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INTRODUGT ION

The problem of describing the behavior of electrons in
solids is one which can be solved in principle (Slater, 1965),
but which is, without gross approximations, intractable
for even the simplest systems., AL one extreme, there are
Van der Waals sollds, such as solid neon, which might be
described by weakly interacting ofbitals, having the elec-
trons substantlally localized on the atoms. At the other
extreme are the metallic conductors in which a localized
descriptién.is clearly inappropriates Even & non-localized
description in terms of one electron states may not always
be sufficient. Somewhere in this milieu lie systems, such
as naphthalene, in which a non-localized'picture of electrous
within Individual molecules seems to be satisfactorye.
Petween this case and that of the simple metals lie systems
.such as the one studied in this work. These are the systems
in which, one might guess from the crystal structure, both
localized molecular interactions and delocalized "crystal®
-ntcractioﬁs exist. If the former are sufficlently stronger
than the latter, then a description such that the inter-
rnolecular forces.are negligible with respect to intramolec-
ular forces would be valid. (Caveat lector that what one
chooses to call a "molecule" in such systems is not always

a clear cut declsion).
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Regardless\of which treatment is used, symetry may
sometimes be usédito simplify the problem. If a non-local-
ized description is appropriate, it is the symmetry bf the
space group of the lattice that must be satisfied. To the
extent that one may use a localized molecular description,
it is the symmetry of the molecular point group that will
be useful.

The system of interest in this work is KCuClz, potassium
trichlorocuprate (II)e In this system, consisting of CuoClg
dimers, the fact that the distance between the dimers is
large with respect to the Cu~Cl distances within the dimer
gave rise to the idea that one might be able to describe
the properties of this compound on the basis of>a relatively
simple model of discrete, noninteracting dimer species; In
particular, this system would be expected, from localized
symnetry considerations élone, to have a ground state which
is either a spin_fripiet'or a singlet not far from a triplet.
(Willett et al., 1963) Both electron spin resonance and
maghetic susceptibility measurements are powerful tools in
determining the correctness of such a picture., The spin
resonance measurements yleld information concernlng the
orbital degeheraéy of the state populated'at tha temperature
of the measurement, the spin degeneracy of such a state,
and the directional dependence of the magnetization. The

bility measurements overlap the resonance measure-

suscept

ments by yielding the directional dependence of the magnet-

-
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ization. In addition; the susceptibilitj measurements have
the advartage of being more amensble to0 measurements as a
function of temperature than are the resonance measurements,
so that the former can more easily determine the temperature
at which a localized picture becomes'inapprOpriate than the
latter, should magnetic ordering oceur.

Using symmetry arguments, Willett and Rundle ( Willett,
- 1962) developed a ﬁolgcular orbital scheme for the CusClj
dimer (Figure 1); The highest occupled orbitals, namely the
Bfg and Bgﬁ are a degenerate, orthogonal palr. (Calling the
first of these orbitals @ and the second X, one sees that
three configurations are possible, i.e., §°, X°, and @X. The
theoretical calculations will be based on these wave functions
or combinations thercof.

In tl.e present work, the electron spin resonance at
room temperature and the magnetic susceptibility of KCuClgz
powder and single crystals in the range Ll.4 to 100°K and
1.4 to 709K, respectively, have been measured. The results
have been interpreted insofar as 1t has been possible to do
so on the basis of the validity of the Willett-Rundle

orbital picture.
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- LIPERATURE REVIEW

The cupric lon and iﬁs salts have been a source of in-
terest in recent years to physical scientists concerned with
magnetism‘as applied to theories of chemical bonding. Com-
pounds containing Cu and Cl atoms were observed %o exhibit
varied magnétic behavior below 300° X  (Vossos, et ales
1963, Vossos, et al., 1960, Maass et al., 1967), The struc-
tures of many cormmon cupric halide compdunds have been pub-
lished (wWells, 1962). The refined structures of CuCl, and
~ CuBrg have been determined (Wells, 1947, He%mholz, 1964) to
be layer chains with the copper-halogen distances equal to
2.28 and 2,40 3,'respectively. The magnetic susceptibility
of these two salts was determined in the range 400 to about
20°K and the behavior of both was reported to be paramagnetic
in the higher temperature regions, with antiferromagnetism
being observed at lower temperatures (Barraclough, 1964).
The distorted rutile CuFg, with four Cu - F bonds of 1,93 X
and two Cu - F bonds of 2,27 ﬁ, was reported to have a Néel
point at 69°K with ferromagnetic ordering beginning below
40%K (Joenk, 1965).

The magnetic moments of all Cu(II) complexes which had
been done prior'to 1964 have been tabulated in an éxhaustive
work (Kato et al., 1964), Antiferromagnetism in CuClo°2Ho0
was described in an MR study by Rundle (1957). Umebayashi
et al., (1968) have described a canted spln antiferromag-

netism for this compound in the range 1.7 to 4,3°K. The

-



diamagnetic susceptibility of Gug0 single crystals at 25°C
has been recently published (Czanderna, 1966). The suscepti=-
bility of CsCuCl3 has been worked out very recently (Rioux
19687), the structﬁre'having been determined previously,
(Schleuter, et al., 1966). CsCuCl; has a distorted octa-
hedral structure ﬁith‘a very short (3.06 1) Cu-Cu distance.
Even at this short distance, however, the metal-metal overlap
integral has been calculated to be less than 1070 (Schleuter,
et al,, 1966). KGuCIB, on the other hand, is composed of
bridged CuZClg dimers arranged in infinite chains. Hetal-
metal GVerlap in this compound is surely negligible, as the
Cu-Cu distance 1s the comparatively long 3.44 X. KCuCl5 was
first synthesized by Meyerhoffer (1889), and its refined
structure was determined by Willett et al., (1963) seventy
yvears later. The details of the synthesis and of the
structure are given in the materials section of this worke.
The magnetilc susceptlbility of KCuCl5 was first measured
at 290°K in 1925(Cotton-Feytis, 1945).

The powder susceptlbility of XKCuCl; in the range 1.5
to VCOK was first.detérmined by Willett et al., (1963).
He found a broad maximum in the suséeptibility at about
30°%, a sharp riée below 10°K, and no linear region for
1/x vs. T up to 70K, Willett, and others, (1963) presumed
-that the broad maximum wés indicative of ah antiferromag-
netic transitién, and that the sharp risg'was possidbly low

temperature ferromagnetisme.



The statistical methods used in the calculations in
this work, i.ee., the relaﬁion of energy levels of a given
separation to a microscopic susceptibility, are well known
(Fowler and Guggenheim, 1952) .

The Curle Law stating that paramagnetic susceptibiiities
are invarselj proportional to temperature can be easily |
‘derived. Many situations cannot be handled by this simple
equation,'however, if the energy levels 6f a system are
known, the magnetic susceptibillity may be calculated by
‘application of Van Vlieck!s equation (1932),_.(836 the caleu-
lations section of this work for an example.) Van Vlieck!s
equation ha@ also:been applied o ions perturbed by both
Zeeman effect and spin orbit coupling (Kotani, 1949). The
Hamiltonian for this interactlon is H % Ai ° é + B i * (L+23).
The mathematical details of operating with both of the terms
in this Hamiltonian have been presented in detalil by
Ballhausen (1962)s Stevens (1953) has presented a molecular
orbital method of obtaining g values by utilizing the Coulombd
interaction and spin-orbit coupling. Using Stevens! method,
Oowen (1955) developed a crystal field treatment for octa-
hedral complexes and introducéd weak O bonding into his
model o explaiﬂ some of the discrepancies. |

4 simple model for spin-spln Interaction has been.
described in several places, (Ballhausen, 1962, Figgis, 1956).
The calculations for this model have been applied to situa-

tions where there'is‘a.thermally‘accessible state at an

-



energy of less than KT above a diamagnetic ground state.

{Ewald et al., 1964),

The parameter D, which 1ls a measure of zero field

splitting has been related to magnetic susceptibility by

the familiar statistical formula (Dorain, 1962).

further observed that g values obtained from esr data can be

used to obtain molecular orbital mixing coefficients, and

It 1is

sone reference works eXist on the method of calculation,

(Chen and Das, 1966). A discussion of zero field splitting

and the other principles of paramagnetic resonance can be

found in the reference works of Pake (1962) and schlichter

(1963).

A modified perturbation method for problems in para-

magnetism in which second order efTects are comparable in

mnagnitude with first order effects, where orthodox methods

break down, has been described by Pryce (1950).

