s parallel to the
magnetlc field, and knowing the angle @ between the main
faces of the HsC and HpC crystals, @, is given by
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ga, = ﬁc + g (90)

For all of the HsC rotation experiments in this work ﬁé was
determined from spectra such as those shown in Figure 7.
This was done by calculating values of S,, A, and #, in
Equation 91 which gave the best least squares fit of the
distance (energy difference) between the absorption lines at
24982 and 24991 cm™! as a function of @4, the angle reading

at the tep of the dewar.

S(ﬁd) = So + Acosz(ﬁd - ¢C> (91)

The results obtained in typical ﬂk and g, determinations are
illustrated in Figures 16 and 17.

The standard deviations for the ﬁi and ﬁe determinations
were calculated using equations similar to Equation 77 for
each of the nine crystals studied. In every case the stand-
ard deviations were less than ¥ 0.5 degrees; the average for
all the determinations was T 0,25 degrees. The standard
deviations for the 5 measurements given in Table 20 were

derived from the standard deviations for @, ﬁc, and @. Since

ga = ¢c +¢’ (91)

and

g = ng = /ga,l ’ (92)

the standard deviation for each ﬁ determination is given by
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e =\sg + 55+ s . (93)

It 18 encouraging to note from the results given in
Table 20 that fair precision can be obtained for the measure=-
ments of 5. However, it 1s also obvious from Table 20 that
either ﬁ is not the same for all DyES crystals, or that the
present B’determin&tions are not very accurate. Since B is
deflned as the angle between an a translational symmetry axis
and a choice of x axis which makes the lattice sum for 3 g4
in Equation 16 vanish, one would have expected to obtain
similar results for B measurements in the different single
crystal samples of DyES. If the crystal lattices of the
various samples were different, or if the lattices were dis-
torted by significantly different amounts when the crystals
were coole@ to liquld hydrogen temperature, one might expect
varying results for B. Hoﬁever these possibilities are
extremely unlikely. It 1s much more likely that the dis-
crepancy results ffom'errors in the determination of ﬂg, ﬁe,
or 4.

Random errors in the measurement of Zys P, and @ have
been discussed earlier and are well understood. They are
too small to account for the discrepancy. Systematic errors
have not been discussed however, and it 1is possible that
these are moré important than the random errors. There are

only two possibilities for systematic errors in the 5 deter-~
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minations. Either @ changed because of mounting failure when
the crystals were cooled to 20°K, or the sample rod was
allowed to rotate slightly when 1t was lowered to shift from
the HpC to the HsC crystal. Examination of'the crystals
after the experiﬁents, and measurement of ¢ after the crys-
tals had warmed up to room temperature completely discount
the possibllity of mounting failure. Therefore it seems that
the major source of error was failure to prevent rotation
when the HsC crystals were lowered into the light path. This
error, which leads to a corresponding error in 5, is esti-
mated to be on the order of ¥ 20, Tt could be effectively
eliminated in future measurements by using a light source

and a mirror attached to the sample rod to check the rotation
of the sample rod before and after changing samples.

In view of the large discrepancy in the values of B ob-
tained for the four DyES crystals, and in view of 1ts prob-
able Eause, very llttle significance can be attached to the
fact that the values of ¥ obtained for different crystals
agree or disagree. All that can be sald is that & = 6.5°

3

t 1,49 for both Dy*t3 and Er'> in all the ethylsulfate crys-

tals studied. It is significant, however, that the E values

obtained for Dy+3 and Er+3

in any given (DyES)x(ErES)lOO_x
crystal are in agreement. Since the systematic error in B
1s the same for Dy™3 and Er®3 in any one of these mixed

erystals, it can be concluded that, within the. random error

limits given in Table 20, the anglé between the a and x axes
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i1s the same for both rare earth ions in the mixed lattice.
The @ measupements do not indicate that there 1s any differ-
+3

ence in the environments of Er and Dy+3 in any given

(DyES)x(ErES) crystal. Before any fruitful comparison

100-x
of the 5 results for different crystals can be made, it 1s
clear that further work must be done in which more care is
taken to eliminate the systematic errors in the determination

of the a and x axls directlons.

Magnetic Field Dependence of the Energy Levels

The Zeeman splittings and shifts of the energy levels
of Dy+3 in the ethylsulfate lattice were also studled as a
function of the external magnetic field strength for groups
G through L (22000 em™t to 27500 em~1). At least ten values
of magnetic field between zero and 27.5 kG were used for each
erystal and both the HpC and HsC orientations were studied.
In the HsC case the magnetic fleld dependence was only
studied for the case where ﬁh, the angle between the magnet-
lc field and the x axis was equal to 5} This corresponds to
the situation in which the magnetic field is perpendicular
to the ¢ axis and parallel to an a axls of the crystal.

The crystals were immersed directly in liquid helium or
liquid hydrogen. Photographs taken at liquid helium temper-
ature were particularly helpful because only the lowest
ground term level 1s appreciably populated at 4,29, This
considerably simplified the spectrum and in most cases the
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crystal quantum numbers of the final states in the trancl-
tions could be easlly determined with the help of the zelec-
tion rules glven in Table 7, Also, as previously noted by
Gramberg, the lowest crystal fleld level in the ground term
has such & large Zeeman splitting in the HpC case that at
4.2°K the high energy branch becomes depopulated and absorp-
tion lines originating from this branch fade out with in-
creasing external magnetlic field. This fact 1s a big help
in the analysis of the spectrum,

The center of gravity of each Zeeman pattern was deter-
mined with respect to the center of gravity of the lowest
ground term crystal field level and the Zeeman splittings
of the initlal and flnal states were determined, when possi-
ble, for each value of the external magnetic field. The
shifts of the centers of gravity of all the patterns and the
splittings of the levels as functions of the external magnet-
ic field are summarized in Tables 21 through 39 in terms of
coefficients for the polynomial equations which gave the
best least squares fit of the experimental data. The equa-
tions for the centers of gravity have the form

¢ = > cn (94)
=0

and those for the splittings have the form
4 .

s = >y ok (95)

k=



Table 21. HpC pattern centers and Zeeman splittings for DyES
group G 1.83 mm single crystal at 209K

Pattern centers
Transition M c - 103¢; - 108¢, N q
(1012¢3) . (20%0cy)

I 1,2 212 22238,046 .1000 -.4308 4 .10
+,104 +,0194 +,0705
I-1,-2 212 22158.545 -, 0444 .2908 8 %,35
- ¥,337 T.0486 T,1636
III 0,3 11 22154.316 -.2558 | 8 t.,16
: t,126 *,0085
II -1,-2 4A11 22142.787 .0291 5 *,12
+,110 +,0076
I 1,2 4a11 22122,.615 .0061 -.0595 5 +,01
+,007 *,0015 +,0075
I0,3 4A11 22106,292 .0153 -.0985 5 *,02
' +, 020 +,0045 *,0230
II 0,3 11 22083.916 2274 .1423 L t.11
- T,105 +,0236 +,0895
tog

III 0,3 212 22085.0@& 0837 =1.,1920 I
*,082 t,0453 b 5456
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Splittings
ID 103c, 108, Renge N o
(10%2c3)  (10%7cy) ka
as .5109 0-27.5 o 016
+,0054
.3591 0-27.5 8 t,586
+.0118
L,2-24,6
EX 0127 0-20.1 5 t.116
+,0036
GS .2649 0-20.1 5 ¥,269
+, 0084 ‘
EX ,1282 ~.242L 0-20.1 5 T, ouu
+,0081 +,0472
GS .5151 0-20.1 5 t,017
+,0005
EX .3072 ~-.2327 0-20.1 5 +,069
+,0127 +,0746 :
GS 5047 0-20.1 5 *.019
+,0006
0-20.5
GS+EX 8749 0- 8.2 4  +,337

+,0304



Table 21.

(Continued)

Pattern centers

. Transition M Co 10301 10862 N a
(1012c5) (1016¢y,)
I -1,-2 4411 22062.955 -.0045 .1436 8§ t.01
*,012  +,0017 +,0058
II -1,-2 ° 4A11 22046.845 -,0038 .1332 5 ,05
' 045 +,0098 +,0475
III -1,-2 212 22041.867 -.0420 9383 7 *.00
+,002 *.0030 +,0724 .
-.5608 .1311
t.05533 (§.0132§
I-1,-2 423 22034.803 .0102 -.1587 7 f.043
+.043  +,0060 +.0204
iI -1,-2  4a11 22018.658 .0038 -.1211 10 £.015
. +.012 *.0020 +.0070
III -1,-2 323 22013.655 . .0307 -.2866 5 t.ous
+,048 *+,0107  t.0550
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Splittings
ID 103¢, 108¢, Range N 0«
(1012¢c3) (1017cy) kG

EX 4448 ~. 4321 0-27.5 8 T 019
+.,0142 t,2456
(.1704) (-.3364;
(£.1355) (+.2386

GS .5149 0-27.5 8 *.026

+,0005

GS .2892 -.0910 0-20.1 5 +,030
t. 0046 +.0270

EX 4143 -.0611 0-20.1 5  +,009
+,0014 +.,0084

GS-EX .2369 .0843 0-20.1 7 t.046
+.0058 +.0356

GS © ,5080 .0209 0-27.4 6 T.042

+,0045 +.0191 ‘

EX 5724 ~.1370 0-27.4 6 *T.031
+.0033 +,0142

GS . L,2761 -.0215 0-27.4 10 t.,035
+.0026 +.0117

EX 578U -.1595 0-27.4 10 t.049
+,0036 +.0164

EX .5332 .1182  12.6-20.1 L +.,089
+.0164 +.0962

GS .6186 L1763 12.6-20.1 Lt 056
+.0206 +.,1210




Table 22. HsC pattern centers and Zeeman splittings for DyES
group_G 0,965 mm single crystal at 200K

Q'm=5_b'

. Pattern centers
Transition M Co 103c;  10%, N r
(102c5)  (10%0cy)

I 1,2 11 22238.537 -.1855 8591 21 +1.039
+.663 +,1042  +.3515
I1,2 11  22236.592 | 20 T .813
+.182
II 1,2 212 22220,037 .1234 10 T .605
+.374 +.0252
I0,3 212 22202.583  .0638 23 *+ .523
: +,234 +.0138
III 0,3 212 22182.138 6 T .u79
+.195
I0,3 313  22174.566 .0180 .1918 11 % .087
+.057 £.0136 +.0485
21 22168.313 .0605 .1430 23 + ,189
t.11F +.0178  +.0611
11 22162.943 .0304 .3181 10 + .330
+,300 t.0669 *,3157
I-1,-2 323 22158.605 .1107 -.5619 6 t .177
C+.177 £.0255  +,0838
11 22157.727 15 + .497
+.128
1745 5 T .142

11  22152.695 .
1.100 t.0228
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Splittings
ID 103¢, 108¢, Range N
(10%2¢5) (1017cy) G
0-27.4
0-27.4
.0802 2.7-27.4 10 fi,143
+,0244 .
.0815 0-27.4 23 T 988
+,0121
-.0708 1.3813 2.7-15.4 6 T .581
+.0918 + .6963
.0220 .3301 0-27.4 11 T .232
+.0263 + ,1059
,0023 9.3-15.4 6 *+ 916 °
+,0290 :
0-19.1
-.1339 1.,0044 26.0-27.2 6 T .235
+,0213 + ,0897
.2962 .2870 12.6-27.2 6 T .u485
~t.0440 T .1850
0-27.4



Table 22, (Continued)
Pattern centers
Trensition M Co 103¢, 108, N n
(10%2c5)  (10%0cy)
IT -1,-2 414 22142.628 -,0368 ' 5 + .287
+.285 +.0181
I1,2 413  22122.772 -.0013 5961 10 t ,073
+.,073 +£.0119 +.0518
I0,3 212 22106.275 .0083 L1760 24  + 089
+.054  +.,0084 t, 0284 .
IIT 1,2 212 22101.8 1
II 0,3 212 22089.946 ~.0398 7 +.133
+.114  +.0100
III 0,3 313 22085,002 .0256 -.3548 15 T 092
+,058 +,0099 *.0326
I -1,-2 4A11 22062,954  -.0414 1.2616 14 T o4y
+.044 t,0258 + 4565
-.5175 L0949
i.2727; Ef.0509g
II -1,-2 U4A11 22046,973 -.0537 ,0864 21 t ,086
t.,059 *.0088 *.0304
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Splittings
ID 10301 10802 Range N v
(10%2c5)  (10%Tcy) kG
GS&EX .3614 0-20.1 10 *t .737
+,0160
as .0006 0-27.4 19 t 264
+.,0027
EX RN -.1633 0-27.4 17 T .317
+.0152 +.0715
GS -.0008 0-27.4 24 + ,192
+.0024 -
as .4833 -.9202 0-17.1 7 1 .276
+, 0421 +.3065
EX ~.0070 0-27.4 14 T .223
t.0044
¢S -.0573 4841 0-27.4 15 t .170
. +.0097 +.0421
as -.0258 .1900 0-27.4 21 F 148
*,0055 +.0250
EX .1150 .0543 0-27.4 . 18 T .129
+.0048 t.0220
EX .1382 -.0324 0-27.2 21 T .o40
+.0021 +.0101
as .4300 -.5338 0-27.2 21 T .119
+.0063 +.0297



Table 22, (Continued)

Pattern centers
Transition M Co 103¢c; 108, w ¢
12
(10%%c5)  (10%6c)

III -1,-2 423 22041,732 .0327 -.3180 g * .o70
+.070  t.0173 +.0933

I -1,-2 L4A11 22034.770 .0098 .3002 20 t .030
t,026 +.0035 +.0108

II -1,-2 4A11 22018.819 -.0565 .ou68 21 *t o081
+.062 1.0088 +.0285

III -1,-2 423 22013,700 .0286 -.4239 8 T .o061
t,060 £.0084 +.0259
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Splittings

M ID 103¢; 108¢, Range N -
(10%2¢5)  (1017cy) G

3 GS .1078 -.3489 0-19.1 8 * .,086
+,0165 +.0973

7 EX .1311 0-19.1 6 + 072
+.0018

4 GS -.0190 .2303 0-27.4 20 *t .o4o0
+,0066 +,0695
-.0182;
+,0174

8 EX .1583 0-27.4 20 *t .035

: +,0004

4 EX L1634 -.0260 0-27.4 21 + .027
+.0014 +.0063

8 GS U369 -.5737 0-27.4 21 + .,134
+,0068 +.0310 '

3 GS . -.0258 .1973 0-27.4 8 T .o43
+.0024 +.0980

7 EX .0573 .3692  11.4-27.4 8 +t .131
+.,0072 +.0294




Table 23. HpC pattern centers and Zeeman splittings for DyES
group G 1.83 mm single crystal at 4.2°K

Pattern centers
Transition M c 103,  10%; W -

o
(10%2c3)  (1016cy)

I 1,2 11  22237.507 . 3434 -.2322 10 *.361
t,295  +,0484 T,1663
I -1,-2 11 22158.512 . 2851 10 *+.344
t,203 £,0128
I 1,2 23  22122.584  -,1046 .4898 5 k.124
3 t,120 +,0407 +, 3041
Satellite 11 22125.044 .1188 4 k116
%,104  +.0053
I0,3 423  22106,171 -.0201 .2019 7 *.168
+.161  *,0337 t, 1606
I -1,-2 414 22062.968 .0022 . 1054 7 *.009

