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INTRODUCTION

Interest in the investigation of the heat capaclity of a substance
over the temperature range 15 to 300%K, may arise from any one of several
resgons, The most obvious of these ig that from such data there can be
caloulated the various thermodynamic functionsj in particular, the
entropy and the free energy function, Aside from such utilitarian con-
alderations, the behavior of the heat capacity provides informetion on
the nature of certain processes which occur as the temperature is raised.
The most important such process, that of vibrational excitation of the
lattice, has received much attention both experimentelly and theoreti-
cally and remaing to this day a field of active interest.l

In addition to this ever present or "normal® effect of lattice
vibration, there may exist other phenomena with which an energy change
is associnted and vhich eppear as anomalies on the otherwise normal heat
capacity curve., The temperature at which an anomelous energy change is
most rapid is immediately evident, If, in addition, it 1s possible to
seperate the normal and anomelous contributions to the heab capacity,
then the energy and entrepy changes assoociated with each may be calcu~
lated., Some examples of phenomena which have been studled in this
manner ares phase or structure changes, order-disorder effects, megnetic

transitions, electronic transitions, and hindered rotation in molecules.
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REVIEW OF LITERATURE

Therium

The value of 89g 14 = 13.58 for thorium was estimsted by Lewis and
Gibson? in 1917, It was based on the messurement by Dewaxr® of the
average value of the stomic heat of thorium betwsen the temperatures of
liquid hydrogen and liquid nitrogen. This approximate valus of the
entropy had not been further checked and is presented in the standard
compilations of Kelley” and of the National Bureau of Standards,®

The heat capacity measurements on cerium by Parkinson, Simon, and
Spedding? vere used in the comparison with the heat capacity of thorium,
They found that cerium possesses two anomalous regions in its heat
capacity, one from 90-1809K, and the other in the neighborhood of 129K,
They associated the anomaly in the 90~180°K, range with the sppearance of
a condensed phagse in cerium, which probably occurs with the promotion of
one 4 f electron to a 5 d state, 2910 Tne anomaly in the region around
129K, also appam to be associated with the 4 £ electron, but is of a

Gadolinium

Urbain, Weiss, and Trombe® first reported gadolinium to be the
fourth ferromegnetic element, with a Curie temperature of 16%C, T2,
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Later magnetic work by Trombel? and by Elliott, Legvold, and Speddingl3
has confirmed thelr results,

Other studies having a bearing on the ferromagnetic behavior of
gadolinium include dilatometric measurements by Barson, Legvold, and
Speddingl4 and Trombe Foex,15 The results of these two investiga-
tions 4id not agree, bub this was probebly due to the questionable state
of the gample in the case of the former, Legveld, Spedding, Barson, and
Elliott10 investigated the electricel resistivity from 4-360K, and
found an sbrupt change in the temperature versus resistivity curve at
avound 3009, Kevane, Legvold, and Speddingl’ reported measurements of
the Hall effect from 303-623%K, Banister, Legvold, and Spedding® have
measured the temperabure varlation of the lattice parameters from
48=300°K, by means of X~rays, They found that the structure of gadolin-
ium remains hexagonal clogsest-packed over the entire temperature range.
An spproximate caloulation of the linear coefficient of expansion from
their work agreecs well with the dilatometric measursements of Trombe and
Foex,15

Erbium

Neel’ estimated that erbium would be ferromagnetic with a Curle
temperature of 40%, 4 recent study of the magnetic susceptibility in
the range 20-719K, has been made by Elliott, Legvold, and Spedding,l3
They found that the magnetie suseceptibility becomes field dependent at
569K, £ 50, and that erbium is apparently ferromagnetic below 20%,
Between these temperatures the field dependence becomes more pronpunced

a8 the temperature decreasss. The same suthore extended the magnetic



susceptibility measurements from 70-90%,1% These measurements showed
that there exlsts a region of almost complete temperature independence
of the susceptibility between 65-809K,, with a slight maximum at 809K,
et, Preliminary
results from neutron diffraction messurements by Kohler and Wollan20
wore quite complex and difficult to interpret. They gave strong evidence