In the range where cooperative lnteractions occur,

susceptibilities have been treated using the Helsenberg -

Dirac — Van Vleck model, (1940), (Griffiths, 1961 and

¥ewell and Xontroll, 1955)._ An Ising model for
ferromagnet of spin=l has been worked out by S.
Physics Departmeﬁt of this university. In some
vork in antlferromagnetisn, 1t has been polnted

antifcrromagnet wit

Fa)

(Keen et al., 1968), and that a cne and two d

an anci-

Liu of the

recent

out

that

10

an

wmetie flelds can induce various order-dilsorder transitions-
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isotropic Heiseqberg rmodel with a finite exchange inter-
action can neither be a fefromagnet nor an antiferromagnet,
(#ermin and Wagner, 1966). The detalls of the theories
mentioned in this section, as they are applicable to the
present work, are discussed in the calculations section of

this thesise.
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APPARATUS
Magnetic Susceptliblillity Measurements

In this work, mégnetic suscepbibilities were measured
by an inductance technique using a Hartshorn (1925) type
mutual inductance bridge. The bridge was constructed
by the author, following the design of L. D. Jennings (1960),
The clrcult diagram for the bridge and related equipment
is shown in Figure 2.

The amplifiers in the dlagram were constructed under
thé supervision of W. Rhinehart of this labqratory, The
first of thesé is a power amplifier which amplifies the
signal from the Hewlett-Packard 202C oscillator set at

33 cycles (current output 0.0l amp) to send a current

Fy

of 0.1l amp to the primary circuits of the bridge balancing
coils (i.e., the transformer and the secondaries of the
sample coils, the external inductor, the step inducsvor,
and the fine inductor) through a 60 cycle filter into the
v terminals of an oscilloscope. As shown, the X sweep of
the oscilloscope was externally synchronized with the
osclllator signal, so that the inductive and resistive
components of the amplifier signal could be independently
identifiecd, Thé transformer was 2 1:200 gain transformer,
‘model # XTI 1117 manufactured by Squﬁh wegtern Industrial
Electronics Co.,‘of Houston, Texas. The oécilioscope was
a "pPocket~scope" model j# S-11-A manufactured by Yiaterman

Taboratories.
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The external variaﬁle inductor ( Hesterman, 1958)
was wound as an astatic pair. The details of construction
are given in Pigure 3. The plexiglass disk shown in that
figure can be rotéted 5600, so that a variety of possible
orientations of primary With respect to secondary can be
achieved., The functioﬁ of the external inductor is %o
place the signal coming from the sample colls in the proper
range so that it can be balanced by the opposing inductance
of the stepr and fTine Iinductors. |

The construchtion of the fine inductor is shown in

A

" Floure 4, The wiring for this inductor ls glven schemati-
v 1l gore 5. The primary consists of two thin

strips of phcsphor bronze sheet, each 0,015 in, wide,

one on cach side of the rrooved rlng. The secondary

congists ol two -two-turn sections of # 32 Belden Formar

.

covered copper wire. Thoese sectlons avre on opposite sides

O
L}
ci
ol
@
I
}—-
=]
(6]
5
o]
I
Ly
(o]
W
[¥2]
ci
5‘3
}—'~

ally wound. The axis of the
rotor fits down the center of the handle shown in Figure 4.
It is necessary that the primary, secondary, and rotor

be coaxial in order that linearity of inductance with
rotation angle be achieved. The rotor wire leads to two
phosphor-bronze.contacts (Figure 4) which are imbedded in
the disks that fit into the ring from gbove and below.
These contacts press against the primary in the ring. The
ring itself plugs into the maln control panel of the

instrunent. A grounded copper foll shield (not shown)

-
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fits between the primary;and secondary on each side of the
-ringe The calibrated disk indicates that the fine induct-
ance was designed ‘such that 200° of rotation changes the
total inductance by one unit. One unit on.the bridge
corresponds to 002455Henrysa .

The step inductor consists of four sécondary colils
wound as a magnetic‘octupole surrounded by 13 pairs of
primary coils, wound so as to make g quadrupole of each
pair, following the type described by Jennings (1960).

The coil configurations were calculated from a program
worked out fof the IBI 70?4 by A;'Miller and Cluin Cameron,
both formerly of this laboratory. The programn was.based

on the calculations explained by Grover (1946).

The overall constructlion of the step inductor 1is
shovn in Figure 6. The details of the primary and secondary
'Windings are given iIn Flgures 7, 8, and 9. The secondary
was made with # 36 Nyclad covered copper wire. The primary
was made with # 30 Nyclad covered COppef wire. ZEach palr

£ primary coils is connected to a reversing switch. The
following changes-in mutual inductance can be achleved by
reversing the primary current in the various pairs: 0.02,
0.1, 0.5, 1.0, é, 4, 38, 10, 20, 40, 30, and 160. These

are in the aforementioned bridge units. The first four

(@]

f these are for calibrating and checking the linearity
of the continuously variable inductor.

Unfortunately, the primary of the step inductor had

-
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to be built first. If the secondary had been built first,
it would have .been possibie to arrange the primary windings
‘80 that the changes in mutual inductance would be exactly
the units'listed above., As 1t was, gven with the help of
the trimming coils, the following table represents thev
best correspondence obtalnable.

Table 1. Comparison of step Inductor units to fine
inductor unlts (1 fine inductor unit = 0.24

Henry)
Units on Step Inductor Units on Fine Inductor
1 0,980
2 24430
4 ' 4,350
8 84560
10 10.680
20 23,870
40 44,560
80 99,610
160 184,280

TFor example, if the two and the four switch are in
the "in" position for one reading and in the "out" position
for the next reading, l.es, The current 1ls reversed in
these two pairs, then the difference in mutual inductance
between the two readings 1s 2,430 + £.350 = 6.780 bridge
units, as previéusl% definede

The sample coils were wound to glve a net mutual -
inductance of zero in the absence of a sample. The dlmen-
sions. were obtained from the same computer program mentioned

in connection with the. step inductor.
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The secondary of the sample coil was wound in three
sections, using Belden # 30 Nyclad covered copper wire,
The first and third sectlons were wound clockwise over a
. distance of 2.01§ in., and contalned .177 turns per layer
in each of four layers. The second section was wound
counterclockwise over a distance of 3962 in., and con-
tained 348. turns per layer in each of its four layers.

A one inch space separated each of the three sectionse

A 0,001 in. copper foil was wrapped over the secondarye.

The shield had slits in it to reduce eddy currents, and was
grounded to prevent capacitative coupling between the
primary and the secondary.

| The primary of the sample c¢oll was wound over the
secondary and the grounded shield., The 12 inch long primary
consisted of 8000 turns, in four 2000 turn layers, of

Belden # 36 lNyclad covered copper wire.

At room temperature, the resistance of the secondary
is about 80 ohms; that of the primary is-about 1000 ohms.

It is %0 be noted that the coils were wound on a one
incﬁ diameter,wiﬁding form wrapped with one laysr of
0,005 in. thick paper. This same paper was used between
cvery layer of brimary and secondary winding, and on both
sides of the grounded shileld. Thus tﬁe mean diameter of
the secondary was 1,054 inches, and that of the primary
was 1.160 ihcﬁeso

Figures 10 and 11 are pnotographs of the front of

-
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the bridge assembly and of the inside of the main control
panel.

The sample coils, belng rather aloof, live in a2 helium
dewar; vhich, in turn, looks out at the world through the
nitrogen dewar which surrounds it. This dewar system, plus
the sample suppoff and cryostat top, is pictured in Figure
12, The helium dewar, including Kimax tapered seal by
whicix 1t 1s supported, mecasures 35 in. long with an i.d.
of 1-3/4 in. and an 0.d. of 2-1/2 in. The nitrogen dewar
is 36 in. long and has an i.d. of 4 in. and an 0.de Of
4-3/4 in. Both dewars were nade from pyrex tubing by
B, McKemna of the glassblowling shop, and they were strip
silvered by the author éccording to the methed of Hoars,.
Jeckson and Kurti (1961). Since helium diffuses through
pyrex, the heliunm dewar was equipped with a port through
which it could be evacuated at regular.intervals. The
brass disks and rubber ring plctured at the top of the
“dewars in Figure 12 were designed to prevent water vapor
from condenéing in nitrogen dewar. The heliun dewar made

a vacuuwm seal to its support via a naturagl rubber gasket on

cl-

top of the Kimax tapered joint. The sample coil mounting
vas a 25 mm o.d; ﬁyrex tube which made a vacuum seal to the
top of the cryostat through a Cenco vacuum coupling.

The sample holders were small Vycor tubes. For the

powder susceptibility the sample was sealed in a Vycor

tube under helium prcssure. For the single crystal

-
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susceptibilities, a small Vycor tube with a plexiglass
plug in the top was used. The holders were attached to a
bakelite rod by means of threads. The bakelite rod, in
turn, was vacuum sealed'through a rubber disk in the Cenco
seal at the top of the 3/4 inch stainless steel tube,

and was held in place by a dowel (see Figure 1l2). The
stainless tube was open at the bottom end and short enough
so that, in its lowest posibion, it would not come within
15 inches of the top of the sample coils. The tube was
equipped with a side arm near the top,. throqgh walch the
wires t0 the sample heater and thermccouple could be run.
A clamp around a small plece of rubber tﬁbing vacuum
sealed these wires,.:

The thermocouple was an alloy of 2% gold cobalg
coupled to # 36 Belden Nyclad covered éopper wilre, The
goldJEbbalf wire was obtained from the Sigmond Cohn Corpo-
ration of MtO'VEPﬁon, New York. The tewperature vs.
E.il.Fe curve for the region g.z-to 500?K was deternmined
by il. De Bunch of the National Bureau of Standards at
Boulaer, Colorado; In all cases, it was found that the
sample holder plus thermocouple had no measureable contri-
bution to the susceptibility.