+.009 +.0024 +.0138
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Splittings
ID 103¢; 108¢, Range T
(1012¢3)  (10%7cy) kG
0-27.5
0-27.5
EX .1019 0-24.6 t,185
+.0066
GS .5263 0-12.6 t,219
+.0130
0-27 . 5
EX 2064 . -.1012 0-27.5 +.139
: +.0106 +.0476
GS .7163 -1.0858 0-20.1 t 320
+,0403 +.2456
EX . .4489 -.1688 0-27.5 +,012
+,0043 +.0443
-.01713
+.0108
EX L4493 -.1962 0-16.3 t 005
+.0019 +.0127
GS .5276 0-20.1 t.011
+,0003



Table 23. (Continued)

Pattern centers

Trensition M Co 103, 1%, W ¢
(10%2c5)  (1036cy)

22034,690 2 T.008
+.006

-
L
|t
'
D]
(W)
ha
(WY)
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Splittingo

M ID 1036, 10%; Range N ¢
(10%%c5)  (1017cy) KG

8 as .5276 0-16.3 4 *£.009
+.0004

1 EX .5782 -,0131 0-27.5 10 *,019
+.,0072 t.1399 :
é-.0352; é-.ougug
*,0852 +,1610




Table 24, HsC pattern centers and Zeeman splittings for DyES
group_G 1.89 mm single crystal at 4.29K

m
Patter centers
Transition M Co 103¢c;  10%, w -
(101203) (1016,
11 22239.255  ,0633 10,322

+.190 £.0120

11  22236.536 .0906 L 4001 8 +.186

+.178  +.0256 +.0863
11 22224,772 .0893 9 +.335
+,209 +,0149 _
I 0,3 11 22173.931 .1005 8 *.251
+.223  +,0126
I -1,-2 212 22158.756  .0066 3800 7 +.066
+.065 +.0091 +.0312
I 1,2 L4all  22122.508 .0310 L4819 7 t.023
+,022 +,0035 +.0136
I0,3 212 22106.277 .0114 .1884 10 *.068
+.056 +,0092 +,0315
I -1,-2 4A11 22062.974 -.0713 1.6822 6 +.008
+.,008 +.0200 +.3128

PN
H 1

02880 ek

i+



151

Splittings
ID 10301 10802 Range N g
(20'%c;)  (101Tcy) kG
0-27.5
0-27.5
0-24.6
6.1-27.5
EX - .3043 .1933 0-27.5 7 T.368
1.0333 +, 1464
GS -.0241 .1399 0-24.6 7 +.090
+.0089 +.0446
EX 4663 -.3169 o-24.6 7 +.071
+.0070 *,0353
s -.0179 .1834 0-27.4 6 T.100
+,0102 +.0437
EX .1268 .0331 0-27.4 6 T.060
+.0061 +.0261



Table 24, (Continued)

Pattern centers

Transition M Co 103¢, 1%, N i
(10%2¢.) (10%6c))
T -1,-2 4A11  22034,696 .0012 .3875 9 t.014

+.013 t,0042 +.0381

(316651
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Splittings

ID 103¢, 108, Range N -

(101203) (1017c)) G
as ~, 0245 L2784 0-27.4 9 *,0L0

+.0089 +.0961

2-.02803

*.0244
EX .1553 0-27.4 9 T.o010

1.0002




Table 25.‘ HpC pattern centers and Zeeman splittings_for DyES
group H 4.4 mm single crystal at 20°K S\

(
Pattern centers
Trensition M Co 103c; 10%, ¥ ¢
I -1,-2 212 23485,321 -.0286 3 *t.063
+.,062  *.0111
II -1,-2% 212  23468.915 .0179 7,039
t,032 +,0017
I 0,3% 11  23467.933  -.2500 L1582 7  *,069
+,218 #,0258  +,0696
I1l,2 212 23461.776 -.0041 .1088 9 *,056
t,050 +£,0078 t,0264

II 0,3 212 23451.385 -.0060 .0519 4 +, 021
+,021 t,0059 - *+,0323

10,3 11 23439.432 L4840 10,054
t.031 *,0020
IIT 1,2 212  23440.665 -,0196 L1634 7 t.o41
t.039 +.0113 *,0688
I1,2 212 23429.153 -.0047 -.0722 g *+.025
_ +.020 +,0034 +,0117
II 0,3 212 23423.,225 -,0056 L t.039
+.033 *.0036
III 1,2 423  23408.018 -.0059 -.0523 10 £,039
+,031 *.,0052 +.0180
IV 0,3 11 23381.031 .1834 .0711 8 t.ouh
+.,087 +.0118 +,0348

4Measured in 0.5 mm crystal.
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Splittings ‘
M D 103c, 1o8c2 Range N -
kG
1 GS-EX L5476 -.8041 0-7.7 3 -
1 GS-EX .2160 .0211 0-27.9 7 t.o43
+.0038 +,0165
8.2-27.9
1 GS+EX .5092 .0419 0-27.4 9  *t.054
+,00L0 +,0183
1  GS-EX .0426 .6389 0-19.1 4y  t,027
+.0069 +.0409
0-27.4
1 GS+EX .6480 .1602 0-13.4 7 T.035
+.0058 +.0451
1  GS+EX .6336 0-27.4 9 *+,038
| ~£.0008 ,
1 GS+EX L7969 . -.3906 0-13.4 4 071
+.0238 +,1922
1 EX .0857 0847 0-27.4 10 T.091
+.0672 +,0304
5 @S .6UL6 0-27.4 7  £,095
t,0020
5.8-27.4



Table 25. (Continued)

Pattern centers

Transition M G, 103, 1%, ¥ ¢
II -1,-2 212 23374.862 -.0028  .0349 7 +.043
+041  t.006L +.0217
3 T.153

Iv -1,-2 212 23332,469
+.088
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Splittings
M ID 103¢, 108¢, Remge
kG
1 GS+EX .3677 .0191 0-27.4 7 %,029
- +,0026 +,0115
1 GS-EX .2653 ~. 0854 0-13.4 3 -




JTable 26. HsC pattern centers and Zeeman splittings for DyES
group_H 4.4 mm single erystal at 20°K
m'--‘
Pattern centers
Transition M Co 103,  108c, «w -
(101203) (10%6¢,)
T -1,-2 312 23485,330 -.0446 .9234 8 t,027
+,129  +,0296 *,1999
g—.0801g
+,0406
I0,3 2- 23468, not resolved
I1,2 ba1l  23461.914  -,0148 .1213 6 *.052
©ok,305 f,0147 + 0437
II 0,3 313 23451.316 .0168 8 *.235
+ 164 +,0116
III 1,2 212  23440.645 .0529 -.5684 4 £,030
+,030 +.0062 +,0234
I0,3 11 23439,401 -.0066 L7090 10
+,057 +.0185 +.1644

| $-.0601

+t.0396

|
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Splittings

M ID 103¢, 108, Range -

(1012¢5) (1017c)) kG

1 EX .3455 -.2102 5.8-27.4 +.060
t 00k5 +.0205

3 GS -.0350 .2507 7.7-24.1 T.067
+.0066 +,0341

5  GS+EX .3173 7.7-24.1 t.064

+.0016
T.7-27.4

4 GS -.0164 L1407 5.8-27.4 *.146
+.0122 +.,0550

8 EX .3079 -.2951  5.8-27.4 +,166
+,0139 +.0626

1 GS .2859 .0o43  19.1-24.1 -

3 EX . .2311 -.6034  19.1-27.4 + o114
- +.0215 +.0870

5  GS+EX .Lo27 0-24.1 t.353

+.0089

1 .2108 -.2239  19.1-27.4 *.023

+, 0044 +.0178

0-27.4



Table 26. (Continued)

Pattern centers

Transition M Co 103,  108%, W -
12 16
(10 c3) (10-°¢cy)
11,2 212  23429.121 .0085 .2231 g T om
+.063 *.0098 +.0331
1I 0,3 212 23423.227  -.0097 .0308 g +.027
t,023  +,0042 +.0168

TIT 1,2 323 23407.955  .0364 5390 9 +.120
+.107 +.0165  +.0561

1-+

I-1,-2 11  23390.983 -.0395 .6792 9 t.060
+.059 +.0185 +.1675
-.0594
2?.03063
Iv 0,3 11  23380.854 .0140 .1500 9 t.064
+.,053  +.0100 +.0397
IT -1,-2 212 23374.939 -.0360 10 *.067
t.039 +.0025
IV -1,-2 11 23332.126 .0632 -.1133 10 t.150
+.121  +.0201 +.0696
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Splittings
ID 1030, 10%, Ringe N T
(1012c5)  (107cy) ¢
EX 3035 -.2027 0-27.4 9 *.139
+.0105 +,0473
GS J4o12 -.3942 0-24.1 9 +,119
*.0583 +1.3279
.0610 - .6905
f.9272§ 2&1.99003
GS ~.0869 .T565 0-27.4 g +.259
+.0196 +.0885
EX 4251 -.6602 0-27.4 9 +,218
+.,0165 +.0745
GS+EX .3381 .0963 0-27.4 g *.239
+.0181 +.0816
0-27.4
0-27.4
GS L4139 -. 4269 0-27.4 10 t.227
+.0166 +.0753

0-27.4




Table 27. HpC pattern centers and Zeeman uplit’cing;u for DyES
group I 1.0 mm single crystal at 20°K

Pattern centers

Trensition M Co 0%, 18, n ¢
10,3 212 25156.879 0368 3  t.303
+,302 +.0142
II 0,3 212. 25140.925 1 +1.000
$1,000
I -1,-2 11 25131 OTL .2366 .3583 7 tle23
.221 *+.0310 +,1062
II -1,-2 11 25123.088 -,1048 8 *t.658
- £.394  t.0247
10,3 212 25055.655  .0357 -.1487 9 +.063
I-1,-2 t,057 +.0087 +.0293
II -1,-2 11 25036.363 .1839 .5278 10 *.237
+.193 +.0319 +.1096
III 0,3 212  25034.384  .0US5 5 *.eu3
+.212 +.,0155
I-1,-2 212 24996 655 -.0237 8 - *.082
‘ _ t.061 £.0035
11,2 212 24986.572 5  t.154
+t.069
10,3 212 24982717 -.0128 koG
+,053 +.0029
II -1,-2 3123 24980.346 L t.016

+,008



163

Splittings
ID 103¢; 1o8c2 Range N o
kG
.9283 - 4654 24,6-27.4 3 -
0
0-27.4
0-27.4
GS+EX .5186 .2960 0-27.4 9 t.311
+.0238 +.1067
0-27.4
GS+EX L5752 .lLg22 1 0-20.0 5 t.31
+.0571 *+.3315
GS-EX L2407 .0366 0-27.4 8 F.0u46
£.0038 +.0167
EX-GS .2989 .0935 0-27.4 5 T.,140
+.0191 +.0780.
EX-GS L1471 0-27.4 7 t.073
+.0015
GS&EX .3336 -. 844y 0-8.2 y  t,107
+.0471 +,6602
GS&EX .2706 0-24.6 6 *.014
~ +.0004
GS&EX .2538 .1684 0-14.3 6 +.088
+.0162 +.1333



Table 27. (Continued)

Pattern centers

Transition M Co 10%¢; 1%, x r
II 0,3 212  24966.582 ,0088 -,0676 6 *,026
+.026 +,0068 +.0397
III 1,2 212  24965.481 -.0077 .0166 7 t.023
£.,022 +,0033 +,0113
III 0,3 11 24961.628 -.00k4k 7 f.ouk
+.032 +.0031
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Splittings

M ID 109¢, 108, Range N -
kG
1 EX-GS .3981 -.1471 0-16.3 6 *.056
+.0098 +.0703
1 EX-GS .1861 0-27.4 7 *t.046
+,0010

0-16.3




Table 28. HsC pattern centers and Zeeman splittings for DyES
group_I 0.965 mm single crystal at 20°K

m
‘ Pattern centers
Transition M Cq 103, 1%, w -
(101%¢c,) (101504)
I-1,-2 4aA11 24996.529 .0095 6952 19  t.016
’ *.068 t,0146 +.,0940
5 .0188§
+,0187
I,2 4A11 24986 347 .1339 2181 17 *.068
+,056  +.0092 +.0294

IT -1,-2 Ly 24980 605

-.0705 5451 17  +.083
+.074  *.0097 +.0302
I0,3 414 24982,881 .0713 -.1027 17 t.074

+.,047  +,0083 t.0273
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Splittings
M ID 103¢, 10%, Range N T
(10'%c5)  (10%Tgy) K@
g Gs -.0018 L0453 6.2-27.2 19 t. o027
+.0043 +.0466
2 .0252§
+.0121
8 EX .5089 -.5043 6.2-27.2 19 +,077
+.0040 +,0191
i GS -.0158 L1134 1.8-27.4 17 t.out
+.0069 +,0819
.0235
&t.oalgg
8 EX -.0360 .2627 1.8-27.4 17 *f.122
+.0179 +,2118
.0658
.gi.05663
3 GS .3783 ~-.1470 0-27.4 13 +,053
+.0238 +. 4422
.0340 -.0420
'2&,25223 Et.ou5eg
5 EX 4635 -.1507 0-14.3 8 T.053
+.0098 T.0808
10  GS+EX -.0476 L4317 0-27.4 17 T.100
+.0057 +, 0244



Table 28,

(Continued)

Pattern centers

10301

Transition M Co 10802 N T
(10%2c5)  (1016c),)
III -1,-2 313 24975.225  .04BO L tT.006
+.009 t.0004
II 1,2 4A1l  24970.903  .0162 0876 11 t.o16
+.126 *f.0128 +.0306
IIT 1,2 4A1l 24965.433  .1198 - 4024 11 t.i04
t.073 t.0137 t.0454
II 0,3 414 24967.147 -.1813 ..2232 11 *.100
. +.004 t,0134 +.0423
III 0,3 3123  24961.775 -.0261 -1.326 16  *.019
+.040 +.0188 + 2490
2746 - .0439
t.1246§ Ef .0216§
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Splittings

1D 103¢, 10%, Range N ¢
(10%cy)  (10'Tcy) ke

EX .5111 -.5069 13.4-27.4 4 . 023
+.0025 +.0099

aS .0739 -.1733 13.4-27.4 14 k105
+.,0082 +,0363

EX -.0092 .3236  12.6-27.4 15 t,076
+.0034 +.0151

GS 4548 -.6507 7.6-27.4 17 t.162
+.0070 +.3080

GS -.0204 .1825 0-27.4 16 t.o070
+.0032 +.0133

EX -.0522 .4860 0-27.4 16 t.132
+.0061 T.0253

EX -.0255 .2U67 0-27.4 13 *t.075
T.o054 +.0214

Gs .3961 -.0642 9.3-27.4 18 t.075
+,0154 +.1555
-.1365
i.0374§

GS&EX .0238 . .0L09 1.8-27.4 16 *t,108

+,0044 +.,0195




Table 29. HpC pattern centers and Zeeman spllttings for DyES
group I 1.83 mm single crystal at 4.29K