This behavior was likened to that of an antifervomag

for the existence of a ferromagnetic state at 49K, and glso showed vhat
appeared to be various degrees of magnetic ordering in the range 4~78°K,

Other work having some bearing on the magnetic behavior of erbium
includes that on electrical resistivily by Legvold, gt g;.m in the
range 4~2800K, They found a amell change in the glope of the resistivity
versus temperature curve at about 80%K, Hall effect messurements from
100-300%, by Kevane, Legvold, and Speddingl’ showed a gradual rise of
the Hall coefficient as the temperature is decresased. Dilatometric
meagurements in the range 100-3009K, have been reported by Barson,
Legvold, and Spedding, 14 Banister, Legvold, and Speddingl® have measured
the lattice parameters betwsen 40-~300°K, They found that erbium ie
hexagonal closest-packed over the entire range studied, A value for the
linear expansion coefficient celeulated from this work agrees fairly well
with that of Barson, Legvold, and Spedding,lé
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either stripped off or machined off the casting., Spectrographic
analysis showed it to contain approximstely 0.1 per cent samarium, less
than 0,1 per cent yttrium, less than 0,3 per cent tantelum, and less
than 0,04 per cent caleium, Silicon, iron, and magnesium were present
to less than 0,01 per cent., Other rare earths were not detected.

Erbium

The erbium metal was prepaved by reduction with caleium of the
anhydrous fluoride, Procedures for the lon exchange separation and sub-
sequent reduction had been previously developed at Iows State College.
Due to the low boiling point of erbium, the cesting together of the
several small bubione and sccompanying distillation separation of the
excess calcium was ma_% in an argon atmeosphere rather than in vacuo.
After the tantelum crucible had been machined off, the sample was
2,95 inches in length and 1,22 inches in dismeter with a weight of
429,58 g., which was equivalent to 2.5680 g, atoms.

A spectrographic snalysis of the erbium showed less than 0,01 per
cent caloium, magnesium, silicon, and ytitrium, The other rare earths,
iron, and tantelum were not detected. Perhaps it should be noted that a
method of analysis for oxygen and nitrogen in erbium and gadolinium was
not available at the time, It was almost certaln that small amounts of
these elements were present in adsorbed or combined condition.
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Figure 1
iisbabic calorimeber



Is N
4 |

ys

&

%1

" |




Figure 2 |
Galorineter chamber
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n@.& bottom of the can was attached with 50-50 Su~Pb solder and the
top of the can was atbached with low-melting indium solder. An exchange
gas port, consisting of a thin welled ,066 inch O,D. copper tube with a
flange, wag soldered to the top of the can with w?? golder,

Surrounding the calorimeter proper was the adiabatic shield, AS,
This was provided with separate heaters on the top, bottom, and side
which were used to control the temperature of the shield as closely as
posaible to the temperabure of the calorimeter proper., In this manner,
the heat exchange between the semple and its enviromment wes minimized,
The adiabatic shleld, A8, was made in thres pleceas a cylindrical body
cloged at each end by e coniecal cap, Henceforth, the cylindrical body of
the block, celorimeter can, and adisbatic shield will be referred to as
the side in order te simplify nomenclature., The bottom cone had a
3/8 inch hole through the center for easy evacuation; direct radiation
was Intercepted by a baffle plate. The three pieces it smugly, with the
top and bottom sach being bolted to the side with three 1-72 sorews. The
adiabatic shield was suspended by nylon cord from the "floating ring," FR.
The floating ring was suspended by three 0-80 aa@ggu steel screws which
fit into small lugs on the stationary ring, SR, The latter was soldered
to the bottom of the lower reservoir, Bqe Surrounding this assembly was
the shield, 8y, which was in thermal contact with the lower reservoir,
The joint between the ghield and the reservoir was of the bayonet type,