The sample heater was composed of an alloy of 740
Cu~Be wire, having a resistance of seven ohms /o0t ,
coupled to # 36 Nyclad covered copper wire. The copper

wire and the -alloy were wrapped, turn for turn, beside

-
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cach other, so that the pair formed a non inductive
winding. Two héaters were used in the susceptlbllity
vork. One had a negligible contribution to susceptibility,
and the other had a small, but reproducible contribution.
In all cases where the latter was used, its contribution
to the magnetlc moment was subtracted, so that only the
changes in mutual inductance due to the sample by ltself
are tavbulated in this work. A circult was built to
convert the 120 volt DC line to the 30 volt, 0,030 amp
line which the sample heater uses. (See Pigure 13, the
part enclosed in dotfed lines.) The rest of Figure 13
refers to a circult on the mutual inductance bridge control
panel that connects the.power source to the sample heater.

A schematic diagram'of the pumping system for the
sample chamber has been published (Gerstein, 1960).

Figure 14 1s a photograph of the top of the cryostat and
the puwaping lines leading to the sample chamber., This
pumping system consists of a Consolidated Electrodynamics
corp. ViF li alr cooled diffusion pump, ﬁ model 14008
Duoseal forepump, and the copper pipe line which connects
them to the top of the cryostat.

The manomefar'system consisted of a standard mercury
manometer comnected in parallel with an 01l manometer,
each having a common low vacuum side $0 the helium dewar.
The o0il manometer was used for pressures below 20 mm of

Mercury.
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The pump used to reduce the pressure in the helium
dewar was a Kinney DV 12814, and was connected to the
cryostat by 40 ft. of two inch copper pipe. A manostat to
control the pressure over the helium bath was constructed
by R. Wagner, formerly of this laboratory, from plans
obtalned from D. Flnnemore of the Physics Department.

The manostét, Flgure 15, was connected in parallel with
the main pwapling line leading to the helium dewar. The
connection was made into the openings in part 1 (Figure 16).
A prsséure gauge and a "T" with fwo needle valves were
soldered into the opehiﬁgs in part 5 (Figure 20). One of
the needle valves goes to a pump, the other to the atmos-
phere. A thin rubber sheet fits between part 1 and parts
2 and 3. The needle valves can be adjusted so that the
pressure in the control chamber (part 4, Figure 19) is
less than thé pressure in the cryostat. The rubber sheet’
willl then be drawn up against part 3 (Figure 18) and
pumping will occur untilil the system and control chaﬁber.
pressures are equal. Temperatures below 4.29K were deter-
mined by measuring the vapor pressure over the hellium bath
and converting vapor pressure to temperature via the 1955
tables (Clement;-1955).. |

A Rubicon potentiometer, catalogue number 2781, was
used to measure the‘e.m.f. of the thermocouple. The
galvanométer was a Ieeds and Northrup catalogue number

2430-A, It had a sensitivity of 4.7 microvolts per cne

-
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The standard cell was an Eppley Laboratories #1100, having
.an e.mefe of 1,01945. The power supply for the potentio-
‘meter was a. three volt "Even Volt" #252-05 from Instrulab.
The motor used to raise and lower the, sample was a Bodine
XCI - 22RC reversing.motor. |

A transfer tube and Sransfer tube extension were

o

onstructed by the author. They were made of concentric
3/8 in. and 1/4 in. 0,D. stainless tubing, with provisions
made to evacuate the space between them. Copper tubing,

3/8 and 1/4 in. i.d. was used wherever bends were necessary,
with teflon spacers used to keep the tubes apart. The

efficlency of the transfers is such that approximately

Hy

four liters of liguid helium is needed to fill the 13

liter helium dewar on the first transfer of the Aay, and
approximately two liters for each successive transfere.

Overall photos of the cryostat system are shown 1n

!1;5

lgure 21,
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Figure 10. IMutual inductance bridge assembly
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Figure II, Inside of bridge panel
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HEATER CIRCUIT
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i .
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Fisure 13. -Gircuit for supplying heat to the
O -
sample chamber
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Figure 14. Pumping lines leading to top of cryostat
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Cryostat and related equipment

Figure 21,



Paramagnetic Resonance Experiments
The apparéﬁus cénsisfs of a microwave bridge, one
arm of wnich consists of the sample .in the resonant cavity,
the other a phase shifter. The two arms join in a balanced

5

mixed detector. Th

ia)

e difference in output from the arms

is fed into a narrow band amp ifi at the modulation fre-
cuency, and then to a phase sensitive detector, filters

and the recorder. A block diagram for the system can be

Hh

ound on page 46 of Pake (1962).
Flgure 22 glves an overall view of the entire appa-

ratus used for making paramagnetic resonance measurerients.

0a

The principle components are listed below.

BSR Spectrometer:

802 B/X X band SpGCurOMGLuT, (Strand Laboratoriss,
Cambridges, Mass.)

Klystron - 602 B/X &/N 111

K - 12 Pcwer Suppdly

S - 20 Signal 4mplifier
W - 20 Hodulation smplifier

agnet Controls

HS ~ 136 5B iMagnion Inc. Harvey Wells,

th power supply and field control.
ton, iasse. :

1iodel 20¥Y Recorder iosley Goe., Pasacena, Calif,



The sample nolder consisted of a quartz rod whose end
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ce was carefully cut and polished. The single crys-

which was affixed to the auartz rod for the measurements
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the bottom, one of the molscules was aligned with the
field, That is, the Cu-Cu vector in one of the Two dimer

orientabionz could be aligned parallel fto the fleld.
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Haterial Preparation
KCull. was prepared éccording to the method of Groger
this method, CuCly°2Hy0 and KC1 were dissolved
in concentrated HC1 in a 2:1 mole ratic. The solution was
allowed ToO evaporate in a desiccator over anhydrous
Mg{Cl0,) 5. The crystals formed were removea from solution
in a_polyethy*ene bag under an atmosphere of dry nitrogen.
The crystals wers thoroughly dried on filter papsr, and
‘stored In a desiccator; The pure dry crySUaTS were some=
- what unstable to atmospheric molsture, but the crystals
vw“ich viere saburated with mother liquor were gulte un-
stable, decomposing alnost‘instanﬁl- to KQCuClA°2H20>

Tne crystals were analyzed by J. 0'Laughlin and

Jo Connely of this laboratory, end the lattlice constants

were determined by J. Usgro of the Chemistry Dept., and

(&)

“were found to agree with the pudblished data (Willett et al.,

1963) within experimental error., Teble 2 indicates the
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Table 2. Purlty of.KCuCl5

Goniponent Theoretical Actual composition
composition {(analytical average)
X - 18,71% 18,.50%

ou . 3040 30,00
cl 506,89 51,50

Trinciple '

impurity (Fe) -0 ‘ 0.0019

Tess than 1% of the total magnetic moment of the

ron impu-

‘_h

~compound is due TO tThe

1

ron inpurity, and the

k3
1
[
e
Fle
©”
<
1)
H
4
]
o
e
13
i...l
©

rger than the sum of all other impu-

to the (010) plane makes an angle of 56° with the a axis

and £1° with the ¢ axis. Therefore, 1f the crystal is

T

olane of the Gu - Cu vector with the field. A4Llternzatively,
starting agaln with the & exis parallel to the fleld and

the D axis in the opposite directlion to the one descrivded
sbove, places the plane of the Cu - Cu vector perpendic-

N

i if he has rotased

[

vlor to the field. One can easily te

t e a1l S L) A N2 KK RPN N R .
the ecrystal in the nproper directlon, since, under &

-
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volarizing microscove, maximum extlaction occurs when the

~electric vector is parallel to the plane of the Cu - Cu

Table 3 glves the coordinates of the positions cf
the copper and chlorine atoms for two dimers., Flgure 24

shows the positloning of the dimers with respect ©o the

The K;(NHl)z(Soé)LQGHZO used in the calibration of

waber. Tals alum can be roasted to MnS0, by keeping 1%

in the temperature rangs 200 to 900°C for a few d2ys.