Pattern centers _
Transition M Co 10%, 1%, ® ¢

11 25166.034 -.2955 1.5618 8 *.058

t.121  £,0159 +.0464
I0,3 11 25151.§gg +.gégg 7 t.ihe

I0,3 212 25143.331 L0575 .1980 5 +.098

+.007 +.0277 5.1687

I-1,-2 212 25137.571 -,0130 .2204 5 +,087
T,086 *+,0262 +.1738

I0,3 212 25055.674  .0295 5 t.o84
t.072 +.0074

I -1,-2 11 25053.790 .3282 8 *.058

+.090 *.0145

I-1,-2 323 24996.516 -,0042 -.0514 6 +.014
+.014 +,0037 +.0213
I 1,2 313 24986.583 -.0013 10 +,014
. +.008 +.0005
10,3 212  24982.805 -~,0023 -.0171 7 t.015
+.015 +.,0021 +.0072
II 0,3 11  24966.740 -.2004 9 *.060
+,036 +,0023
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Splittings
M ID 103¢, 1%,  Range N
kG
.1-27.5
0-16.3
1 GS-EX 1.0965 -5.8676 0-16.3 5 +1.005
+. 1777 +1.2698
1 .5061 L4993 0-14.3 5 t.l2l
+.0261 +.2088
1 GS+EX .5485 0-14.3 5 +.241
+.0111
0-24.6
3 GS-EX .2584 -.0521 0-16.3 6 *.016
+.0028 +.0199
5 EX-GS .3398 -.0415 0-27.5 10 *,025
.1+.0018 +.0083
1 EX-GS .1481 -.0274 0-27.5 7 *.022
t,0020 +.0087

0-27.5




Table 30. HsC pattern centers and Zeeman splittings for DyES
group_I 1.89 mm single crystal at 4.29K

m =

Pattern centers
Transition M Co 103¢, 108¢, N -
(10*%5)  (10%6c))

I 0,3 3123 25056.061  -.0730 L4o66 6 T,0095
t.718 t.,0761 +.1890
I-1,-2 323 25052.635 . 0495 -.0347 8 *.o54
+.051  t.0074 +.0250
Satellites 212 24998,766 2 +.,006
1,004
I -1,-2 L4A11 24996.513 -.0062 9425 6 .005
+.005 *.0074 +.1508
g-.1197g é .02473
+.0957 +.0184
11 24996.556  -.2283 - 9770 5 +.013
+.136  *+.0153 +.0407
Satellite 11  24988.092 .2024 3  t.u56
t.455  £,0213
I1,2 4all  24986.457 .0959 .3365 7 *.1e2
+.106  +.0207 +.0695
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Splittings
ID 103¢, 108¢, Range -
(10%%3)  (10%c,)  X¢
EX .3825 -.1657 0-27.5 +.240
+.0184 +.0822
.3386 .0929  12.6-27.5 +.189
+.0172 +.0754
EX Lol ~.1909 0-27.5 +.150
+.0123 +.0546 .
L3467 0- 8.2 +.,0
.0
GS -.0129 .1481 8.2-27.5 +.035
+.0030 +.0134
EX .5155 -.5395 8.2-27.5 T.076
+.0064 -.0290
12.6-24.6
0
GS -.0165 L1726 0-27.5 +.037
+.0035 +.0144
EX -.0154 .0517 0-27.5 +.,092
+,0213 +.2771
.1192 ‘

.0763

|



Table 30, (Continued)

Pattern centers

Transition M Co 103, 1%, «

-
(10%%c;)  (10%0¢y)

I0,3 212 24983.117 -.1156 0119 9 +.048
+,069 +.0100 +,0312

II 0,3 11 24966,865  ,0914 -.7490 10 T,126
+,102 +.0168 +.0579
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ID

Splittings
3 8
10121 108,
(10%%3)  (20%0c))

Range

kG

0-27.5




Table 31. HpC pattern centers and Zeeman splittings for DyES
group I 2.1 mm (DyES)lO(YES)go crystal at 209K

Pattern centers

Transition M Co 103, 1%, w ¢
(10%2c;)  (10%6cy)

I0,3 11  25055.463 .2962 7 T.i20
£.101  +.0054
I -1,-2 212 24996.409  -,0012 -.0730 10 t.016
+.013 +,0020 . +,0070
I1,2 212 24986497 9 *.019
+.006 ‘
I 0,3 212  24982.696 .0057 -.063% 10 t.007
+,007 +.0022 +,0002
E .00743
+.0046
II -1,-2 3123 24980.273 -.0034 -.0u67 9 t. o014
+.012  +.0020 +.0067
II 0,3 212 24966.567 -.00L9 0172 9 *.,018
' +.015 +.0028 +.0109
IIT 1,2 212  24965.372 .0006 10  *+.,006
+.004  *,0002
III 0,3 11 24961.586 -.0072 .0207 8  +.020
+,018 t.0041 +.0196
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Splittings

M ID 1036, 108, Range N -

(101203) (1017c),) G
0-27.9

1 GS-EX L2037 . 0180 0-27.9 10 * 011
+.0008 +.0040

1 EX-GS .3232 -.0093 0-27.9 9 +.018
+,0014 +.0062

1 EX-GS .1382 0-27.9 10 *f,013
+.0003

1 .2270 -.0167 0-27.9 9 *.024
+.0019 +.0082

2  GS&EX .2693 -.0163 0-27.9 9 +.014
+.0011 +.0050 :

3 . .2705 -.0116 0-27.9 10 +.,023
+,0017 +.0076

1 EX-GS .3786 0-24.6 9 T.ouu
+.0003

1 EX-GS .1857 0-27.9 10 *+.034
+.0007

0-20.0

EX=GS




Table 32, HpC pattern centers and Zeeman splittings for DyES
group J 1.0 mm single crystal at 20°K

Pattern centers

Transition M Co 103; 108, § ¢
(10%%c3) (10%6cy)

11 25863.970 .0634 . 6650 10 +,080
+,066

+.0108 +,0373
11 25853.624 .2998 8 +.925
+.633  +,0370
I-1,-2 212 25840,691 -,0483 .2258 4 *.090
+.,089 +,0168 +.0590
11 25832.445 L2748 8 *.932
+.569 +.0347
11 25830.407 1842 6 *.592
+.883  f.0443

II -1,-2 43 25824.852 .1076 -1.646L 10 *t.oug
+.048 t,0252 +.4138

(200 (3:0848)

11 25794.900 4956  -1,4977 10 *.850
+.604 k1144 +,3938

10,3 11  25789.720 .0340 10 t,137
+,081 +,0051

I1,2 212 25779.751 -.0599 6 +.160

t.1k2. +.0074
III 1,2 212 25757.481 2 -
+T.648

11 25749.966 .0233 10 *.092
+.,054  +,0034

11 2574k,192 L0519 5 *.167
+.,866 +,1282
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Splittings
ID 10301 10802 Range‘ q
' kG
0-27.U4
0-27.4
GS 67T ,2612 12.3-27.4 +.060
t,0089 1.0354
0-27.4
12.3-27.4
EX 1349 27.4 -
GS 2485 27.4 -
0-27.4
0-27.4
GS-EX 1951 8669  14.3-27.4 +.433
t.0463 +,1991
GS+EX .8230 0-27.4 +.924
+.1334
0-27.4

8.2-20.0



Table 32. (Continued)

Pattern centers _
Transition M Co 103¢, 1%, ¢

(1012c3) (10%6¢y)

I-1,-2 313 25731.113 -.0282 .1258 10 +,071
*.058 +,0695 +,0328
II -1,-2 414  25714.599 3 T.102
.059
T 1,2 212 25708.300 -,0076 .1060 7 +.045
*t.039 t.0082 +.,0284
I0,3 212 25701.612 .0183 7 t.i24
+.083 +.0051
I -1,-2 11 25698.531 -.0281 -.0l56 10 *.080
T,066 *.0108 +,0372
III 1,2 423  25687.008 ,0062. .0623 8 +.045
+.041 t,0062  +.0214
II -1,-2 212 25682.,153 .0111 3 1,169
+.169 *.,0286
I 0,3 11 25683.910 -.2020 8§ +.277
t.245 +,0139
10,3 212 25675.202 ,06M9 -. 4063 4 *.315
+,315 *,0863 +. 40Ul
I1,2 212 25666.079 -.0274 .0523 7 t.077
+.070 *+,0110 +,0373
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Splittings
M ID 103¢, 10802 Range N ¢
kG
5 GS-EX L4120 .1037 0-27.4 10 *,190
+.0141 +.0634
4 EX .0857 0-8.2 2 -
8 GS .2456 0-8.2 2 -
1 GS+EX .6583 . 1687 0-27.4 7 t.099
+.0107 +.0442
1  GS+EX .7391 L1514 0-27.4 7 T.e84
+.0245 +.1041
GSEEX 0-27.4
1 EX 2265 -.2388 0-27.4 7 *.090
+.0085 +,0352
5 GS . .6818 -.0973 0-27.4 5 T 158
+.0193 +.0776
.1-27.4
1 GS-EX L4384 0-27.4 7  *.091

+.0024



Table 32.

(Continued)

Pattern centers

o
10,

Transition M Co 103¢y -
(10%2¢3) (10%0cy)

II 0,3 212 25658.993 .0l50 .2074 * o070
+.070 +.0166  +.1193

11T 0,3 11 25654,087 -.3122 *. 070

+.068 t.0116

III 1,2 4A1l 25644 ,888 .0007 -.0514 *+.019
+.016 *.,0030 t.0117

II -1,-2 313 25632.488 -,1079 1.7563 +.187
’ 187 t.1043 11.2645




183

Splittings
M ID 103, 108, Range o
kG
1 GS-EX .1922 .1710 0-16.3 t.066
t,0147 1,1036
0-8.2
4 EX L0717 .0309 . 0-24.6 +.037
+.0032 +.0163
8 GS 6435 . 0502 0-24.6 +.065
+,.0056 +,0288 .
3 .5646 -1.5107 0-20.0 +,223
+,0877 +. 4704
5  GS+EX . 7843 0-8.2 +.151
+.0137




Table 33. HsC pattern centers and Zeeman splittings for DyES
group—J 1.0 mm single crystal at 20°K

m=
Pattern centers
Transition M G, 10%, 1%, v ¢
11 25863.952 .1120 9 *.752
+.468 1£.0336
11 25853.763  .1313 5 +.332
t.256  +,0283
I -1,-2 323 25838.430 .2969 -.5786 6 T.ou7
%1.763 t.1883  +.4700
II -1,-2 212 25825.,290 -,0528 10 t.309
+.182  +.0115
313 25797.023  -.0430 3 +.343
T.339 +.0185 .
10,3 11 25789.689 .0294 10  *.102
£,084  *,0138
11 25778.779 7 t.o94
+.111
11 25777.464 5 F.111
+.500
212  25749.543 2416 -.7307 7 t.715
*,656 +,1056 t,3644
I-1,-2 212 25731.064
IV 0,3
.0870 9 t.,u468

11 25722.854

3%]
O
[
141

. 0209
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Splittings
M ID 103¢4 108, Range N T
kG
0-24.6
0-14.3
1 .2183 -.5354  12.3-27.5 6 *.399
+.0361 +.1585
3 EX .5426 -. 7646  12.3-27.5 6 T.682
+,0616 +.2708
1  EX-GS ,0008 .2209 0-27.5 10 f.641
£, 0475 +,2134
5 .5981 -1.0219 20.0-24.6 3 -
0-27.5
0-16.3
12.3-24.6
1 .5209 -1.8030 0-27.5 7  +.780
*,0739 *.3186
1 -.1012 .5388 0-27.5 10 *¥.325
*.0240 +,1081

0-24.6



Table 33. (Continued)
Pattern centers
Transition M C, 103, 1%, w 0—
II -1,-2 423 25714,860 -,0421 10 F,186
+.109  +.0069
III -1,-2 11 25709.558 .2 Toou
*,074
11,2 11 25707.436 o t.60
+.113
I0,3 11 25701.752 -.0010 2968 10 t.207
+,169 t,0278 T.0956
I -1,-2 11 25698.409 .0877 5 T2
+.098 +,0133
III 1,2 3123 25686.991 -.0153 .2010 7 *T.152
’ +.151  t,0211 +.0722
II -1,-2 2- 25682.180 1
I0,3 11 25675.144 . 0840 8 *.306
+.206 +,0172
I 1,2 212 2566;.835 .0353 L1472 8 +,053
T.109  +.0144 +.,0420
II 0,3 313  25659.066 .0249 -.2979 7 t.103
: £.098  +.0207 +.0987
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Splittings
ID 1o3c1 108c2 Range N ¢
kG
EX .0382 0-27.5 9 +,219
+,0038
GS 088 - . 3964 0-27.5 g Tt 19
+.0268 +, 1259
0-4.1
0-4,1
0-27.4
0-12.3
GS&EX .0925 0-27.5 7 .24
+.0046
GS&EX . .0909 0-27.5 10 I.364
+.0052
0
0-20.0
GS+EX .1854 .0306 6.2-27.5 8 *.10
+.0081 +.0004 , 2
EX -.0543 4571 6.2-20.0 6 *.233
+.0292 +.1785
GS .3708 6.2-20.0 +.243
+.0072



+,265

Table 33. (Continued)
Pattern centers
Transition M Co 10301 10802 ¢
III 0,3 212 25654.152 -,0269 *.070
+.156  f.2u456
I-1,-2 11 25649.082  ,0U66 T 355
+.212 +.0133
ITT 1,2 4A11  25644.941  -.0207 -.0820 t 090
.089 *,0128 *,0435
IT -1,-2 323 25629.252 2746 -.8456 +,164
.012 +.1285 +.3174
Iv 0,3 11 25616.058 +.593
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Splittings
ID 103y 10%, Range 3
kG
0644 -.1405 4,1-8.2 3 £,005
+.0022 t.0305
0-27.5
GS .0165 ,2U62 0-27.5 6 *t.156
+.0147 .0630
EX .1656 .0648 0-27.5 6 t,070
t.0065 +,0281
EX .0320 12.3-20.0 4 t. 797
+,0249
.5861 -.7871 - 12.3-27.5 5 t.636
+,0581 2631

0-12.3




Table 34, HpC pattern centers and Zeeman splittings for DyES
group J .098 mm single crystal at 20°K

Pattern centers

Transition M Co 103,  10%, N ¢
I -1,-2 212 25730.975 5 *,107
+.048
II -1,-2 212 25714.745 -.0051 L0524 5 +,043
+.043  +.0095 +.0L4g92
I1,2 212 25708,289 ,0011 L0460 10 *.021
+.018 t.0029 +.,0102
I0,3 212 25701.681 5 +.,062
+,028
I -1,-2 11  25698.529  -,0504 1545 5 *,056
t,056 *+.0168 +,1116
III 1,2 423  25687.064 L0144 8 +.,092
+.069  *+.0040
II -1,-2 11 25682.224  -,0973 3 t.215
| , t.208  *.0L82
I0,3 212 25675.010 -.0019 -.0608 9 *t,032
+.029 t.,0045 +.0156
11,2 212 25665.950 -.0045  -,0212 8 t.029
+.024 +.,0045 +.01T4
II 0,3 212 25658.892  -.0075 5 1,078
+.077 ~~t.0049
IIT 1,2 323  25644,896 ,0043  -,0301 10 +,052