KN
L

1

The welznt Yost on he

2

ng established that the origlnal

samole corresponded to the hexahydrate to within 0.07%
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Teble 5. Atomic positions within the CugClg= dimer
' (Relative to the axes pictured in Figure 24)

A Axis "B Axis C Axis

Atom
cu 0.570 & 0.890 % 1.383 2
Cl-i 1,108 2743 2,300
[ 2,730 -0,097 2,820
ClS -0,725 1.365 0,339
gutl -0 570 -0,680 -1:.363
“l{ © -l o108 2743 -2 +500
Cl:; ""20730 Ooog’? -'2 @280
Clé 0725 ~1.385 -0,389
01\123 “00970 70590 50010
Cl¥ -1,108 0,643 2,070
Clg "20750 5\70@5 1.0»550
SRR 0.725 8,285 3,981
3
Subs 0,970 6,210 5.673
Cl?’ 1,108 4,157 6,670
Clg! 2,730 8,997 7190
le_t "001725 50555 49,759
M .
Y 3155 2,358 £.868
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EXPERTERT AL PROCEDURE

slagnetle Susceptibllity ilcasurements
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For an alternating current, Lenz's law gives the

o
—t
=
1
-
=
AV

",

“hen a2 sample 1ls introcduced into the center of the

induchance coes too0. It can be shown (Gerstein and
Spedding, 1980) that this change in mutual inductance
i1s rolated to the macrosconic magnetic susceptibliiiye

In the limit Z 1 X <<1, this relation has the Iorm:

wnere N is thne number of iacles of sample, and ¥V leg a
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constant for a given set of coils. Yy 1s most easily
determined by comparison with a sample of known suscep-
tibility.

The salt chosen for this purpose was the manganese
ammonlium sulfate hexahydrate mentioned earlier. Para—
magnetic down to 1°K, the salt is cubic, which means
that the demagnetization field is equal, but opposite in
sign, to the Lorentz field so that the total field is
‘simply the external field. Using this calibration, the
susceptibility of an unknown compound can be determined,
assuming that the Iorentz field cancelling the demagnetis
zation field is also a good approximation for the unknown.

| So that the sample could be located in the region of
uniform fielé, thé center of the coils was located by
lowering a baramagnetic salt into the colls, and recording
- "the inductance at frequent intervals. The results are
illustrated by Figure 25. Relatlive to infinite separa-
tion between sample and coil as the zero of All, AM was
found to vary by less than 0.17 over 1% inches in the
center region of the sample colils.

The process of making magnetic susceptibility
measurements essenfially consisted in measuring the
mutual inductance of the sample coils with the inductive
and resistive components of the bridge,.and then re=-
measuring the mutual inductance with the sample with-

drawn far enough from the coils so that its position no



longer has any effect on the signal. The difference in

the two measuvurements (xﬁ_~mout=AAM) is related to suscentl-

) .

bility by calibrating the bridge with kaown paramagastic

e~
oy S - 0
RN ot - N
here n Ls the nuiter of moles of gample. 4 plot of
- Sy oo- - -y = demmag st AN Ao Ay~ hy e oo
2/ Vs, T vislds a stralght lins, in ths Curle - Tieiss
. ; ] s s
realon, whogs slope = 3k o IFroz this infor-
W e 2
Noavg e {g+1)
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ARBITRARY UNITS

INDUCTANCE

5 1 | i

40 42 44 46 48
INCHES

Figure 25. The center of the sample coll is 44 inches
from a reference point at the top of the
cryostat
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As The manometer system is connected to the helium
dewar, the vabor pressure over the helium bath was used
as a measure of tempefature for the runs below 4.2°K.

The sample chamber was cooled t0 £4.2C0K by admitting
helium exchange gas to said chamber which is in contact
with the liquid helium bath. Readings on the bridge were
taken when thermal-equilibrium was obtained, as evidenced
by the constancy of the signal from the bridge. The
tenmperature was lowered by pumping on the helium bath,
and inductance measurements were taken for sach in read=
ing. This procedure was necessary, since the out readings
- change by several hundredths of a bridge unilt for each
degree the bath temperature changes due to the changing
suscéptibility of the pyrex tube on which the sample
colls were mounted.

| Above 4,2°K, the thermocouple was used as a thermom-
eter , the tip of the thermocouple being imbedded in the
sample. The'temperature VS. G.Msfe table of Bunch, which
was previously mentloned, was empléyed by obtaining a
calibration point for the thermocouple at 4.2°K, and
relating this to the data in the table.

Both cooling and heating mutual inductance measure-
ments were made for the range'4.2°K to 7809K. The'cooling
measurements were méde by introducing small amounts of
exchange gas into the sample chamber and slowly letting

the temperature fall to 4.2%K. The rate of cooling



56-37

culd be decreased by removing some of the exchange gas with

Q

the Tforgpump - diffusion pump systeom. Temperaturse driftis
faster than 10 per 10 minutes led to non-cauilibrivm data

and were discarded. Heating measurements were made by both

puaping out the exchange ges and by using the sample heater.
llerely pumping out the exchange gas caused the temperature
of the sample chamber to rise about 20°K, The sample

heater had to bs used above that tempersture, but it was
also used below 20° in conjunction with the pumps to
check on the constancy of the method. Cooling runs were
made with and without the heater shell in the sample chamber
to confirm the contribution of the shell to0 the mutual
inductance signal. Above 4,29 the bath temperature was
constant, so Ths out readings also remained falrly constant
and were OPLY tekeén every 20-30°,

Then the bridge is balanced, the inductive and
. reslistive components of the bridge are equal and opposite

a]

to th chancs O

[©)

the sample colls, either with or withe-
cut sample, making vhe sccondary voltage zero. Thus, Oné
has two components to balance which are 90° out of phase

with each other. The reversing switch (Figure 2) 1s pro=-

()
"

LY

" vided 10 change the phass of the primary component Tapped

1

.into the secondarys The circusv equa* ons are easily

obtaina®le from stand 7d a2.c¢. cireuit theory (Cerstein

Y]

nd Speddirs, 1960), (Bleaney and Blesney, 1957).
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Paramagnetic Resonance Experiments

The bridge generator produces mlcrowave quanta
which are fed into the sample cavity, as described in
the apparatus section. The frequency is held constant
and the field is varied. When the magnetic field is
swept through the resonance condition, the sample in the
cavity absorbs energy. The first derivitive of the
absorption is plotted as a function of field on the
recordere. .The resonance was recorded for KCuCIS powder,
and for KCuClz single crystals with their axes aligned
at various orientations with respect to the magnetic

field.
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EXPERLIZENTAL RESULTS
As has been discussed in the experimental procedure
secvlon, the mutual inductance measurements yleld cxperiw
mental values for magnetic susceptibilities as a function

of Temperature and crystal orientation. A conventional

plot for this data is l/xmvs° To This plot, in a pera-

o

‘Figure 26 shows the exnerlmeﬁu 1l points for

i
Q
el
(@]
=
re}
(o}
=
(Sl
[0}
k3
[J
1=

f-le

n this

o

cure, as in all the suscepti=-

bllity plots in this work, x , means susceptidility per

dimer is the magnelfic spe cieg of interest. In Flgure 27,

1.8+, Flgures 28 through 37, show the dependence of
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Table 4. Reciprocal molar susceptibility of KCuClz
pO'Wdero 1 = 56.32

)S'a A M
Cooling Data Heating Data
1
AN T x_ A T X_
m i
0,400 = 101.0 140.8 1.100 4.2 oLe2
04403 3.3 13967 : 0,811 802 69,4
00434 8543 129,7 0,638 11.0 8863
00423 82,6 13302 0,597 12.8 94.3
0,470 - 77,8 1199 0,538 15.3 104 .7
0,465 71e3 121.1 0,495 16,1 113.8
04,512 © 6402 110.0 0,481 17,0 117.L1
0.542 59,7 103.9 0,523 - 18.8 10767
06559 56.6 100.8 0,564 20,2 98,9
0,577 5304 976 0,586 2263 96,1
0,583 50,1 96.6 0.661 24,4 8502
0,624 46,8 9063 0,705 2669 7969
0.646 4303 87.2 06787 31e5 734
00682 5997 i 8296 ' 0074.6 5506 75 05
0,735 3549 7606, 0,679 40,6 8249
Co744 32,8 75,7 0,639 46,7 88,1
0,763 3l.1 7368 0.625 50,0 90,1
0,742 27.2 7549 0,559 5646 1007
0,755 4.4 74,6 08510 62.6 110.4
0,895 23e3 81l.0 06483 68.4 116.6
0.6358 222 8863 0,471 74,1 119.5
0,586 2.7  96,.1. 0.460 . 79,7 122.5
0.537 21l.1 104,.9 0,425 55.2 13245
0,549 19,9 102,56 0,597 12.8 94,3
0.536 18.8 105.1 , 0,538 15,5 104,77
0.524 - 1864 107.5
0,589 15.5 95,6 .
0,722 1£.90 78,0
1.170 442 48,41
1,134 4.2 49,7
1.130 t o2 49,8