-+ 1

t,043 .0072  *+.0251
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Splittings
1D 103¢, 108, Range N o
kG
GS-EX 1350 .OL8Y 12,6-24.6 5 *.080
+.0100 +.0481
GS-EX 779 .1603 12.6-20.0 5 *.092
+.0171 +.1006
GS+EX L0768 .0518 0-26.9 10 +,058
+.0044 +.0201
GS+EX .6304 1.1663 6.2-14.3 5 t,113
+.0242 +.1937
GSEX 0-14.3
EX .1699 0-26.9 6 *.093
+.0022
GS .6628 0-26.9 7 t.236
+.0056
0-6.2
GS-EX L4468 .0902 0-26.9 9 +,091
+.0071 +.0323
GS-EX L4130 0-24.6 8 t.070
+,0019
GS-EX .1965 . 1540 0-24.6 5 *,080
+.0091 +.0449
EX .0837 16.3-26.9 y t.128
+.0032
GS 6576 16.3-26.9 y o202
+.0056




Table 35. HsC pattern centers and Zeeman splittings for DyES
group J .098 mm single crystal at 20°K

=

m.
Pattern centers
Trensition M c, 103c; © 108¢c, w «
(101%c,) (1ol5g4)
10,3 11 25790.028 .0029 2u59 10 t.096

+.079  *.0132 +, 0460

11 25722.768 .8ls2 5.2173 4 +.418

141

£3.367 L7176 +3,4839
I-1,-2 11 25730.936 .0005 .2309 10 *.105
+.086 t,0144 +,0502
II -1,-2 4A11 25714.803 -.0194 -.1901 5 t.014
+.,014  t.0046 +.0346
I1,2 212 25708.336 .0253 .3949 9 1.083
+.076  +.0117 +.0402
I0,3 22 25701.748 -.0186 .5314 10  T.049
t.047  %.0153 +.1373
2-.0657;
+.0334) .
I -1,-2 11 25698.445 .0679 4L *.195
+.151  +.0188
III 1,2 313 25687.138 1 *.200
+.200
10,3 11 25675.072 -.0097 7405 10 t.018
+.017 +.0056 +.0502

.06583
.0122

—~
41
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0-26.9

Splittings
ID 103y 108, Range 2
kG
(10t%c5)  (1017cy)
0-26.9
6.2-14.3
0-26.9
EX .0207 0-12.6 o124
+.0074
GS .3127 3470 0-12.6 +.050
+.0108 +,1018
EX .1262 .1463 0-26.9 141
‘ T,0111 +,0503
20.0-26.9
0-14.3
.2864 -.5161 0-20.0 t.408
+.0593 T.3560



Table 35. (Continued)

Pattern Centers
Transition M Cy 103, 1%, w r
(10%2c5)  (1016c))

I1,2 4A11  25665.949 0081 2188 7  *.033
t+.112  T.0135 +,0371

II 0,3 212 25658.780 L0277 -.2459 9 T.089
+.081 +.0125 +.0430

III 0,3 11 25652.862 .0887 ~-.2099 y  *,027
+.527 *.0502 +.1160

., 0554 8 *.170

IIT 31,2 423  25645.998
+.128

151

. 0073
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Splittings
M ID 103¢, 10%, Range N ¢
10 17 kG
(107c3) (10*cy)
4 as -.0079 .1213 8.3-26.9 7 *.050
+,0042 +.0190
8 EX .2039 -.0696 8.3-26.9 7 t,034
+.0028 +,0128
1 as . 3696 0-26.9 9 t.ou7
+.0050
16.3-26.9
4 GS .1198 -.6215 0-12.6 3 -
8 EX L2796 -, 3198 0-12.06 3 -
9 aS L 1hlh -.1514 0-26.9 8 t.329
~+.0276 +.1243
10 EX -1 0-12.6 3 -

3995

L4713




Table 36. HpC pattern centers and Zeeman splittings for DyES

group K 1.0 mm single crystal at 209K

Pattern centers

.
10%,

Transition M Co 103¢, N i
11  26432.995 . 3704 9 *12.656
+1,568 +.0995
11 26410.628 -.3045 1,1060 10 *1.371
+1.120  +,1845  +.6349
11 26383.480 .1893 -1,1778 10 +.941
+.768 +,1266 *.4356
11  26306.032 .1115 10 +1.713
. +1.008  +.0637
11 26285.851 .3695 ~.8590 10 11,439
+1.175 t.1936 +.6661
212 26266.507 1 -
+,271
212 26265,288 ~.0043 .0797 L +.081
+.081 +.0182 +,0689
11 26245.387 .1563 4635 9 +.392
£.325 t.0563 t.1924
212 26244.235 -,0881 .3166 6 *.359
+.358 f.0525 +.1857
11 26214.029  -.1331 9 +.214
+.126 t.0082
11 26201.224 .2850 -2.0605 10 *1.192
+,974  +,1604  t.5521
11  26199.490 -.0436 10 +.391
+.230 +.0145
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Splittings
1D 103c, 10%, Range N -
kG
0-27.4
0-27.4
0-27.4
0-27.4
0-27.4
.2790 27.4 2 -
.2493 }1922 20.0-27.4 4 +,017
+.0452 +.1812
0-27.4
JT374 -.9682 14.3-27.4 6 t1.342
+,1436 *+.6172
0-27.4
0-27.4

0-27.4



Table 36. (Continued)

Pattern centers

Transition M Cy 103, 1%, «n ¢

11 26185.413 -.6332 3.1684 6 *i.e72
+1.223  *+.3752 +2.4447

11 26182.743 .2804 -1.0390 10 *1.0%1
+.858  +,1413  +,4864

11 26168.597 ,3033 g  +1.497
+.931  +,0668

11 26149.809  .1568 10 +2.039
+1.200 +.0759
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Splittings
ID 103¢, 108¢, Range
, kG
0-14.3
0-27.4
0-24.6

0-27.4




Table 37. HsC pattern centers and Zeeman splittings for DyES
group K 1.0 mm single crystal at 20°K

m =

Pattern centers

Transition M c 103¢, 108¢, N '

11 26432.634 .9646  3.0298 7 T2.055

Lol

.066 .793  +2,1591

11 26386.117 .3418 10 +2.142
+.013  t.07%6

11 26309.695 9 *fi.612

T.537

11 26288,062 .3260 9 t1,148
+.683  +.0427

4A11 26265.826 .1050 4 624
+,610 +.0290

212 26245,836 -.1235 7 +.780
£.528  tool2

11 26214.095 -.0728 .8962 10 *.392
+.320 t.0527 +.1811

11 26199.390 -.0918 10 *t.419
+,247  +,0156

11  26202.125 -,1674 -.6006 10  t.945
+.771  t.1269 +.4362

11 26168.516 .2288  ~,9925 10 +1.,357
+1.107 +.1821 *.6261

11 26120.801 L2504  1.3064 10 *1.770

1,445  +.2376 +.B168
11  26082.819 ~.6026 1.0794 9 *1.575
+.2258  +.7772

1$1.300
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Splittings

Ip 103¢c, 108, Range ¢
kG
8.2-27.5
0-27.5
0-24.6
0-27.5
.0527 20.0-27.5 t.839
+,0200
.0888 20.0-27.5 1.989
+.0235
.0949 1.9398 0-20.0 t2.100
+.2461 11.5150
0-27.5
0-27.5
0-27.5
0-27.5
0-27.5




Table 38. HpC pattern centers and Zeeman splittings for DyES
group L .096 mm single crystal at 20°%K

Pattern centers

Transition M Co 103¢, 1%, w q
I -1,-2 212 27477.079 -.0138 0377 7 *.015
+.,015 +.0021 +.0075
II -1,-2 212 27460,803 -,0032 .0316 7  T.025
+,025  *.0035 +.0122
I0,3 212  27457.454 . 0053 8 *.050
+,038  +.0022 :
II 0,3 11 27441.400 -,0214 .1036 10 +.090
+.074  +.0123 +,0429
III 0,3 212 27436.555 -.0169 6 T.108
+.088  +.0080
I 1,2 212  27416.408 -.0026 .0197 6 *.035
+.035 +.0053 +.0191
III 1,2 11 27395.118 .1239 7  T.064
+.054  *+,0029
10,3 212  27390.754 .ouor  -.1792 7 *.058
+.,057 £.0082 +.0285
II 0,3 11 27374.900 -,0905 3 +,295
+.286  *.0663

III 0,3 212  27374.779  -.5515 1.4553 6 t.279
+.278  T.oh4k 1772

I -1,-2 212 27354.421 .0122 -.0507 7 t.047
+.047  *+.0066 +.0231
II -1,-2 212 27338 199 .0572 .2208 7 T.151

+,150 5.0213 *.0743
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Splittings
ID 103¢; 10%¢, Range  y ¢
kG -
GS-EX .4L066 .0755 12.6-26.9 7 +.071
+.0066 +.0295
GS+EX .3687 12.6-26.9 7 T.050
+.0010
GS-EX .2317 L1271 -8.3-26.9 8 *t.i12
+,0094 +.0423
GSZEX 0-26.9
GS-EX .3820 0-16.3 6 T.io5
+,0046
GS-EX .0845 .0792 14.3-26.9 6 +.028
+.0031 +.0136
GS-EX 0-26.9
GS-EX .3219 -.1865  12.6-26.9 7 Tf.126
+.0118 +.0525
0-6.2
GS-EX .1885 -.2169 0-24.6 6 +.231
+.0263 +.1304
GS-EX .1080 .2011 12.6-26.9 7 t.181
t.0169 +.0753
GS-IX 2014 .3133 12.6-26.9 ot 208

I+ 1

+,0276 .1230




Table 39. HsC pattern centers and Zeeman splittings for DyES
group_L .098 mm single crystal at 209K

m =

A Pattern centers
Trensition M Co 103¢; 108¢, N v
(10%%c5)  (10%0cy)

I-1,-2 212 27477.037 -.0072 L1366 7 1+.199
+,197 +t.0281 +.0979
II -1,-2 212  27460.874  .1259 -.2869 5 T.029
+.029 +.0046 *.,0160
I0,3 11 27457.691  ,0068 .3053 10 *t.2u6
+.203 1.0338 +.1179
III -1,-2 11 27455.711 -.1937 1.0499 4 *,009
+£,020 T,0036 +,0150
II 0,3 212  27441.350 -.0251 5 t.115
+.098 +.0101
III 0,3 11 27436.423  .0732 -.5624 10 *t. 157
+.129 *.0215 +.0749
I1,2 212  27416.618 -.0441 7788 9 T.o22
+.071 +.0186 +.1354
2—.09403
+.0290
II 1,2 11 27398.730 .3188 -.5778 Lt 147
+1.781 +,1816 t.4413
III 1,2 11 27395.307 4L +,519
+.260
I0,3 11  27391.124 ~.1450 .8110 4  *,091
t.081 *t.0174 +.0607
II 0,3 212  27373.341  .3429 -.6396 4 +.086
+.727 +.0793 +,2021 ‘
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Splittings
ID 103¢, 108c, ~ Renee N ¢
(10%2c3)  (107cy) kG
EX .2603 -.1915 12.6-26.9 7 t.304
+.0285 +.1268
.3638 12.6-26.9 5 t.os4
+.0013
GS 2L ,6-26.9
4,2-20.0
Gs .3498 0-14.3 5 +.290
+.0134
0-26.9
.0003 4, 2-26.9 9 +.024
+,0005
14.3-26.9
0-26.9
0-26.9
-.0212 L1628 12,.6-26.9 4yt o002
+,0293 +.1229



Table 39. (Continued)

Pattern centers

Transition M Co 103, 1%, -
(10'2¢.) (1016,)
III 0,3 11 27369.723 .0105 -.0401 10 t.on
+,034  .0057 +,0198
I -1,-2 11 27354,467 .0249 6 +.083
+.051 %,0033

II -1,-2 3123 27338.253  .0594 1403 7 *.263
t,261  +.0371  +,1293
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1o3cl

Splittings
108,

Range

ID -
(101203) (1017cy) K@
0-26.9
0-8.3
EX .2076 -,2279 12.6-26.9 t,206
+,0192 +.0856
GS .2081 12.6-26.9 *.309
+. 0064
GS+EX .3658 12.6-26.9 T. 468

+.,0096
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C is the center of gravity of the pattern under consideration

1, S is the splitting in cm"l, and Cy in both cases is

in em”
the coefficient of the kP power of the external magnetic
field strength in Gauss. |

The criterion for choosing the "best" polynomial in
each case was the standard deviation of 1ts points from those
observed in the experiment. If n is the number of observa-
tions, m the number of terms In the polynomial, and $x the
difference between the observed and calculated points of C
or S, the standard dgviation is given by

S ()%

s = - . (96)

n-mn

Because of the (n - m) factor in the denominator it was felt
that this criterion always produced the lowest order polyno-
mial which came closest to representing the "true" behavior
of the centers of gravity or of the level splittings. Poly-
nomials with inflectlon points in the reglon of experimental
magnetic field strengths were rejected because the inflec-
tion points were almost always caused by random errors in the
measurements and were not a true feature of the magnetic field
dependence of the patterns or their splittings.

The first two columns of Tables 21 through 39 identify
the initial and final states in the transitions responsible

for each Zeeman pattern. As before, the three lowest lying
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crystal field levels of the ground term are ldentifled with
the Roman numerals assigned by Gramberg, and the final levels
are ldentified with the crystal quantum numbers of Murao,
Spedding, and Good. The first digit of the.numbers given in
column three lndicates how many absorption lines were re-
solved in each Zeeman pattern and the remaining digits tell
which absorptlon lines were used in the determination of the
center of gravity of the pattern. The lines In each pattern
were labelled 1, 2, 3, 4 in order of decreasing cecnergy, and
the iines used in the determination of the center of gravity
were carefully chosen to make best use of the experimental
data for the pattern under consideration. Thus, if a pattern
had four lines, for example, and lines 2 and 3 were not
clearly resolved for applied magnetic fields below 15 kG, the
lines used for determination of the center of gravity would
be lines 1 and 4. Columns four through six give thc coeffi-
clents of the type 94 polynomial which gave the best least
squares 1t of the experimental pattern centers as a functilon
ol the cxternal'magnctic field, column seven indlcates the
number of magnetic field strengths for which reliable experi-
mental determinations of the center were made, and column
elght gives the standard deviation of the centers calculated
with the type 94 polynomial from those determined in the
experiment.