4

1,730 3ol 3240
20905 242 19,4
5.205 1.4 10,8
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Table 5. Reciprocal molar susceptibility of KCuClgz
single crystal, sample #I, 1 = 11,79, fiéld

parallel to a axis Xy A
Cooling Data Heating Data

1
AN T X A T X

T nm
0.146 49,8 80,3 0350 4.2 33.6
0.160 44,1 7367 0,182 84 7208
0.171 557 6849 0,144 9.6 8l.9
0,185 3Ll.1 - 63.7 0,112 12.6 105.2
0,196 2665 59,9 0,110 15,3 107.2
0,184 21.8 6369 0.106 1645 1I11.2
0.176 18,7 67,0 0,109 18.2 108.2
0.180 15.3 109.2 0.18% 21.3 6360
0,128 12.5 92.L 0.188 2645 6267
0el530 10,0 78,6 0,180 3lsl = 8565
Q.177 760 66,5 0,179 3503 6569
04350 4.2 33,6 0.174 393 678

0.162 42,8 727
0,150 46.4 7846
0,147 49,8 8042




Table 6. Recilprocal molar susoeptibilify of KCuClgz
single crystal, sample #2, 1 = 30.67, fileld

parallel to a axis

Xm

AT

Cooling Data

Heabing Data

£ L
150 5T

AN T Xm- Azt T Xm
0.348 550 8842 0,932 4.2 329
0393 46,3 7860 0.404 9.9 7803
0.610 30,0 5665 0.276 16,5 11l.2
0.578 23,9 59,1 0,443 18.0 692
0,563 21.1 60.6 06477 21,1 6403
0,513 18,0 6608 0,526 26,4 5863
0.281 1563 109.2 0,499 31,0 81l.5
0,419 9,9 73e2 0.475 35,2 64,6
0.939 4,2 32.6 0,455 39,1 67 o4
1,371 30 22 o4 0,423 42 .8 7265
1,931 2.1 1662 0,394 46,63 778
2,749 1.4 11.2 0.377 49,47 8l.4




Flgore 28,

Reciorocal suvscepbibllity vs. tomperature
for a xou¢ls single crystol with ilts

a axls alipgned parallcl to the external
field
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Table 7. Reclprocal molar susceptlbility of KCuClsz
single crystal, sample #3, 1 = 20,30, field

parallel to b axis Xy AM
Cooling Data Heating Data
1 1
AM T X, Ay - T X
0.226 5060 89.8 04659 4,2 3048
04238 4647 85,3 0.276 11,0 735
0e245 43,2 © 8249 0235 . 13.2 86+4
0.263 39e5 77«2 0.220 15.2 9243
0,270 3546 75.2 0.215 17.0 94,4
04297 31l.5 6844 0.225 18.6 90.2
0.286 2645 7069 0.241 21.2 84,2
0.245 21l.2 82.9 0.244 21.7 832
0.224 18.1 90.6 - 0.268 2645 7567
0.203 = 17.6 100,0 ' 0.290 31l.1 70.0
0.208 - 17.0 97.6 0.277 3543 7363
Oe221 15.2 91.9 0+265 395 76.6
06226 14,6 89.8 0255 43,2 796
- 06332 97 6l.1 04222 5040 Ol.4
0.648 4,6 313
04657 4.2 309
0.858 3el 236"
1.284 2.2 - 15.8
14750 led 11,6




KCu Cly SINGLE CRYSTAL-FIELD PARALLEL TO b AXIS
120— I I I I T | 1

O= COOLING DATA
A= HEATING DATA

100

40

20

| | | | | L |
o) 10 20 30 40 50 60 70

T(°K) .

Flgure 29, Reciprocal susceptibility vs. temperature for a Kcucl
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Table 8. Reclprocal molar suscepsibil

1
sinzgle crystal, sample #4, 1

erpendicular to a and b axas

e}

Cooling Data Heating Data .
1 10
A 7 X AT T X
0s238 49,68 109,86 0.649 4,2 £3 .1
0.2G0 £9.3 1075 - 0,658 4o2 42.5
0,288 48,3 104.3 0,352 7o 77 o2
0.278 £2.8 100.6 0377 7.7 74,2
0,279 427 100.2 0,300 10,0 93,2
0.28%7 39.1 7 o4 0301 10.0 92,0
C.289 3542 935 0,334 12.3 83,7
0,303 35.1 92,50 0.330 12.3 8
0,308 3146 914 0,350 14,5 799
G.309 3069 20,5 0,355 14,5 78
0,313 28,8 3 0,554 18,1 79,0
0,518 28,3 87.9 0,384 . 18.1L 7
0,535 23.2 835 0,374 21,1 74,8
0,554 21.0 790 0.382 21.1 7
0,573 20,4 75,0 0.334 264 8347
0.535 i7:9 78.8 06332 28.4 8
0.374 17.7 74.8 0,315 3lel 88,8
0,354 14.3 L 79,0 0,345 31lol 1.0
C.550 14,1 79,9 0,299 3543 9305
0,345 iz2.2 1.0 0,303 35.8 o2
0,301 9.8 9269 . 0.297 3845 )
0,354 9.5 83,7 - 06306 3902 91l.4
0.40C Te5 5C.9 0.290 3902 SC.4
.0.8386 4.2 £2.0 C.288 429 97.8
C.871 4.2 . 41,7 0,273 42,4  100.3
0,833 Sel 317 Co258 48,4  109.6
1.223 2ol 22,9 0.267 = 46,4  104.7
1,745 1.4 16,0 0.263 49,8  1056.3
' 0.26L £9,8  107.1%

0.259 50,0 108,40
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KCu Cl; SINGLE CRYSTAL-FIELD PERPENDICULAR TO o AND b AXES
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Figuro 30. Susceptibility for a 'KCuCls crystal with its a and b
axes aligned perpendicular to the external field
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Table 10, Reclprocal molar susceptibility of XCulls
single crystal, sample #6, 1 = 13,48, field
perpendicular to plane of Cu-Cu vectors

Cooling Data ' . Heating Data
L

A T X i T X

o
{
i3

0,170 56.0 79.4 0,751 L.2 18.0
0,135 49,7 7208 0,401 75 3360
0.200 4863 67.4 0,328 9.9 £1 .4
0213 4268 63,7 0,254 12.3 531
0.230 591 58.6 0199 14.4 6747
0,248 35,2 55.0 0,188 15.2 80,3
02865 31,0 50,8 0.226 13,3 59,7
0.285 26.4 47 .4 0,284 18,0 51,1
0.279 21,1 48,4 0,277 21,1 487 .
0,256 18,0 5246 0.288 26.4 £8.7
0,137 id.4 72,1 0.252 29,8 5365
0,328 G.9 41,5 0,251 31.0 5357
0752 4.2 17,9 0.233 3542 57,9
1,074 3ol 12,8 C.218 39.1 62,0
1.390 22 9.7 G 207 4268 652
1,706 1.4 79 Co197 £663 88,4
0,187 49,7 72,1
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Figure 34. Sugceptibility for the ficld parallel to
the a axis at two different field Intensities
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Figure 35, First derivative of ESR absorption for
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igure 55,

Pirat derivatlve of B3R absorpblon for a KCuCl:
single crystal. O0° means tho cxternal field 1§
parallel to the ¥ axis of one of thne dimers in
the crystal (sce Ilgure 39 for axes). Hoto
that the bagcline has been shifted with each
successlve rotation
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varzsmetbers wihalch can de adjustad in such a manner that the
experimental data can bs fitted to.the theo:yg It 1s not
the case that all four parameters are adjusted simultane=-
ously, whereby any model might be made to fit the experi-
ments, ovub .that each calculation establishes the value of
a differsnt paramelber, with each previously debermined
varameter beilng carried through to The next successive
calculation, thus glving the model greaver credlollivy.
T0 a ¢i;ét approximation there are three possible con-
= 32

figuratlons for the ground state: Bjc,, Bon

~& 2l RN 2

. The first two are zpin singlets; the last leads t0 a spir
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ground slnglete A ground singlet has also been reporsed

{(Vossos et al., 1980
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erate, in the absence of gzero field splitting, stabes are
it in the presence of a magnetic fleld, the triplet

‘Gepeneracy being removed, so that four levels resulb.

'.‘1

Thesa are designated by Eo’A" g8E, A, A +88H. One.

'1

on from standard statlis-—

Jte

can calculate a partition functi
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tical theory (Fowler and Guggenhelm, 1952) for this system.

tud
ky

o taw,
P Axatsd
[

Tumseen [
ooyt ]

€. i
G - I - i/k7T i

o =AAT o =(8 +gRE) /KTy

if

R ATt - A S lv‘I‘ - -7
= B/5T 1, e /kx( o /KL 1 4o ma/iT )y (2

— . ! — ‘ . o - e o S o
where a = g3, S8 = g8, g is a factor to be determinsgd from

the system wave functlons, and 8 1s the Boar magneton.
1

Using e "* =2 1 = x + X2 <eo, Where terms of higher than
1

second order in E asre neglected, since these are small

compared to unity for the fislds in gquestion, one obtains

g:e-Eok—f,(T_,_e—A/kT 3_:_(

18
0
g
[
St

Yot
3 s
Y

ps

Nowr
I I A 9 1n g
SRS R (£)
~ KT - A Y o
' A fip (e /% 2288 %H )
7 . —
{( 1+3e ;) (x1)8
A o
- 222 = /KT (3)
A/-.{rr'
(1+3¢ = /55y up
Lim {X) = 25ES8R = P82 (6) Siope of L vs., T should be
A/5T e 0 VRS 2kT X
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§§%§§. Experimentally, the slope for the powder suscepti-
bility waé 1.04 leading to a value of 2.226 for the powder
g factor.

Going back to eguation (5) and substituting the values
for the constants N,B , and the ESR value for g which is
2.16 for the dimer, one obtains, |

T (e YT ) (m)

1=_T

X 3445

Empirically the best fit of (7) to the experimental
data was found for 4/k = 55°, for which the slope was 1.08.
Substituting these values the following table was obtained.
Table 1l2. Reciprocal suéceptibility as a function of

temperature for the singlet-triplet separa-
tion belng 55k

T 1

Xm
100 13667
70 105.6
40 8049
30 8004
25 ' 879
20 107.8

This plot is the solid curve in Figure 27.
comparison with a Spin = 1 One Dimensional Ising Yodel
For CuClg and CuBrg (layer chains with smaller inter-
chain distances) the one dimensional Ising model has been
used to discuss the'observed susceptibility (Barraclough

and Ng, 1964)., The thought occurred that the behavior
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. =
and o = cosh 87 + 1/2 + jcosh 287 ~ cosh 8J + 9/4 /2

-

Zilots were ootalned for three valuss of the adjustable

Table 13 1/xm as a function of T for the spin & 1 Ising
model '

4
Cy
!
l__l
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no
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Fes
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(@]
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70 545 105,0 1
S 66,3 84,4 1

40 | 8045

C‘)O ‘4_'9::“’ ]70.:0 l 6;5
20 5%a D 212
10 35,32 275.C i31.4

One notlices that eguation (7), vased on a triplet

lying 559 above a singlet, fits the experimental curve very
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n {8) glves a poor fit for any value
of Jo Since equation (7) describes an enssmble of weekly

coupled dimers, and (8) describes a system in wilch dimer=-

N

paranagnetic resource curves were glven. By integrating

~ . -

crapnically, the absorpbtlon curves were ob
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point where g = hv, with g being the average g value for
8
the two dimer orientation in the crystal.

o e E = hv = % ( gxxz Sinzgl 0052¢l +
B Hpidpt, o 1
P gyyg sin‘@l sin2¢1 +gzz2 coszgl =

o % sin2®2 coszﬁé +

+ Sxx
1
gyyz sinzgg sin?ﬁg +gz22 003292 )2 (9)

Since three equations are needed tTo solve for the
unknowns gy gjy’ 8gy» three orlentations of the crystal
with respect to field were needed. The three chosen were
with the field parallel to the three principal axes of
one of the dimers in the crystal, l.e., & and @7 = either
0 or 900 in each case. The angles of the second dimer with
respect to the field were obtalned by'trigonometric rela-
tionships based ocn a knowledge of the structure. The

following average g values were obtained:

Fileld parallel to x axis of one dimer, § = 2,088
Fisld parallel to y axis of one dimer, F = 2,120
Pield parallel to z axis of one dimer, g = 2.202

The axls are as defined in Figure 40.
These average values, along with the measured angles
of the dimers with the field glve rise to the following

equationss

2,413 g7 , .218 g,,2)% (10
24088 = gxx 4 (o368 gxx™ | o413 Syy . &gz )2 (10)
: 2
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R.120 Syy;.(.415 Bxx> 4+ +368 gyy© . .218 gzzg)% (11)

2

24202 = gzz + (103 gxx® + 115 gyy® + 781 ggp?)*
2

=

v

(12)

%

Solving, one obtains,

Sxx = 2.0587 |

gyy = 2.124 The diagonal elements of the tensor,

gzz = 2.215

Using these values for the diagonal g tensor, and the
angles for the field being parsllel to the plane of the
Cu-Cu vector in both types of dimers (i.e., @ = 23°20 ,

@ = 76°05 ). |

Eparallel 1S calculated to be 2.08
Similérly, for the fleld perpendicular to the plane of the
Cu-Cu vector (@ = 23°20 , © = 13°55 ),

gperpendicular is calculated to be 2.21

There exists the possibility that there is a variation
of ESR as a functlion of the orientation of the transition
probability external field relative to each dimer. In
this case, the elements of the g tensor for the individual
dimers obtained from the center of gravity calculation
would be in error. We infer that such is not the case
from the agreement between the elements of the g tensor

obtained from ESR and from susceptibility measurements

(vide infra)e.
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From Susceptibility Data

Using equation (5), derived at the beginning of this
section, -and substituting the smoothed curve values for %ﬁ
and T for various orientations, experiméntal values for
g are obtalned. The following table shows the agreement

between the g values so obtalned and ESR g values.

Table 14, Comparison of g values calculabed from
Susceptibility Data and from ESR Data

Orientation Susceptipility g ESR g
parallel to a axis . 2.21 : 2.20
parallel to D axis 2.12 2.13
parallel to plane of

Cu-Cu vector 2.09 2.08
perpendicular to plane of
Cu=-Cu vector 2.28 2.21

Calculation of states arising from the configurations

%,2 %\ 2 ?

e,
o

u

At
%

(B . Bg

S

Q

One now wishes to calculate the relative separation

of the four states arising from the three configurations

B2 m 2. g oo g ¥
(By4)%r (Bgy)” and Byg Boy

kinetic energy differences are negligible compared to

in the dpproximation that

the potentlal, and that the two electron Hamiltonian is

therefore _
2 8 &2 5
L = 1 Ol 1 ria r12

where o labels the nuclel and 1 lagbels the electrons.

For a given nuclear configuration the nuclear-nuclear
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Terms coﬁtribute a constant and are neglected.

Tor states arising from a given configuration of
electrons in m078001; orblvals, energy differences cdue
to one electron operators may be showa to vanish., The

kinetlec energy difference between states arising from

different configurations may be shown to be small with

respect to potentlial terms, as will be subseguently

3% s
"« w

In detall, the Blg and By, orbltals, expressed as.a

linear ccombination of stomic orbitals, are as follcows:

24 . L=
Byp = & (A% B) * (1-6)% {5 (1-2-3+4) +
BT | 12
: T
L. a3
(1-82)% (5-8)§ =g  (13)
B&; = o (&-B) +(1- oB)% T g (1-2+3-4) +
T &2
~ o e
(1 - ?5)2 (5t +6%)i =X (14)
S 4
/2

vhere of is the molecular orbital coefficient indicating

the electron density on the metal afoms, and where A and

T ars the dxy orbitals oa the Cu atoms, 1 means a’ 2,

L
orbisal on 1 with its positive lobe polinting in the

csitive direction and -2 means a P, orbital on 2 with

P

]_h

ve directio

l_l-

1

its negative lobe pointing in the § posit 1,

O

etc., as shown in Figures 39 and £
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or such a function is given by Vs t (7= kX*),
Y1 + k2

Our experimental resulits are not iIn disagreement with the

idea that a singlet lies 1 wer than the triplet by 55k.
Choosing the EX configuration, one problem of interest

was to see if the model would predict that the (¥X + xd@)

singlet would lie lower than the (X - Xﬁ) triplet. Thus,

| {FK_ - X&) |m1 + mg + R (. = %8) - B 0
e > _
| z 75

[}
orthogonality of the spin functions, and my = e ,
Tia

2

AV}

Mo = &
' L2a

s

,R:‘.‘S
e

&0
(A

It should be noted that the one VleCUwon operasors,
m7 and wms, 40 not coavribute TO The energy level differ-~
cnce, as was previously stated. E.g., in the calculatio

of A B, the one electron operators ars

%0 (fhm ﬁl) + (mgl.o{ﬁé) + (%7 |y [Zo)
+ (g fmg ) |
- % 1 (43, 0y 75]_/ g (/dz {mf) [9’2) + (Kl 1 Kg)
+ (g mglAg) 1 = O
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COORDINATE SYSTEM

ROTATED AXIS FOR TERMINAL CHLORINES

Figure 39, Coordinate system for the CuyClg= dimer
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l\ Z

. Figure 40. Atomic orbitals comprising the Bl and Bot
molecular orbitals g b
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Solving the determinant, one obtains

Beriplet = Esinglet = AE = -2(#X|R[XF), (17)
including normalization. Since the @ and X functions are
linear combinations of eight atomic orbitals, the @X product
contains 64 terms. Thus, an integral of the type (#X|R|X#)
ls actually the sum of 4096 integrals. Fortunately, for
reasons of symmetry, overlap, or simple cancellatioh, most
of these terms vanish or are small with respect to the
leading Terms.  ror example, it was observed that the two
center integrals were 10~1 to lO-SLOf the simlilar one center
integrals. Since the calculations are dependent on 1, it
was assumed that the three and four center integralsrwere
negligibly small compared to the -one and two center inte-
grals. Evaluating the remaining one and two center inte-
grals,

(7x

+4(1112[R[l112)-+16(A1A2[R[1112).+8(A112]R|A112)

+8 (475, |R|4355), (18)

R|X#) ~ 2(2 40 Rl A1 45) =2(41Bo|R|A1Bg)

where A and B are ?he dyy Orbitals on the copper atoms, and
1 and 5' are the terminal and bridging chlorine p orbitals,
as shown in Figure 39.