The remaining columns of the tables have to do wilth the
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Zeeman splittings. The numbers in column nine are code num-
bers to ideﬁtify the method by which the Zeeman splittings
of the crystal field levels were calculateq from the experi-
mental data. The code numbers and correspoﬁding methods

for calculation of the splittings of the levels are given in
Table 40, The method or methods listed for each splitting
were very carefully chosen to make best use of the experi-
mental data for the pattern under consideration, and are
thought to be the best methods available in each case. Col-
umn ten ldentifies the ground state or excited state crystal
field levels whose Zeeman Splittings, or sums or differences
of Zeeman splittings, are described by the polynomial co-
efficlents given in columns eleven and twelve. Column
thirteen gives the range of magnetic fileld strengths and
column fourteen gives the number of magnetic filelds for
which reliable determinations of the splittings were made.
Column fifteen gilves the standard deviation of the values"
of the splittings calculated from the type 95 polynomial and
those determined in the experiment. The standard deviations
of the coefficlents in the polynomial expressions for the
pattern centers and splittings were derived from the
variance-covariance matrices used for determinatlon of the
coefficients. The method used was the same as that used
earlier in this work for analysis of the HsC anisotropy

parameters, .
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Table 40, Code numbers and corresponding methods for calcu-
lation of Zeeman splittings. The energies of the
absorption lines are Ela E22~.E3=E4

Number of lines in Code '
the Zeeman pattern number Calculating method
3 1 (Ey-E,)
2 (El-E3)/b
| (Ep-E3)
4 (El-Ea) and/or (E2—E3)
5 (El'E3)
4 1 (El-Ea)
2 (E3-E4)
3 (Ey-E,) and/or (Eg-Ey)
b [(E;-Ey)-(Ep-E3) 1/2
5 (El'E3)
6 (Ea-Eu)
7 (El-E3) and/or (E2-E4)
8 [(El-E4)+(E2-E3)]/2
9 (EE'E3)
10

(El‘Eu)




212

Two words of caution must be given concerning the infor-
mation in Tables 21 through 39. The first is that all of
group K and the high energy portions of most of the other
line groups studled had very weak and dlffﬁse absorption
lines for which it was extremely difficult to identify the
initial and final states., The Zeeman patterns arising from
these lines were even mofe diffuse. The ldentifications
for these patterns are tenuous 1f they are given at all, for
1t is not even certaln that they arise from purely electronic
transitions. Nelther thicker crystals nor lower temperatures
seemed to help In the measurement of these patterns, so the
data given in the tables are probably as good as can be ob-
tained with‘ordinary photographic techniques. The patterns
in question may be recognized in the tables by the large
standard deviations obtalned for their centers and splittings.

The second word of caution has to do with the interpre-
tation of one line patterns, i.e., absorption lines which do
not appear to split under the influence of the applied mag-
netic field. The rule of thumb followed in this work was
that if the polynomial expreséion for the energy of the one
line pattern had a sizeable coefflcient for the first power
of the magnetic fleld strength, then it was probably the
only allowed line in what was potentlally a multiline Zeeman
pattern. If the first order coefficient was small, the one

line pattern waé probably due to a completely unresolved
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pattern. Except in the case of the spectra observed at
4,29, where parts of the patterns can be absent because of
depopulation of the higher energy levels, the one line
patterns are not to be relled on very much because of the
uncertainty in knowing which type of one line pattern is

being considered.

Determination of the Field Dependent Energy Level Scheme

The goal in thils stape of the analysis was the deter-
minatlon of an energy level scheme such that the energy
differences between the varilous initial and final Zeeman
levels had the same magnetic fleld dependences as the corre-
sponding absorption lines observed in the experiments. The
problem 1s essentlally the same as that encountered earlier
in this work when the energy level scheme for the aniso-
tropic HsC Zeeman effect was determined. The only difference
is that this time it is the magnetic fleld dependence of the
levels that we are Interested in, not the angular dependence.
Again only energy differences were observed in the experi- |
ments, not absolute energles, so again it was necessary to
state side conditions in order to obtain uniqué solutions
for the behavior of the energy levels.

Ordinarily the side conditions would have been specified
by assuming that the center of gravity of the levels of an
excited term which was energetlcally well 1solated from all

other excited terms was independent of the external magnetic
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field in both the HsC and HpC cases. This 1s a good assump-
tion as long as the Zecman splittings are smg}; compared to
the cnergy between terms, because, according to perturbdtion
theory, the levels of such a term are negligibly affected by
magnetic interactlons with other terms and 1ts center of
gravity is expected to be independent of the magnetic field.
In the determination of the energy level scheme thils assump-
tlon restricts the solutions for the magnetic field shifts
of the levels so that the sum of the shifts for all the
levels in the isolated term is equal to zero, and it allows
the center of gravity of this term to be used as a constant
energy reference for measurement of the energies and magnet-
lc field shifts of all the other levels of the configuration.
The large uncertainties in the measured energies of
the weak and diffuse absorption lines in the high energy
portions of the line groups studied in the present work
made it impossible to determine the center of gravity of any
of the excited terms with sufficient precision to warrant
its use in specifying slide conditions. The side conditions
were specified instead by assuming that the center of gravity
of the two (-1,-2) final levels for the group G Zeeman
patterns between 22005 and 22070 cm-l was independent of.the
external magnetlic fileld strength. The basis for thls assump-
tlon 1is the same as 1n the case of an isolated excited term.

The Hamiltonian for the HpC Zeeman effect commutes with the
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operator of the Cgp point symmetry group, so the two (-1,-2)
crystal fleld levels can only have magnetic interactilons
with other (-1,-2) levels. Since the nearest (-1,-2) level
is some 110 cm-l away and the Zeeman spliteings are an order
of magnitude smaller, perturbatlion theory tells us that the
center of gravity of these two crystal field levels should
be Independent of the magnetic field. The situation 1s
similar in the HsC case. The nearest level which can affect
the center of gravity of the two (-1,-2) levels in this case
1s the (0,3) level nearly 60 cm™% away. Again the Zeeman
splittings are an order of magnitude smaller, so the center
of gravity of the two (-1,-2) levels should be independent
of the external magnetic fileld.

The advantage of using these particular final levels
to specify the side conditions was that, since the ébsorption
lines which resulted from transitions to them were quite
sharp, thelr center of gravity could be measured with much
better precision than the center of gravity of any of the
exclited terms. 'This increased the precision which could be
obtained in the determination of the energy level scheme,
and the solutions for the magnetic field shifts weré re-
stricted Jjust as if the two (-1,-2) levels were a complete
set of levels of an isolated exclted term., The sum of their
magnetic fleld shifts was restricted to zero for each orien-

tation of the external magnetic field, and their center of
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gravity was used as a constant energy reference for determi-
nation of the magnetic fleld shifts of the initial, 1i.e.,
ground term, energy levels in each orientation.

The fileld dependent energy level schemé for the four

lowest crystal field levels of the n6

Hls/én ground term of
Dy*3 in DyES is given in Tables 41 and 42 for the HpC case,
and in Tables 43 and 44 for the HsC case with g = E. The
zero of energy is the energy of the lowest crystal field
level of the ground term in the absence of external magnetic
fields, and the centers of gravity and Zeeman splittings as
functions of the external magnetic fleld are summarized, as
before, in terms of coefficients for the polynomial equation
which gave the best least squares fit of the data. The
energy of the[?g%h] energy branch of each of the levels for an
applied magnetic field up to 27.5 kG is equal to the value of
the level center polynomial at that field[ﬁ%ggs]one half the
value of the Zeeman splitting polynomial at the same field.
The results given in Tables 41 and 42 were obtained from
the polynomial expressions for the centers and splittings of
the Zeeman patterns 1n group G résulting from transitions to
the two (-1,-2) levels at 22034.8 and 22063.0 ecm™t. These
patterns were very sharp and were clearly the best patterns
from which to determine the behavior of the ground term levels.

In addition, the fact that magnetic dipole transitions contri-

bute to the intensity of the lines in group G made it possible
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Table 41. Polynomial expressions for the centers of gravity
of the four lowest lying energy levels of the
S » ground term of DyES as a functlon of the
ex%géhally applied HpC magnetic field

Level  u 6o 10%; 1%, 10%%c; 10%c,

Ia (0,3) 0 -.0029 +,0076
+,0031 t.0106

112 (1,2) 16.127 t.0000 -.0061
+.033  +.0050  +.0240

IIIC (-1,-2) 21.118 +.,0057 =-.3259 +,2804 -,0656
+,033 +,0055 t,0455 +,0277 +.0066

vl  (0,3) 58,461

+.069
°  (0,3) 0
I1°¢ (1,2) 16.133

+.012

II1IC (-1,-2) 21.118

apyES at 20°K.

bpetermined from group H measurements; fileld dependence
was not measured. '

c(DyES)lO(YES)90 at 20°K; zero field measurements only.
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Table 42. Polynomial expressions for the Zeeman splittings
Qf the four lowest lying energy levels of the

6H15/2 ground term of DyES as a function of the
externally applied HpC magnetlic fleld

Splitting for
Level 4 105, 0%, 10125 1017c, E = 27.5 ko

1 (0,3) .5149 14.16 em~1
+,0005
112 (1,2) 2761 -.0215 743 em™d
+.0026 +,0117

II11% (-1,-2) .6665 -.1623 +.0852 =-.1682 17.91 cm~*
( : t 0046 +*.,1280 *,0678 *.1193

Ive (0,3) .8199 22,55 cm~t
t,0239
b (0,3) .5276 14.51 em™t
+,0004
¢ (0,3 .5130 +.0017 14,12 emt
(0,3) +.0014 +,0064 o
I1¢ (1,2)  .2702 -.0118 | 7.34 em~l
+,0012 *.0048
III¢ (-1,-2) .6501 -.0075 17.82 cm™*

+.,0015 +,0061

apyES at 20°K.
PpyES at 4.29K,
c(DyES)lO(YES)go at 20°K; determined in group I.
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Table 43. Polynomial expressions for the centers of gravity
f the four lowest lying energy levels of the

HlS/é ground term of DyES as a function of the
externally applled HsC magnetic field

= .

m
Level  a c, 105, 10802 1012, 106,
% (0,3) 0 +.0158 -.7809 +.2588  -.0475
+.0130 *£.2283  +,1364 £,0255
I (1,2) 16.113 =-.0160  +.5749  -,1522
+.036  *.0076 +,0640 *,0151
III8P (-1,-2) 20.979 +.0366 -.2846 +.2588  -.0457

+,054  +.0224  +,2565 @ t,1364  *.0255

e (0,3) 58,548 -.0048 -.2219  +.1987 -.O4T75
+.,082 t,0247 *+.2843  k.1h421  t.0255

¢ (0,3) 0 +.0351 -1.0349 +,3601 -,0585
+.0102 +.1576° +.0783 +.0126

apyES at 209K,

brhe useful range of this polynomial is zero to 14.3
kG only.

CDyES at 4.2°K.
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Table 44, Polynomial expressions for the Zeeman splittings
of the four lowest lying energy levels of the

Hy5/12 ground term of DyES at 20%K as a function
of the externally appllied HsC magnetic fileld

ﬁm o= 75
8 Splitting for

Level M 103,  10°%, 101%c; H=27.5k

I (0,3) -.0190 +.2303 -.0182 0.84 em~!
+.0066 +.0695 t.0174

II (1,2) +.3609 +.2630 -,2109 7.528 cm~1
+,0050 +.0535 +,0138

III (-1,-2) +.0238 0409 0.96 cm-1

+.
+.0044 t,0195

IV (0,3) No splitting observed
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to obtain direct rather than indirect measurements of the
Zeeman splittings of the levels involved. The latter fact
1s especilally important because it complete}y eliminated the
possibility of error in the identification of the splittings.
The results in Tables 43 and 44 for the HsC behavior of
the I and II ground term levels were also derived from poly-
nomial éxpressions for the centers and splittings of the
group G Zeeman patterns resulting from transitions to the
same two (-l,-2) levels. However, in the case of the II
level, 1t was necessary to allow inflection points in the
curves of energy versus magnetic field and splittings versus
magnetic field in order to obtain polynomial expressions
which gave reasonable filts of the experimental data., It was
later determined theoretlically, as will be shown in a later
sectlon, that inflection points should be expected for both
the II and III levels in the HsC case, but the fit of the
experimental data for the III level did not improve when
inflection points were alléwed. The results for the HsC be-
havior of the III level were derived from the polynomial
expressions for the I to (0,3) and III to (0,3) Zeeman pat-
terns at 24961.8 and 24982.8 em™t in group I because the
latter pattern was the only really good example observed in
this work of a transition originating from the III level.
Once the magnetic field dependence was known for the

ground term energy levels and thelr splittings, it was a
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simple matter to determine the fileld dependent energy level
scheme for the main lines of the line groups studied in this
work. Polynomial expressions for the Zeemaq splittings of
most of the crystal fleld levels were already known, or
could be calculated, from the right hand sides of Tables 21
through 39, and expressions for the center of gravity of
each of the final crystal fleld levels were obtained by
adding the polynomial expression for the behavior of the
appropriate crystal field level in the ground term to the
polynomial expression for the behavior of the center of
gravity of the Zeeman patterns given in the left hand sides
of the tables,.

In general several expresslons were obtained for the
magnetic fleld dependence of each of the final lefels. How~
ever, rather than average the resuits, the fleld dependence
reported was obtained from the sharpest and most accurately
determined Zeeman pattérn to which it contributed. Coeffi-
clents for the polynomial expressions for the centers of
gravity and Zeeman splittings of the final levels for the
main lines in groups G through L are listed in Tables 45
through 54. The format for these tables is similar to that
used before. The only thing new is the plus or minus sign
immediately following the M values in the tables for the
HpC Zeeman effect. As pointed out in the THEORY section, M

1s still a good quantum number in the HpC case, and the plus



Table 45. HpC level centers and Zeeman splittings for DyES group G

Level center Zeeman splitting
8 12 16 8
4 Value ~ Co 103c, 10%¢,, 012,  10l%, 103, 10%,,
(1,2)+ 22238.046 +.0971 -.4232 .1528
+.107 +.0197 +.0713 +.0960
(0,3)- 22175, 4342 .1549
+.130 t.0176
(-1,-2)+ 22158.730 -.0091 +.1462 .0L09
+.179 +.0248 +.0829 +.0246
(1,2)+ 22122.615 +.0032 -.0519 1282 -.2424
+.,02% +.0034 +.0130 +,0081 +.0742
(0,3)+ 22106.292 +.0124 -.0909 .3072 -.2327
+.030 +.0055 t.0253 +.0127 T 0746
(-1,-2)+ 22062.955 -.0074 +.1512 4143 -.0611
+,025 +.0035 T.0121 +.001L +.0084
(-1,-2)- 22034.803 +.0073 -.1511° , 5784 - -.1595
+.048 +.0068 +.0230 +.0036 +.0164L

€ee

@The field dependence of this level was not determined.



Table 46. HsC level centers and Zeeman splitiings for DyES group G

Pn =9
Ievel center Zeeman splitting
- Value Co 103¢, 108, 10125 10%6¢,  103c, 108¢,
(1,2) 22237.004% .b
+1.327

(0,3) 20202, 8502 -b

+.155 ’
(0,3) 22174 .566 +.0338 -.5891 +.2588 -, 0475 .0220 +.3301

+.063 +.0188 +,2335 +.1364 +.0255 +.0263 +.,1059
(-1, -2) 22158.624 +.0183 -.0666 .3614

+.289 *+.0191 +.0208 +.0160
(1,2) 20122,772  +.0145  -.1848  +.2588  -.O475 A -,1633

t.077 *+.0176 +.2341 +,1364 T.0255 +.0152 T.0715
(0,3) 22106.275 +.0241 -.6049 +.2588 -.0475 No splitting

+.060 +.0155 +.2300 +.1364 +,0255 observed
(-1,-2)  22062.954  -.0256  +.4807  -.2587  +.OLTh 1382 -.0324

+,051 +.0289 t.5109 *.3050 +.0569 +.0021 +.0101
(-1,-2) 22034,770 +.0256 -. 4807 +.2588 -.0475 .1634L -.0260

*.037 *.0135 +.2285 +.1364 +.0255 +,0014 *+.0063

hee

@The magnetic field dependence was not determined.

bNo splitting was observed for these levels,



Table 47.

HpC level centers and Zeeman splittings for DyES group H

TLevel center

Zeeman splitting

- Value Co 103¢, 10%,, 1012c;  10%6c 103¢, 108¢,
(-1,-2)- 23485.042 +.0179 -.0061 .0601 -.0k26
+.046 T.0053 +.0240 +.0046 . 0202
0,3)- 23467.512 -.0060 +.0458 .2335 -.6604
( ) +.,039  t.0078 +. 0402 +.0074 +.0l425
(1,2)+ 23461.776 -.0070 +.1164 -.0057 +.0419
+.,055 +,0084 +.0284 t.ooﬁo +.,0183
(0,3)+ 23439,4322 L4531
+.038 +.0040
(2,2)+ 23429.153 -.0076 -.0646 .1187
+.030 . ool6 +.0158 +.0010
(-1,-2)+ 23390.989 -.0028 +.0288 .6438 -.0024
+.053 +.0081 +.0324 +.0037 +.0164

&The field dependence of this level was not determined.

Gee



Table 48.

HsC level centers and Zeeman splittings for DyES group H
m::

Level center . Zeeman splitting
p Value Co 103¢, 10, 1012c,  10%%c,  103c, 108,
(-1,-2) 23482 .330 ~.0288 +.1425 +.1787 -. 0475 .3455 -.2102
.132 t.0324 +.3035 +.1425 +.0255 +.0045 +.0205
(0,3) 23467.282 +.0719 -.0666 -a
+.171 +.0132 - - *,0208
(1,2) 23461.914 +.0010 -.6596 2588 -.0475 .3079 -.2951
_ t.108 +.0196 t.2324 t,1364  t.0255 +.0139 +.0626
(0,3) 23439.402 +.0092 -.0719 +.1987 -.0L75 _b
*.063 t.0226 *.2814L +.1421 t.,0255
(1,2) 23429,121 +,0243 -.5578 +.2588 -.0475 .3035 -.2027
*+,068 1.0163 +,2307 T, 1364 +.0255 +.0105 +.0473
(-1,-2) 23390.983 -.,0237 -.1017 +.1994 -.0L75 -b
+,064 *+,0226 t.2832 t.1425 *t.0255

@The splitting polynomial for this level was not determined.
is on the order of 2 cm-1

at 27.5 kG.

PNo splitting was observed for these levels,

The splitting

2ce



Table 49. HpC level centers and Zeeman splittings for DyE3 group I

Level center Zeeman splitting

p Value Co 103¢c; - 10%, . 10%cy;  10l6c,  103c, 108c,
0,3)+ 25156.879% ' .0900
( ) t.302 R . +.0196
(0,3)- 25143.331% o .0958
+,097 ‘ +.0220
(-1,-2)+ 25137.974% ~ _b
+,221 | .
(0,3)+ 25055.502% ' +.0201
+,214 +.0110
(-1,-2)+ 25052.490% ' © +.0037  +.2960
t,196 +.0238 f.1067
(-1,-2)- 24996.655 -.0266 +.0076 +.2742 -.0366
+.065 T.ooh7 +.,0106 _ +.0038 +.0167
(1,2)- 24986.599 -.0020 -.3093 +.2804 -.0656 +.8138 - +.0935
_ +.040 +.0064 *.0u69 +.,0277 +.,0066 *+,0191 +.0780
(0,3)- 24982.709 +.0088 -.0737 +,67Th2 -.1686
t. 042 +.0084 +.0464 +.0101 T.0713

@The field dependence of these levels was not determined.

byhi s splitting was not well resolved.

Lee



Table 50. HsC level centers and Zeeman splittings fqr DyES group I

=
Ievel center Zeeman splitting
pValue C, 10%, 108,  10%%c; 10, 10%;  10%,
(-1,-2) 24996, 529 +.0253 -.0857 +.2776 -.0475 +.5089 -.5043
+.073 +.0195 +,2470 *+.1378 +.0255 +.0040 t 0101
(1,2) 24986. 347 +.1407 -.5628 +.2588 -.0l475 +.4548 -.6507
t.062  *.0159  *.2302  +.1364  t.0255  +,0070  £.3080
(0,3)% 24982,781 -.0088 -1.2054  +.2588 -.oL75 +.0238 +.0409
T oh1 +.0163 +.2375 +.1364 +.0255 +.00LY +.0195

gce

&Interferences with other levels made it impossible to determine these poly-
nomials for fields greater than 14.3 kG.



Table 51. HpC level centers and Zeeman splittings for DyES group J

Level center

Zeeman splitting

JuValue Co 103¢, 10%,, 103¢, 10802
25863.970 +.0605 +,6726
+.070 _t.0112 +.0387
25853, 6242
+.633
(-1,-2)  25840.691  -.0512  +.2334 _b
+.092 *,0171 t.0599
(0,3)-~ 25789, 720 +.0311  +.0076 +.5149
+.084 * 0060 - t,0106 -
(1,2) 25779.481 ~.0628 +.0076 +.3198 -.866
t.14y *.0080 t.0106 T, 0463 i.199§
(-1,-2)- 25731.113 ~.0311 +.1334 .102 -.10
t,062 +.0696 t.0345 %.014? i.06gz
(1,2)+ 25708, 300 ~.0105  +.1136 +.2265  -.2388
. +.045 +,0088 +,0303 +.0085 *.0352

@phe field dependence of this level was not determined.

PNo splitting was observed for this level.

62c



Table 51. (Continued)

Level center Zeeman splitting
p Value Cq 103c, 105, 10%%,  10'%,  103c, 10%,,
(0,3)+ 25701.612 +.0154 +,0076 '+.2242 +.,1514
+,086 +.0060 +.0106 + o245  F.oio41
(-1,-2)- 25698.531 -.0310 -.0380 +.5149
+.070 +.0112 +.0387 _
(0,3)- 25675.120 1.0450 +.2013 +.0839 -.1925
+.077 +.0202 +,1217 *.0149 +.1044
(1,2)- 25666.079 -.0303 <. 0599 +.0717 +.0309
+.073  *t.o11k  *.0387 +.0032  *.0163
-1,-2)+ 25648.615 -.1079 41,7502 +.5141°¢
( +300  +.104k  t1l2Bug +.0150

ote

CThis is an estimate. The splitting was not clearly resolved.



Table 52, HsC level centers and Zeeman splittings for DyES group J

@Phe field dependence of these levels was not determined.

byo splitting was observed for these levels.

=
Level center Zeeman splitting
'y Value Co 103¢, 108, 10%%,  10%%, 103, 108¢,
25863.952 +.1278  -.7809 +.2588 -.0475 -b
t.470 +.0361 t.2283  *,1364 *.0255
25853.763% -b
t.257
(-1,-2) 25838, 4302 +.5126 ~. 7646
+1.765 +.0616 +,2708
25797.023% -b
4 Z.suo
(0,3) 25789.689 +.0452 -.7809 +.2588 _.oL75 b
t.088  *.0189  *,2283 +.1364 +.0255
1,2) 25778.779 +.0158 -.7809 +.2588 - .ou75 -b
( +.11L +.0130 *,2283  *,1364 +.0255
25777 . 464> -b
t.500
25749, 5432 -b
+,656

1€e



Table 52. (Continued)

Level center Zeeman splitting
e Value c, 103¢, 108, 102, 10%%, 103, 10%¢,
(-1,-2) 25730 936 i .0163 ~.5500 +.2588 -.0475 +.0207°¢
+.090 .0194 t,2337 t.1364  *.0255 +.007L
(1,2) 25708 336 +.,0411 -.3860 +.2588 -.0475 +.1262 +.1463
¥ *.0 +.0175 +.2317 +.1364 +.0255 +.0111 . 0503
(0,3) 25701. 748 ~.0028 -.2h95 +.1931 -.0U75 -b
_ T, 054 +.0201 t,2665 +, 1404 +.0255
(-1,-2)  25698.409  +.1035  -.7809  +.2588  -.OLT5 -b
. +.101 T.0184 +,2283 +.1364 T. 0255 |
(0,3) 25675.072  +.0061  -.040L  +,1930 -.0L75 . b
T.031 +.0141 +,2337 +.1371 +.0255
(1,2) - 25665.949 +.0239 -.5621 +.2588 -.0L75 +.2039 -.0696
*.115 *+,0187 t,2313 +.1364 +,0255 +.0028 +.0128
(-1,-2)  25649.082  +.062%  -.7809  +.2588  -,0475 b
2 .215 +.0188 +.2283 +.1364 +.0255

ete

CThis polynomial applies only for H = 12.6 kG.



Table 53. HpC level centers and Zeeran splittings for DyES group L

Level center Zeeman splitting
' 3 8 ' 16 3 8
- Value Co 10°c, 10°C, 10t%c,  10%,  10°%c, 10%¢,

(-1,-2)- 27477.079  -.0167  +.0453 o  $.0926  +.0215
+,027  +.0037  +.0130 | : t,0028  t.0117

(0,3)- 27457 .45  +,002L +.0076 +.2832 -.1271
_ +.044 +.0038 +.0106 A _ +.0094 +.0423
1,2)- 27416, 408 -.0055 +.0273 - +. 4304 -.0792
(2 +.041 +.0061 +.0218 +.0031 +.0136
0,3)- 27390.754  +.0375 -.1716 ' +.1930  +.1865
( +.061 t.0088 T.0304 +,0118 +.0525
(-1,-2)- 27354.421 - +.0093 ~.0431 , +.1069  -.2011
t.052 +1025k +.0169  *.0753

.0073

gce




Table 54. HsC level centers and Zeeman splittings for DyES group L

m
Level center Zeeman splltting
pValue Co 103¢4 105, 1012, 10%%,  103¢; 108,

(-1,-2) o7477.037  +.0086 -.3443  4+.2588 ~.oh75 .2603 -.1915

1.199 t,0310  *,2u84 k1364 +.0255 %.0285 t.1268
(0,3) 27457 . 691 ,0226  -.4756  +.2588 . -.0475 b

z.eos %.0362 *, 2569 +.,1364 T.0255
(1,2) 27416.618 ~ -.0283  -.0021  +.1648 -.0L75 b

+.076  t.0227 +,0655 +.1396 *.0255
(0,3) 27390, 702 +.0475 -.3337 +.2588 -.0475 -b

+.064 +.0231 +.2573 +.1364 *.0255
(-1,-2) 27354 . 4672 +,0407 -.7809 +.2588 -.CL75 +.2076 -.2279

t.057 +.,0134 +.2283 +.1364 . 0255 +.0192 +.0856

&Phis polynomial applies only for H = 12,6 kG.

Pro spilitting was observed for these levels.

7€e
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or minus sign tells whether the state with Ve equal to 2, 3,
or -2 increases or decreases in energy with increasing ex-
ternal magnetic field. The M= 2, 3, and -2 states corre-
spond to A = +1/2, +3/2, and 5/2 states when Hellwege's
crystal quantum numbers are used, so the signs used in the
tables are consistent with the notation used by Gramberg
(84).

No success was obtalned in attempts to determine the
field dependent energy level scheme for group K and for some
of the very weak and diffuse absorption lines in the high
energy portions of groups I, J, and L, because the rather
large experimental uncertainties in the centers of gravity
and Zeeman splittings of these lines made 1t impossible to

confirm any of the many energy level schemes which were tried,
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DISCUSSION

The Ground Term

The "6H15/2" ground term of DyES has been studied exten-
sively in previous works.‘ Hill and Wheeler (108) studied
the far infrared spectrum and Zeeman effect of transltlons
between levels of the ground term at 1.6% and for magnetic
fields up to 80 kG, Baker and Bleaney (109) determined the
splitting factors and approximate energles of some of the low
lying levels from paramagnetic résonance experiments, and
Meyer and Smith (110) measured the magnetic specific heat be-
tween 2 and 20°K. Cooke et al. (111) measured both the mag-
netlic specific heat and magnetic.susceptibility in the neigh-
borhood of liquid hellum temperature, and the magnetlic sus-
ceptibility from 14 to 20°K. Although the methods employed
in these works have been useful in exploring various features
of the ground term, none of them furnishes as much high pre-
clsion data on the behavior of the ground term levels under
various conditions as can be obtained from measurements of
the visible absorption spectra. For this reason the previous
work which 1s most pertinent to the present discussion 1s
Gramberg's (84). He determined the zero field energies of
the five lowest crystal field levels at 4.2 and 58°K from
absorption spectra, and measured the HpC and HsC Zeeman
splitting factors for the three lowest levels at 4.2°K. Even

more precise and detailed information was obtained in the
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present investigation.

Zero magnetic fileld

The energy levels of DyES at 4.2 and 58°K as determined
by Gramberg are compared with the results of the present
work for DyES and (DyES)lo(YES)90 at 20°K in Table 55. The
agreement 1s excellent, and although 1t appears that perhaps
the energy of the II level decreases wilth increasing temper-
ature, there 13 no strong evidence that the enerpgies of the
levels change wilth elther temperature or dilution with yttrium
ethylsulfate. No transitions were observed from the V level
in the present work, but H1ll and Wheeler place this level at
approximately 70 cm™t at 1.6°K.

HpC Zeeman splittings

It is clear from the last column of Table 42 that the
HpC Zeeman splittings of the ground term crystal fileld levels
depend to a small extent on both the temperature and the con-
centration of DyES in the sample for an external magnetic
field of 27.5 kG. As has been pointed out by Graﬁberg, this
is due to the fact that the magnetic field at a dysprosium
ilon site in a crystal is not the same as the external magnetic
fleld. Thus if one wishes to compare the magnetic splittings
of dysprosium ion energy levels at various temperatures and
in different crystalline samples, it is important to compare

splittings for the same value of the magnetic field at the
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Table 55, Measured energies of some of the low lying crystal
field levels of the H15/2 ground term of DyES
between 4.2 and 589K

DyES® (DYES)10(YES)gq

Level  u 4.2°K 20%K 20°K-

I {0,3) 0 0 o)
I (1,2) 16.03 16.127 6.1 16.133
’ +.05 033t +.012
I (-1,-2) 21,20 21.118 0.4 21.118
t.10 +.033 t.2 +.010
v  (0,3) - 58,461 8.9 -
+,069 +.2
v o (-1,-2) - - 68.1 -
2

1+ 0o

(o) aThe results listed for 4.2° and 58°K are from Gramberg
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dysprosium ion site.