It should be recognized by the reader that (18) can be
made an equation by multiplying each of the integrals by
the apprOpfiate wave function coefficient, e.ge., the A's

x - 3
in the wave function have Q/(2)2 as a coefficient so tnat
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the same terms would arise, but 5' would be replaced by Se.

The only remainihg calculation which can be made with
the zeroth order wave functlons is the calculation involving
the interaction of the configurations g2 and X2, to obtain
a more favorable distribution of charge (Roberts, 1962).
Furthermore, a singlet-triplet inversion has been reported
for this type of interaction (Hansen and Ballhausen, 1965).
The secular determinant describing this situation is
| (#=xp my+mor Rl gX-x0) - E 0

0 (#2-1x® | my R | #R-1xP) - B

Including normalization, the energy difference is

(7 |r )+ -
Hs
nfae - 2l aar|aa)+ [2 - 2k (AB|R |4B)
1+2 1+ic2

Joe -4 @ailrliny+ [B2e - 18 (anlrlz1)

1+X? 142

Eesxr - ] (45 |R [54)+ E61f -:l (aLlR]a1), (20).
1+

For similar copper compounds, 1t is known that the

(2X R XX)

value of the molecular orbital coefficient o should be

about 0.9, Using the values of the integrals given in table
16, it can Dbe seeﬁ'that the singlet cannot be shifted bélow

the triplet for any value of k or B. The energy differsnce,
however, has its minimum value for k = 1 and 8 = O.6. This

minimum value is 0,0008 eV.



Tohus, at tals peint in the calcuwlation, reasonable
getanlisiied, but the zeroth.

S sir o wave functlons acoonaot sxvplain the singlet being
s (=]

lower than the triplet, a result necessary for the validity

Table I5. 1iolscular orbital coefficients for 62 and e?
intesral ' s L4
integrals 3 3 i
Terx Coefficiens

(&fmjn), (L4|R|AL), (4B|R|AB)

|
Q

(1]2|1), (i1]R]11) (8*-20%3%+0%p?)

e
(o)

R|11), (42|R|AL) (282-0462)

oo 1~

—=~
1
e
i}

(24|R153), (45|R|45) 2 (0?-at-a?52ea??)
(55|2|55), (5|m|3) L(i-20%-28%+4028%-20%8% 40 8% 2028%as?)

Ta the following four taebles the integrals have been
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Table 16, Evaluated integrals (in atomic units), A and B

refer to copper dxy orbitals

Integral -Value using Value using
Slater exponent - Clementi exponent

(AA|R|4A) 0.56962 1.22220
(AB|R|AB) 0,15663 . 0415433
(11|R|11) | 0453748 0453748
(A4]R|11)=(AL|R|ZA) 0.,00927 0,00032
(A1|R|AL) 0411668 0.11424
(A5|R| A5) ’ 0423950 0423477
(55|R|55) 0453748 0.55748
(AS|R|54) 0,00941 000027
(1|m|1) ~10.88000 ~10.88000
{(alm|A) =19,91333 ~42,72666
(5|m[5) | -10,8800Q ~10.88000:

Table 17. Evaluated integralse. A and B refer to copper
dxg_yg orbitals

Integral o Slater exponent Clementl exponent
(AB|R| AB) 0415000 - 015700
(a1]r] A1) 0413987 . 0.13961
(A5|R| AS) ' 0423507 0423304

(A1]R| 14) 0.00257 000027
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Table 17. (Continued)

Integral Slater exponent Clementl exponent

(A5|R|54) 0.00212 0.00015

Table 18, Evaluated integrals. A and B refer to a linear

combination of d,, and dyz on the copper atoms

Integrals Value using Value using
Slater exponent  Clementi exponent

(AB|R|AB) 0415406 0,15176
(A1|R|Al) | 0.17268 017034
(a5|R|A5) . 022880 0422407
(AL|R|14) 0400000 0.00000

(A5|R]54) 000000 000000

Table 19, Values of integrals for g=0.9, B=0.6

3

Integral Slater exponent Clementl exponent

(#x| R| #X) 0.27412 0.48824
(#X| R| X&) 0415867 037466
(XX| R| XX) | 0427506 0.48827

First order corrections to the wave functions

Until this point, we have not considered the spin-orbviv
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term in the Hamiltonian. If the spin orbit splittings are
small compared to previously considered terms, we may write
the first order corrected wave functions as

Yoorr = Yo * Z (¥ 1IXL S|Y¥o) ¥, (21)
whereVl are wave functlons of excited states with which the
ground state 1s mixed by spin-orbit coupling, and Aj is the
energy difference between the ground and 1th excited statese.

Therefore, one must first find the effect of LeS on the
zeroth order functlions. From this point on, a not so small
book could be written about the detalls of the calculationse.

% 1ls the author's hope that enough of the work is presented
here so that the reader will understand what has been dons,
yet not so much that no one will want to follow the develop-
ment .

As shown in Figﬁfe 40, the coordinate system -has been
chosen such that the Z axis is the principal Oy axis for
the system with Dy, symmetry. To evaluate the expectation
values of the various components of the angular momentum
vector with respect to this system of quantizatlon, it is
necessary to express the derivatives with respect to the
chosen system of quantization in terms of derivatives with
respect to coordinate systems centered on the various atoms
of the molecule. For example, let L, be the operator for
the Z component of angular momentum about the molecular

Z axls, and L} the Z component of angular momentum aboub
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the % axls of an atom at 2,0,0 with respect t0 the molecular
coordinate system, Then X! = X-a, Y! & Y, and 2! = Z, and
L, = B - Y3 = -b [(X'+a) d_ -4 :l

2T Ay dx dyv d{X'+a)

=_ih Ev_g__ -Y'_cl:_] dha d . (22)

em dy? ax'|" 2w dy
The-3ast term is a linear velocity term with expectation
value zero between states of the statlonary system under
consideration, so Lé = Lze Similarly, Ly = L, Ly = L&
for an atom at a,0,0.

The LeS operator may be written - (LyxSy +IySy +LzSz)e.
The Z components will be evaluated first, and stepping
operators will be used to get the X and ¥ componentis.

The 2 components are treated as follows:

A8y | (#x - Xﬁ')o@ = ADp1Sp1 + TypSup) |
(1o - X182) ao> (23)

now S,ac = Tao 5 Sy R =-1 8B (24)
and Ly|f1%2) = Xeluafp+ F1le¥y etc. (25)
We note that
Lzl ¢> - Lzlmetal> + Lzl ligand> (26)
Therefore, _ .
Lzl¢>or Ly| x) = LZI dxb +1,|ligand P‘s> (27)
Lzld:c1> generates dxg-.yg, so it seems that ILeS coupling
mixes the dxy with a dxz-yg orbitale. TUpon examining the

~orbital scheme (Figure 1), it is seen that the d,p-.2 is



(=]

o2

a non-bonded orvital In the absence of m bonding. S0,

neglecting metal-ligand overlap, the first order correc-

. el S dor wmrd
KLZSZ iQX;;>° Thus the (@X—Lﬁ)au

wave functilons, corrected for the Z component 0f spin-orbit

b4
e1e}

(corn) - b3

l
-©-
O
!
]
-©-
!
>
=
|

1%@]@@ (28)

vhers p and ¢ are the wave functilons

o
Wi

-

L2e2(a) +3x2.y2(5)) and 1/(2)

(d:(2‘° 72 (A) -.d:,;?'..'yg ( B ) /

LI G e s 2 3 4 vy oy - =1 he SR NP - S
rgsnectlively, and Ay is the encrgy level difference hetween
- o -
1an 3 3 pa} 13 R | VS £ 2 E PN
she (4,04 (ds 2)® and the (Qp~)~{d o -.2)% states. 1.2,
Ly «r o p

i e . 2 A . 3 oA
orniisal, hencs, (dy2.-2)%; nd one slectron In each Qy,
L2
1 .
[~ \ et —nd ay DA - ~ 2
nence (Ao, considering Tor Toe Biose abtomic
-=dJ
P I R e bl a T ey v L TA e Py RN R S - N ey
cobisels rasisr than the whole molecular orbiltal. One toen
<. FI P L Tk P e A SRR ] ﬁl 5 2 4.4t
SO8ULICE TH2S tag conyigurasion (G 2 .o ;7 \(U..g mMLENne OC
e ﬂ‘y .A.J
S ) - 5 - o~ RN - o
a Trover exclied state, and that transitlons of the sort
= I 2
TER Lia 12 & (g 5)2(d....)- lead to the observed
\Qxﬂuyz) (€ ) (Q22“75 (dxy)= lead to the observed
] k
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Yog= 1 (¢X—X9)BB + Aa Ep—-w) (xw—wx] BB (29)
2%