The ordinary procedure for calculating the magnetic
field within a crystal is to assume that the crystal lattice
can be replaced by a homogeneous continuum ﬁith magnetization
M, and that the crystal shape can be approximated by an

ellipsold. The internal magnetic field is then given by

Hing = Hexe - dM (97)

where Hext 1s the external magnetic field, and d 1s a demag-
netizatlion factor which depends on the shape of the sample

(112). The magnetization is

where X 1s the magnetic susceptibillty, so

Hing = Hexy/(1+d% ). (99)

As pointed out by Lorentz (3), however, it is not accurate

to replace the near neighbors of an ion in a lattice by a
homogeneous continuum. Within some small sphere about each
ion it 1s necessary to take into account the actual locations
of the magnetic dipoles associated with the neighboring ions,
while outside the sphere the ion is unable to distinguish
between the effects of magnetic ions in the lattice and the
effects of the assumed continuous medium. Using this approach

Gramberg found that the magnetic field at the site of a
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dysprosium ion in the ethylsulfate was glven by
Hy o = Hy (1 + 0.65 )

= Hy,. (1 + 0.65 L) /(1 + a ) (100)

in the HpC case, and by

Hygy = Hing(l+0.17 X))
= H_ (1+0.17 X )/(1+a X)) (101)

in the HsC case. Since the susceptlibility depends on the
magnetic field strength as well as on the temperature, a com-
parison of Zeeman splittings is normally done in the l1limit

as the field approaches zero, The splittings are then given

by
S = C, H (102)
where

C, = Cy(1+a¥)/(1+0.65%) (103)

in the HpC case, and

c. = ¢

1 1(1 +d )/(1+ 0,17 ) (104)

in the HgsC case. Here Cl is the coefficlent of the first

power of the external magnetic fleld strength in the poly-

nomial expressions for the Zeeman splittings as given in
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Tables 21 through 39 and 41 through 54.

When the HpC Zeeman splittings of the ground term levels
are expressed in terms of Hj,, instead of H ., using the
values of the magnetic susceptibility at 4.2 and 20°%K as
derived from reference (111), the results given in Table 56
are obtained, The result for the I level at 4.2°K is in

- !
Table 50. HpC Zeeman splitting factors Cy for some low lying
levels of the H15/2 ground term of DyES

! 3
Cl x 10

Level J DyES 4.2°K DyES 20°%K (DYES), o(YES) g 20°K

I (0,3) . 5064 .5106 5126
+,0004 +.0005 +., 0014
.5024%
+.0047
5042P
+.0093
II (1,2) .2615% .2738 .2700
+.0093 +,0026 +.0012
.2736°
- +,0047
III (-1,-2) .5836% .6609 L6496
+.,0093 +.0046 +.0015
v .8130 |
+.0237

eGramberg (84).
Peooke et al. (111).
CBaker and Bleaney (109).
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good agreement with the results of Gramberg and Cooke et al.,
and there seems to be a slight increase in the splitting
factor for this level with increasing temperature and dilu-
tion. The values of the splitting factor for the II level
in the concentrated and dilute crystal are in agreement with
Baker and Bleaney's result, but are larger than Gramberg's
result at 4.2°%K. The results obtained for the splitting
factor of the III level at 20°K are notlceably larger than
the result obtalned by Gramberg at 4.2°K. The probable reason
for both of these discrepancies 1s that the absorption lines
due to transitions from the II and III levels are very veak
at 4.2° due to their small population. Gramberg's results
for these levels are probably in error because of the larger

errors encountered in measuring weak absorption lines.

HpC shifts of the crystal field level centers

The centers of gravity of the three lowest levels of the
ground term were found to shift toward lower energies with
increasing magnetic field. The shifts, calculated from
Table 4 for Hext = 27.5 kG, were -.022, -.046, and -.228 em™2
for the I, II, and III levels, respectively. The result for
the I level is in agreement with Gramberg, who observed no
shift, and with the result of Cooke et al., who reported that
there 1s no temperature independent contribution to the HpC

magnetic susceptibility.
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HsC Zeeman splittings

In the limit that the HsC magnetic field approaches
zero, the ground term of DyES has no net magnetic moment and
therefore no temperature dependent magnetic‘susceptibility.
There is a temperature independent term which arises from
the depression of the I level with increasing fleld, but, as
shown by Gramberg and Cooke et al., 1t is much smaller than
the HpC susceptibility. In addition, the demagnetilzation
factors for the samples studied in this work were always near
the value of .17 vwhich appears in the numerator of Equation
101, The result is that the difference between the magnetic
field at the dysprosium ion and the external magnetic fileld
1s negligible in the HsC case.

The HsC Zeeman splittings of the I and III ground term
levels were much more difficult to detérmine than the HpC
splittings because they were not well resolved below about
14 k6. The I level has u = (0,3), so from reference (69)
we know that its HsC splitting should be proportional to H3.

1 for this level at 27.5

The observed splitting of 0.84 em™
kG 1s in agreement with the observations of Gramberg, and it
is in agreement with the results of Cooke et al., who mis-
takenly attributed its small contribution to the magnetic
susceptiblility below 3.3°K to misalignment of their sample.
The HsC splitting of the II level, in agreement with the

results of Hill and Wheeler, 1s clearly not linear for fields

above 10 kG. The depression of the II splitting is due to
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the exchange of effective M values for the II and III states
in the magnetic fleld region where the energies of these
levels become comparable., The first order ;plitting factors
for the II and III levels at 20°K are not in agreement with
Gramberg's results at 4.2°, but the splitting factor for the
II level 1s in falr agreement with Baker and Bleaney's result
of C; = .397 % .023 for the dilute salt between 14 and 20°K.
As has been pointed out earlier, Gramberg's results for the
splittings of the II and III levels are questlonable because,
due to the small population of these levels at 4.29K, ab-
sorption lines arising from {ransition from them are very
faint. Powell and Orbach (113) have also noted that the ratio
of Gramberg's HsC and HpC splitting factors for the II level
1s not consistent with the crystal symmetry. In the present
work at 20°K the II and III levels were adequately populated,
and the ratio of the HsC and HpC splitting factors obtailned
for the II level is consistent with the crystal symmetry.
Powell and Orbach's attempt to determine crystal field param-
eters for DyES from Gramberg's crystal fleld and Zeeman split-
ting data at 4.2°K was probably not justifled because the data
on the II and III spllttings were not very accurate.

The HsC Zeeman splittings and the shifts of the centers
of gravity of the three lowest levels in the ground term have
also been shown to depend on the angle ﬁh between the x axis

and the external magnetic fleld. This so called anisotropic
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HsC Zeeman effect had not been observed in previous studies
of DyES and, as far as 1s known, DyES is the first of the
rare earth ethylsulfates in which this effect has been shown
to be important for the levels of the grouna term. Other
facets of the anisotropic HsC Zeeman effect have been dis-

cussed at length in previous sectlons of this work,

Correlation with theory

The theoretical and experimental behavior of the five
lowest levels of the ground term of DyES under the influence
of HpC, HsC (# = 0), and HsC (f, = 30°) magnetic fields is
summarized in Figure 18. The method used for calculating
the theoretical behavior is the same as has already been
described in considerable detail in reference (72), so it
will not be described here. Hufner's (62) values for the
crystal Ticld poarameters were used to calculale approximate
crystal fileld wavefunctions for the case of no external mag-
netic field, and matrix elements of the Zeeman effect calcu-
lated with these wavefunctions were used to perturb the ob-
served energles of the crystal fleld levels. Wybourne's

(81) value for the g factor of the n6

Hl5/2” in intermediate
coupling was used in the calculation of the matrix elements
of the Zeeman interaction.

As can be seen from Figure 18, the agreement between the
observed and calculated HpC Zeeman effect is good except for

the (0,3) level at 58.5 em™t,  This discrepancy might have



Figure 18. Theoretical and experimental behavior of the five
lowest levels of the ground term of DyES as a
function of the external magnetic fileld

4+ Experimental points for the magnetlc
field parallel to the ¢ (HpC) or a axis

(HSC gm = 6)

X Experimental points for the magnetic
field parallel to an x axis (g = 0)

A Experimental points for the magnetic
field parallel to another x axis 30°
avay (#, = 30°)

——Calculated behavior for the HpC or HsC
0) case. The x axis is chosen so
thgt the off diagonal matrix elements
of the crystal field potential are
posltive

~~~ Calculated behavior for the HsC (Z,
30°) case
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been expected, however, because the splitting of this level
was determined indirectly from the single line IV to (0,3)
Zeeman pattern at 23381 cm™l. It is felt that the indirect
determination gilves a good first approximation to the split-
ting, but one should be careful not to attach too much
significance to the result. The calculated shift of the
center of gravity of the I level in the HpC case is in good
agreement wilth the observed behavior, so it can be concluded
that the assumption that the center of gravity of the two
(-1,-2) levels at 22034.8 and 22063.0 em~! is independent of
the external magnetic field is indeed correct for the HpC
case, This 1s a very important conclusion since the energy
level schemes for the HpC case were all based upon this
assumption.

Comparison of the observed and célculated results in the
HsC case is a little more difficult than in the HpC case be-
cause of the ﬁm dependence of the energy levels. Below about
15 kG, where the ﬁh dependence 1s very small, the agreement
1s excellent. At higher fields the splittings are also in
good agreement, but the observed energies of the levels are
consistently a few tenths of a wavenumber higher than the
calculated energiles. One might try to explain thils discrep-
ancy by saying that the assumption used to set the side con-
ditions for the HsC energy level determination was incorrect.

This 1s not a logical explanatlon, however, because the two
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(-1,-2) levels chosen to set the side conditions are the two
lowest energy levels of group G. Therefore 1f theilr center
of gravity 1s not independent of the magnetic fleld, it must
shift toward lower cenergiles with increasing field. In this
event the assumption that theilr center 1s independent of the
field could only yield energies for the ground term levels
which were too low, not too high.

A more plausible explanation is that while Hufner's values
for the crystal field parameters give a good fit of the ob-
served energles of the five lowest levels of the ground term,
verhaps they give calculated energies for the three other
levels expected for the ground term which are lower than the
true values., If thls were true, calculations of the Zeceman
effect would yleld erroneously depressed energles for the low
lying levels. The error would be considerably larger for the
HsC case fhan for the HpC case because matrix elements of the
HsC Zeeman effect connect all states for values of the exter-
nal magnetic field under consideration here. Those of the
HpC Zeeman effect only connect states which have the same
crystal quantum number. Unfortunately no experimental infor-
mation is avallable on the three energy levels in question,
5o thils explanation must be regarded as pure conjecture.

It 1s a curious fact that the theoretical results of the
present work arc in significantly better agreement with the

observed energles of the levels than are the results of Hill
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and Wheeler (108), who used & more sophisticated theoretical

treatment.

Group G

This line group has been studled extensively in both
DyClq (85) and DyES (84), but the present work is the first
in which Zeeman splittings are reported for the excited
levels. The assignment of crystal quantum numbers and the
energles of the levels at zero magnetic fleld as gilven i1n
Tables 45 and 46 are in agrecment with Gramberg (84), and in
the HsC orientatlon the energy levels of group G were f{ound
to have very little dependence on the angle between the mag-
netic field and the x axls. Magnetic dipole transitions make
considerable contribution to the intensitles of the lines and,
from the selection rule AJ = 0 £ 1 for these transitions, it
can be concluded that this group has a J value of 13/2, 15/2
or 17/2. Gramberg (84) and Singh (114) found that both DyES
and DyClz+6Ha0 had eight lines in this group at 4.2%, so
both the number of lines and the values of the crystal gquantum
numbers which were obtained for DyES indicate a J value of
15/2. This is also in agreement with Wybourne's interpreta-
tlon that group G results from the free ion level having 53
percent uIlﬁ/Q character.

In group G, as in most of the other groups studied in
this work, there is a large decrease in the intensity of the

absorption lines, and an increase in their width, as one pro-
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ceeds from the low energy portion of the group to the high
energy part. See Figure 19. As a result thicker and thicker
crystals are needed to observe the lines in the high energy
vart of the group and the Zeeman splitting 6f these lines
are very difficult to measure. Many of the very broad and
faint lines may not even be due to transitions between elec-
tronic energy levels, but may be arising from simultaneous
excitation of the 4f electrons and a coupled oscillation of
the crystal lattilice or the rare earth lon--ligand complex.
The result is that one cannot relliably determine J values
for the line groups solely on the basis of the number of
lines observed at 4.2°K. The point is l1llustrated quite well
when we consider the results obtained by Sutherland (101) for
group G. He observed thirteen lines in this group for a 3.2
mm crystal of DyES at 4.2°K. This number of lines, if they
are all due to electronic transitlions, is clearly not con-
sistent with the J value of 13/2, 15/2 or 17/2 demanded by
the fact that megnetlic dipole transitions are observed, so
it is clear that either many of the lines are not due to
electronlic transitions, or that more than one free ion level
is involved in this group.

Attempts have also been made to determine the effective
Lande' g factors for the various line groups, and to use
these as a basis for confirming J value assignments (84). 1In

theory this is a fine ldea. If one knew which were the elec-



Pigure 19. HsC spectra of DyES group G for a 1.0 mm
crystal at 209K
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tronic transitions, 1f he knew that only one free lon level
was present, and if he were able to'measure the splitting
factors of all of the electronic transitions wilith precision,
this would certvainly be a good way of confifming assignments.
The fact is that for most of the line groups of DyES above
20000 e¢m™! none of these conditions is fulfilled. In the
case of group G, for example, Vybourne has attempted to éon-
firm his assignment by comparing Gramberg's value of g =
1.02 1 .15, as determined from the (0,3) levels, with the
calculated value of g = 1.067 for the intermediate coupling
state with 53 percent 4115/2 character. He falled to mention
that Gramberg had also determined the g factor for group G
from the HpC splitting factors of the (-1,-2) levels, and
that quite a different result (g = 0.84 T .1) was obtained.
When this is taken into consideration it is clear that, first,
the experimental determination 1s not very reliable, probably
because of difficulties in measuring the weak lines, and
second, that the "confirmation" obtained by comparing ob-
served and calculated g valucs, In this case at least, is
quite questionable.

It seems that the most logical assignment for group G is
J = 15/2, but this is certainly not conclusive. Before one
can have any real confidence in the assignments for the line
groups of DyES above 20000 em™t it will be necessary to find

some way to clearly determine which lines are due to purely
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electronlic transitions, and calculations of the crystal field
and magnetic splittings expected for the proposed free ion
levels will have to be done. These calculations have been
performed f{or some rather complex line groubs of ErES (51)
and HoES (72) and it was found that they can provide very

conclusive confirmations of the proposed assignments.

Group H
The Zeeman effect of group H has been studled earlier
by Gramberg for both the HpC and HsC orientations at L. 2%K.
The results of the present work agree within experimental
error wilth Gramberg's results for the number of levels, their
energles at zero magnetic fileld, and for the first order
terms in the HpC and HsC splittlng factors of all but the

(0,3) level at 23467.3 cm™ .

We are also in agreement for
the values of the crystal quantum numbers assigned to the
various levels. The discrepancy in the value of the HpC
splitting factor for the (0,3) level arises from the fact
that at 20°K the I to (0,3) transition is obscured by inter-
ference with the II to (-1,-2) transition. See Figure 20.
At 4,2°K Gramberg was not bothered by this interference, so
his result 1s probably correct. No anisotropy was observed
for the energy levels of group H as a function of ﬁﬁ in the
HsC orientation, and in view of the energy differences be-

tween the levels, none was expected.

The probable J value for the levels of group H is

—



Figure 20. HpC spectra for DyES group H for a 1.0 mm crystal at 20°K. The lines
. marked by the asterisk are from group I
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J = 11/2. There 1is no evidence of combination lines in this
group, even with 4.4 mm crystals, so the fact that two (1,2),
two (0,3), and two (-1,-2) levels are observed glves good
indication that J = 11/2. The expefimentai values of the

effective Lande g factor,

g = 1,30 ¥ .08 from Gramberg, and
¢ = 1,23t .03 from observations on the (1,2)

and (-1,-2) levels in the present work,

are in reasonable agreement with the value of g = 1.245 ob-
tained by Wybourne for the lintermediate coupling state wilth

N
88% "G4 1o
J = 11/2.

character. This also supports the assignment of

Group 1

The absorption lines in the high energy portion of group
I were so weak and diffuse that it was very difficult to ob-
tain good measurements, See Figures 9 and 21. The lines
above 25000 c:m"1 were measured from the second order spectrum
obtained with the 600 line/mm grating, and those below were
measured from the fifteenth order spectrum obtained with the
300 line/mm grating.

Group I has been studied earlier by Gramberg. He re-
ported 8 lines in the ethylsulfate, 11 in the nitrate, and
9 intense lines in the hydrated chloride at zero magnetic

field and 4.2°K. He obtained four (0,3), one (1,2), and three



Figure 21. HsC spectra of DyES group I for a 1.0 mm
crystal at 209K
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(-1,-2) levels in the ethylsulfate and suggested a probable
J value of 21/2 to account for the four (0,3) leévels. No
Zeeman data was reported.

In the present work an additional (0,35 level was

1 (See Table 49.), and

definitely identified at 25143.3 em
there 1s good evidence for an additional (1,2) level very
close to the previously identified (-1,-2) and (0,3) levels
at 25052.5 and 25055.5 em™t. The EsC spectrum in the latter
reglon has two very closely spaced lines at 4.20K, and the
EpC spectrum one line. Also, the Zeeman patterns which are
observed for these lines are more complicated than those
expected for transitions to the (-1,-2) and (0,3) levels
only, and the HsC spectrum in this region resulting from
transitions from the I level in the ground term has large
energy variations as a function of ﬁh. Since the energy
variations are not expected in the excited state unless three
levels with different values of the crystal quantum numbers
are present, it was concluded that there is a (1,2) level
within a few wavenumbers of the (0,3) and (-1,-2) levels.
There was also reasonable evidence, although the lines
involved were so weak that they had to be measured from high
contrast prints of the second order spectrum, for an addi-
tional (-1,-2) level at 25132.7 em~Li. At 4.20K there is an
EsC line at 25132.7 cmnl, and at 20°K there 1is another EsC

line at 25116.7 cm™t. These were attributed to I to (-1, -2)
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and II to (-1,-2) transitions.

Group I therefore has a total of five (0,3), two (1,2),
and four (=-1,-2) levels. The maximum value of J for the free
ion levels of Dy*3 is 23/2, with four (0,3) levels, so it is
clear that more than one free ion level must be contributing
to the excited levels for group I. Wybourne (81) has sug-
gested that perhaps the J = 13/2 and J = 7/2 levels calcu-

lated to occur at 24295 and 24720 em™t

, respectively, are
contributing, but these do not yield the proper number of
(0,3) levels. It seems unwise to speculate further until

the intermediate coupllng calculation is refined, or uncil
better measurements of the very weak and diffuse absorption
lines can be obtainéd. It 1is suggested that if long slits
and fine grain photographic plates were used to obtain photo-
graphs of the first or second order spectrum at 4.2%K or

lower, considerably better measurements could be obtained

for these lilnes,

Group J
The absorptlon spectrum and Zeeman effect of group J
and higher energy groups of DyES have not been reported
before. In the ﬁresent work four (-1,-2), three (1,2), and
three (0,3) levels were measured and clearly identified.
There were a number of absorption lines with energiles greater
than 25745 cm-l, however, whose initial and final states were

o}
not identified. In addition, the 4.2 K spectrum showed a
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large number of absorption lines between groups J and K which
were so diffuse that 1t was impossible to measure them on

the recording microphotometer., See Ilgure 22, Thesec lines
are almost certainly combination lines becaﬁse they have no
Zeeman splittings, and because they become even more diffuse
with increasing temperature. This behavior is similar to
that observed for known combination lines in the spectrum

of thullum ethylsulfate,

The fact that four (-1,-2) levels were observed would
seem to indicate J = 23/2. However, according to YWybourne's
intermedlate coupling calculation, énd J = 23/2 level is not
expected below 40000 em™t. This led to the conclusion that
there must be more than one free ion level contributing to
the spectrum of group J. It is not profitable to speculate
on which free lon levels are involved, however, until more
complete data is obtained for the very weak lines, and until
more refined intermediate coupling and crystal field calcu-

lations are performed.

'Group K
As noted earlier, the absorption lines of group K were
50 weak that they were not observable ih the high order
photographs of the spectrum. The measurements given in
Tables 36 and 37 were therefore obtained in the second order
with the 600 line/mm grating. It was not possible to con-

struct a reliable energy level scheme or to determine the



Figure 22. HsC spectra of DyES groups K and J for a 1.0 mm crystal at b, 2%k
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values of the c¢crystal gquantum numbers for the levels of
group K because the Zeeman sp;ittings were not resolved,
and because the energles of the absorption lines could not
be measured with sufficient precision even in the second
order. All that can be sald is that 5t 4.2%K there are seven
lines in the EsC polarization and only two lines in the EpC
polarization. At 20%K several other lines are present, but
because the measurements are not very precise, it is not
possible to state with certainty in any case whether the
additional absorption line results from & transition from
the II or III level in the ground state. The spectra shown
in Figures 22 and 10 for 4.2 and 20°K seem to indicate that
all the observed lines are due to purely electronic transi-
tions because the lines are quite sharply polarized. There-
fore, if the selection rules for electric dipole transitilons
are belng obeyed, group K has two (0,3) levels, a total of
seven (-1,-2) and (1,2) levels, and a probable J value of
17/2.

Future work on this group should employ long slits, very
fine grain photographic emulsions, and measurements at 2%k
or lower in an attempt to improve the precision of the
measurements. It should be a fairly simple matter to derive
the energy level scheme and fix the J value for this group

once precise measurements become available.
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Group L

Two (-1,-2), one (1,2), and two (0,3) levels have been
clearly identified in group L. The lines resulting from
transitions from the three lowest levels in the ground state
to these levels were quite sharp and very intense. The
measurements reported in Tables 38 and 39 and the energy
level schemes given in Tables 53 and 54 are from photographs
of the high order spectrum, There are a large number of
much weaker absorption lines between 27480 and 27870 em™F on
the high energy end of the group. See Figure 11. These
weak lines were visible only in the second order spectrum
and were not measured in this work. The 20°K spectrum had

1 than the 4.2°K

no more lines between 27480 and 27870 cm”
spectrum, so it was concluded that the lines observed in thils
region were probably comblnatlon lines. If this assumption
is Justified the J value for group L is 11/2 or greater be-
cause two (-1,-2) levels are observed. J values of 11/2 and
13/2 can be excluded, however, because the data yleld nega-
tive g factors for free ion levels with these J values. It
was concluded therefore that at least some of the weak lines
are due to electronic transitions, and that the J value for
group L is 15/2 or greater. A J value of 15/2 cannot be
ruled out, even though there 18 no evidence for magnetic
dipole transitions, because, as Wybourne's calculations have
shown, the 15/2 level expected in this reglon has very little
4I15/2 or 6H15/2 character. Thus the contribution of mag-
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netic dipole transitions would be expected to be very small

even if the J value were 15/2,

Group M

As will be seen below, the probable J value for group
M is J = 11/2. This line group has six éxtremely sharp lines
at 4.2°K, two in the EpC polarization and four in the EsC
polarization. In addition, there are five very weak and
diffuse lines between 28100 and 28350 em™L on the high energy
end of the group. The latter are present at 4.2° but are
very much weaker at 20°K. They are probably combination
lines. Filgure 23 gives the energy level scheme and HpC split-
ting factors for the sharp lines of group M as derived from
measurements of the second order spectra at 20%K. Two (0,3),
two (1,2), and two (-1,-2) levels were clearly identified,
and both the total number of levels and the number in each
class suggest J = 11/2. | |

The experimental values of the Lande g faqtor for group
M were:

g = 0,95 from the (0,3) levels,

1.05 from the (1,2) levels, and

g
g = 0,83 from the (-1,-2) levels,

The variation in the g factors obtained from the splittings
of levels with different crystal quantum numbers 1is appreci-
ably larger than the experimental error, but this is probably

due to interaction of the levels of group M with those of
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HpC
/Lvalue Energy splitting
em~ 1O3Cl
(1,2) 27955.3 ,073(-)
(0,3) - 27946,0 .102(~)
(-1,-2) 27936.0 .087(~)
(1,2) _ 27908.3 A475(+)
(-1,-2) 27888.9 L171(+)
[
(0,3) — 27877.5 .367(+)
S sS DS S S 8§ S8S s S S8S PSS
) PP (P
(-1,-2) 211
(1,2) 16.1

Figure 23. Energy level dlagram and HpC splitting factors
for DyES group M



270

groups L and N, whose centers are only 500 and 600 em™L away,

respectively. The.mean experimental value of the g factor,
g = 0.94, compares favorably with the value of g = 0.93 which
was calculated for the free ion level which Wybourne's inter-

1

mediate coupling calculation places at 26224 cm ~. This

level, according to the calculation, has 76% 4111/2 character,
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SUMMARY AND CONCLUSIONS

The energies and/or intensities of many absorption lines
in the HsC Zeeman patterns of single ¢rystals of DyES have
been found to have 60° periodic anisotropy.with respect to
“the angle ﬁﬁ between the x axls of the crystal and the direc-
tion of the external magnetic field. The energy of every
line, if it had a measurable variaticn, reached its maximum
or minimum at a common angle, but the Intensities of the
lines attained their maximum or minimum values at varlous
angles. The observations were in qualltative agreement with
recent works (69, T3) on the theory of the Zeeman effect for
rare earth ions in crystal fields with C3h symmetry.

Detalled measurements of the energy variations of the
absorption lines qf groups G and I of DyES in an external
.magnetic field of 28 kG showed that most of the energy vari-
ations resulted from changes in the energles of the low lying
HsC Zeeman levels of the ground term. Since these levels are
the initlal levels in the ébsorption transitions responsible
for all the line groups, the fact that their energles depend
on ﬂh explains why so many of the absorption lines observed
throughout the spectrum have energy variations as a function
of ﬁﬁ. The present wofk is the first in which the anisotropic
HsC Zeeman effect has been observed in DyES, and DyES 1s the
first of the rare earth ethylsulfates for which this effect

has been shown to be important for the levels of the ground
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term,

In the HsC Zeeman effect the C3h polnt symmetry at the
rare carth ion imposes the requirement that the ener@y of
every absorption line, if it varles at all, must reach its
meximum or minimum when the magnetic fleld is parallel to an
x axls of the crystal. This fact was used to determine tﬁe

angle @ between the x axls and the a translation axis of sin-

gle crystals of DyES, (DyES) (YEs)go, and (DyES)V(ErES)lOO_V

10
with v equal to 10, 50, and 90. It was found that Z was the

same, to within a few tenths of a degree, for Dy+3 and Er+3
in each of the mixed crystals, but comparison of the results
for different crystalline samples was not very fruitful be-
cause of a rather large uncertainty in the absolute values
of a. This uncertainty was primarily due to difficulties in
determining the a axis direction while the samples were in
place in the dewar. Methods were suggested to drastically
improve the a axis détermination 1n‘future ﬁeasureménts, but
all that could be sald from the present experiments was that
the average value of ﬁ for both Ert3 and Dy+3 in all the
samples studied was 6.5 t 1,49,

The HpC and HsC Zeeman'effects of line groups G through
L (22000 to 27870 cm'l) were also studied as a function of
external magnetic fileld, up to 28 kG, and field dependent
energy level.schemes were derived for the low lyiﬁg levels

of the ground term and for the excited levels of all but

group K. The energy level scheme for the excited levels of
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group M (27919 cm'l) was also determined, but only for the
HpC case, since thls was sufficlent to determine the J value
of the excited levels. The results for the ground term,
including the HsC anisotropy at 28 kG, weré in good agree-
ment with calculations performed in this work in which the
crystal fleld and Zeeman interactions were treated as com-
parable perturbations on the free ion ground level.

The experimental results for the excited levels of many
of the line groups did not permit a definitive ldentifica-
tion of the free ion levels involved because the interpre-
tation of the spectrum was hampered by the large number of
very weak and diffuse absorption lines in the high energy
portions of the line groups. These wlll be discussed further
in the next paragraph. The wealth of high preclsion data
obtained in this work: however, will be extremely useful in
later work ih which the results of intermediate coupling
calculations performed specifically for DyES and calculations
of the crystal field and Zeeman splittings to be expected for
the various free lon levels are used to obtain conclusive
identificatioﬁs;

Jdentifications obtained in this way will also be help-
ful for the interpretation of the weak and diffuse lines.
These are extremely difficult to measure and one can be Sure,
from the fact that most of them become even weaker ﬁith in-
creasing temperature, that.many of these lines do not arise

from purely electronic transitions between energy levels of



274

the 4£0 configuration. Other possibilities are: 1) that
they result from the absorption of light and simultaneous
excitation of the U4f electrons and a coupled oscillation of
the crystal lattice or the rare earth ion-iigand complex,
and 2) that they arise from Lf" to 4f" transitions, but

that the final states in these particular transitions have
very short lifetimes because the rare earth lon immediately
gives up part of its energy to excite oscillational modes of
the lattice or rare earth ion-ligand complex, and decays to
a lower energy electronlc state. Both of these mechanlsms
are consistent with the fact that the wealk and diffuse lines
usually occur only in the high energy portion of the line
groups and become weaker with’increasing temperature, and it
seems that further work on these lines could yield valuable
information on the interaction of the rare earth ion with
its surroundings in a crystal lattice.

Precislon data should also be obtained for the maﬁy line
groups beyond 28000 cm'l.’ This data should ultimately be
included in calculations qf the electrostatic and spin-orbit
parameters for DyES, and in calculations of'the effects of
configuration interaction. Thils is extremely important be-
cause the calculations performed so far, by Wybourne, are
hardly more than calculations of fhe spin-orbit splittings
6

of the ®H and OF terms. Until more experimental data is

included in these calculations, they will continue to provide
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only very primitive estimates of the energles of the free
ion levels. It should be clear that while much i1s known
about the spectrum of DyES, there is a great deal more fo

be learned.
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