Wi

Yogrga =7 (8X—X9) (aB+Ba)—Aa Exw+w)-—(¢p+pﬂ (aB—Ba) (30)

V244
Vugoge = _ 1 (& %) (aB-Ba)
V2 (1+k2)

- Ao [(xp—pX)—(9v—yd) | (aB+Ba) 31
r Ai: ] (31)

The Lxsxr(ﬁk—x¢)a€> operation is evaluabted as follows:
+ -
Ly = 3(I'+ L7) and Sy = %(S"+ s7), where L¥, I~, s*, and

S™ are the so called stepping operators, defined by

i | ML> LEr1) - g +IDE LD, 8% =
S Taz 0]
- ‘]L> L(I+1) = Mg L—-l))2 mL 1> = 0,
= B (32)

Proceeding in an analogous manner as for the Z component,
except that stepping operators are now being used instead
of the L, and S, operators, one finds

LS., | (X - x¢) o@ > £ (Aggedyg)

Therefore one constructs a linear combination of d,, and
dyy With walch Lzsxl g% - Xﬁt}will mix. Agein referring .
to Flgure 1, the dxé and Ay orbitals are non-bonding, and
one merely has integrals of the form <fietal(dxz,dyz;

LySx lMetal(dxy):> to evaluate. Thus, the corrected

wave functions are given by:
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<
I

1 (dx—xo)oa ; Ao lf“d — =
ae = A =3 [£(a) (@8-8a) + g(a) (ae+soﬂ (53)

Voo = 1(dx—x9)BB + A (4 - =
= L 3 [£(@) (oB~8a) +g(d) (ag+Ba) | (54)
. ' ’
Vagega™  (0XX9) (eb+po)- Ao [F(@)aa + &(2)5H (35)
X

Vogoge = L1 (6%-0¢) (af-a)

/ZT2RS
. — A =
z_%X[(d)ocu + gldleg]  (36)

where f£(d) and g(d) refer to the linear cormbinations of

dXy > dyz » and dy, mentioned on the previous page.

£ Fal

The 4" ¢)“Q> ion ie similar, except for o

|
sign change, l.e., Lv = %(If - L*) and Sy = (st - g7).
(ifctos the .phase Tactors were COnﬂLSant throughout all calcu-
lations and were as prescribed by Condon and Shortly.).

Except for the sign change, the calculation is exactly
like that for LyS . The functions corrected by Lysy are:

i

Voo = 1 (dX—Xx®)oo — Aa E‘Zd)(a6+8a) - g(d)(as_;g@ (37)
/2 2Ly .
, |
Vgg = L (6xx9)88 + da [£(a)(aB+Ba) — g(d) (ap-ga)] (38)
/2 V2 by
Vopiga = 7 (9X—x9 ) (aB+Ba)
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Yap+pa™ >._._.1_._ (P —x®) (aB—Ba)
' 2 n ¢ —
2+2k - _ioc__ii:(d) aa-g(d)sﬂ (40)
2Ay ’

It is now of interest to see 1f the corrected wave
functlons can be used to arrange a singlet lying lower than

the triplet.s The . problem to be solved is

Qulrlvp-8 {ylrl v
A @1) gl r | v Hy-E

¥ triplet, corrected for LeS

where V¥

<=
it

¥ singlet, corrected for TeS

o

R=c¢

]

-l

Cte

L

Because of the orthogonality of the spin functions

and/or the symmetries of the space functions,

Clal g=Cplrl gy = o

Therefore A E = Eypiplet — Esinglet .

i lrl @—@Llal vy (e

Substituting the values from tables 15, 16, 17 and 18, one

obtains, using the corrected wave functions:

<: - 1)<@ﬁJRlx4> <:“‘“
+ 20 ZE (Ao, Az y2) |R

L (Gsy,dy2=y2 )E]
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2
+ 2% [g: 6. 500y, ) [R| (8 b,dxz,dyzié]

Az

2
+ A 2‘:< d_xy’ A vz)lnl""(d“"‘]” fzs yz>:l
2§

Using the evaluated integrals, the free ion wvalue of
(=830 e~ for Cd), and tihe exverimental energy level differ-
ence of AR = ,005¢V one obtains:
L = 1,50 or 0,66

The same values are obtained for either the Slater or
Clementl integrals.

' The overall energy level diagram for the system is
given in Flgure 41, |

Colculation of the g values

The wave functions for the triplet are
¢l= i (IX - X@) oo
(2)%
= % (X - X@) (B +Ba )
b =_1__ (X - Xf0) 8
(2)%

The wave functions corrected for L*S mixing have dbeen
given in the last. section. In order to solve for the g
values, waich are proportional to the splitting between the

~triplet levels when a magnetic field is applied, the Zeeman

operator, L +2S must be applied to the corrected wave
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functions component wise, l.6e, the problem to be solved is

(Wigle] vip) — e Wigle] vip)  (i]E[vs))
SEMEIN Wi |2lviy—e i |Elyviy | =0
Wi lElvi) s lElE) s [E[vs,)—.

E=RH(L+2S)
where the primed V'sare the above wave functions corrected
for Te€ mixing and i = X, ¥, O Ze
The mechanism of operating with L and S is exactly the
same as in the last section, except that one now takes sums
instead of productse Therefore only the minimum amount

required for comprehension will be presented here.
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Calculation of gz

For the z c¢omponent, the secular determinant becomes,

(0], | BH, (1,42S,) | ¥1,) -E 0 0
O (VgglBHy(Ly*2S,) |Vg,) B 0 = 0
0 0 (wéleHz(Lz+2Sz)|¢éz)-E

Therefore, for ¢£z= ¥, and BHZ(LZ+2SZ) =7

AE = g BH,= (Y1]|T|¥1) — (¥2[T|¥2) = (¥2]T|¥2)— (¥s|T|¥s)
or =%(¥1|T|¥1) — %(¥s|T|¥s)
Computationally, the last equation 1s easiest to solve, so
taking that, one obtalns:

B, =11 4- 8 gaz }BH, (44)
b

1

=2,27 for A=—830 cm:l a=0.9, A, = 10,000 cm~

Compare this with the experimental g, = 2.215,

If A is reduced by 19% to =675 cm™% then g = 2.22, in
good agreecment with experiment. Such reduction, due to
charge transfer shielding, has been feported by Dunn (1959)
and by Marshall and Stuart (1961).

Calculation of gy

For the x component, the secular determinant becomes,

- A O
A ~E B =0
0 B =E

2
which has solutions, E =+ (A2.B2)2, 0 (gray, 1962).
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Therefore g, = (4% B2)% where A and B are the x components,
A = (Y2|T|¥1) = (¥1|T|Y¥2)
B = (¥2[T|¥s) = (¥3|T|¥2)
and g BE  =\f2 + 82202\ + (A |
x /2 /2 A A
X x/
+ o + 8)y2g7 )2 5 BH&
e /2 A ‘
g = 2.08
.. -

Compare this with the experimental gy = 2.057.

Calculation of g

The secular deter:inant for the calculation of z-- nas
the same form as for the caleculation of gy.. One will see by
loolzing at the corrected wave functiong, however, that tlers

sign change in the aa d 33 funcviong for the ¥ comno-

nent. Taking this into accoant,

g B =3 2 + 8r2%u? 2 o+ 822+ ~Aa “
I ¥ Ve /2 AY 2 /2 A, Ay

Therefore g. = 2.08. Compare uDLS with une experinenta

13

g = 0.9
A = =830 cm"l
A=A = 12,700 cm)
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CONCLUSIONS

As the calculations section has clearly shown, a model
has been established which successfully explalns the suscep=-
tibility results down to 17°K and the g values insofar as
the experimental energy lével differences and the spin orbit
coupling parameter are known. The KCuClsz system has been
an excellent testihg ground for determining when cooperative
and when non-interacting descriptions are appropriate. In
this case, the mathematical treatment indicates that for
interdimer bonds being about A'longer than the "normal"
Cu - Cl intradimer bonds, a depopulation from the triplet
to the singlet explains the observations, while antiferro-
magnetism, as described by the Ising model, does note.
Furthermore, an "ordering® temperature, at which this

description becomes lnappropriate, is obviously indicated.

=

At the outset of this work, it was mentloned that ©
validity of the Willet — Rundle molecular orvital was to ke

investipgated. AL the end of this wark, one may =27 That

o3
¥

Four parameters have been adjusted in this work, but a
separate calculation was used to establish each parameter,

thus adding credence to the overall treatment.
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certain amount of further work is regquired to con-

cretize the developments presented hers. The first of these

if ordering does occur. Ilippen and IFrisdberg (1963) have

reporsed that Cu(H005)g ° 4550 powder and single crystals

cxXinlnits a sharp maximun 11 l Vso. T abt 16.8%% with what

apnears to be low tempsrature ferromagnetlsm occurring below

Hs
l—- .

interest to monitor the crystal structure of the conbou

in the range 15 to 359K when this technlque becomes avali-
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