a vacuum geal being made by an indiumebaged solder, Surrounding this
asgsembly wes the combinstion of the anmular-shaped upper reservoir, Ro,
and its assoclated shield, S,. Since the bayonet type seal between these
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two did not need to be vacuum-tight, steel clips were used to fasten the
Joint, Thermal contact between the shield and reservoir was lmproved by
having stopcock grease in the bayonet well. Surrounding the upper
resorvoir and its shield was a floating shield, 85, sv called because it
agsumed 2 temperature intermediate bebtween that of $2 and the outer brass
container, The floating shield, S;, was fastensd to a monel plate which
was penetrated by all of the filling and pumping tubes. This monel plate
was 1ln turn rigidly suspended from the brass cover plate of the cryostat
by three steel screws 3k inches long, Correct alignment and vertical
spacing was maintained by three bushings 3 1/6 inches long. The entire
assembly £it into a brass can of the following dimensionss "7} inches
0.D., 35 inches in length, 1/8 inch wall, The central pumping tube for
the calorimeter chamber, as well as the hydrogen teank f11ling and exit
tubes, went down through the annulus of the upper reservoir, The central
pumping tube continued through the lower reserveir,

All shields and reservolrs were chromiumeplated except the adlabatic
ghield, 48, which was gold#plata&g The various filling and pumping tubes
were soft soldered into the cover plate of the eryostat and gerved to
support the entire assembly., The cover plate end the flange on the brass
eryostat each had a carefully machined groove to accommodate an O-ring
go that a vacuum seal could be made., The brasg can was provided with a
one inch gide port for evacuation by a two~stage oil diffusion pump, The
chamber inside of 8, had a separate and similar vacwum system,

The entirve inner assembly could be 1ifted by a hoist, Two rods
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% inch in dismeter screwed into the cryostat cover and weve connected

at the top by a cross bar te which a holat might be attached, The

mechanical debails of these parts are sumarized in Teble 1.

Table 1
Materials

Cryostat cans
Cryostat flange:
Cryostal cover:

Floating shield: 83
Upper reservoir: Rp

U. reservoir ghields Sp
Lower repervoinrs Ré
L. reservoir shield: 8;

U, reservoir £illing tubey T3
U, ressrveir pumping tuber Tp
L, regerveir filling tube: T3
L, reservolr pumping tube: T,
Iransfer guide tubes Ty
Central pumping tube: Tg

Seamless brass tubey 358" highg
Y 0.0, 1/8% wall

Bragas 9 5/8" 0.D.; thickness 5/16%;
ghoulder #%

Brass 9 5/8" 0.D,3 thickness 3/8"

Copper 0,010" thick; 6§ 0.D.

Copper tube 5§" 0,D.; 1/16" wall
Copper tube 0.D.3 1/16" wall
Copper tube 4" 0,D.5 1/16" wall
Copper tube 4" 0.D,3 1/16% wall

Monel 3/8" 0.D.; 0,016" wall

Menel " 0.D.; 0,032" wall

Monel 4 Gvnsj 90032" wall

Monel #" 0.D,3 0,032" wall

Brage 5/8% 0.D.; 1/16" wall

Upper, monel 5/8" 0,D.3 0,032" wall
Lower, copper 3/4" 0.D,3 0,032% wall

The transfer tube for the lower reservoir was demountsble, 4

rubber seal was made at the top of the guide tube so that it was

possible to pump on the lower bath with the tranafer tube in place,
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The electrical leads were #32 D,8.C, copper. The thermocouples and
the leads entered the cryostat through a vacuum seal made by cementing
them between a glasa plate and a brags ring with Apiezon W, Together
with the thermocouples, the lead wires were brought Mﬁn the center
pumping tube and wm}muﬁ& tightly around the stationary ring three
times and the floating r.ing fiva times. The leads were wrapped around
the aﬂis.’ba‘bié ghield six times in a shall@w groove machiﬁad in the cylin-
drical part of the shield i‘gr this purpose.

The sample heater was chsnged some from run to run, as explained
below. For thorium end gadolinium the heater was of #38 constantan wire
non-inductively wound in a helical groove machined in the heater sghell,

It had a resistance of approximately 130 ohms. Two #38 D.8.C. copper
leads, which served as current leads, were socldered to the ends of the
congtantan heater close to the start of the helical winding, The
#38 copper leads were wrapped 1¥ times around the small heater ring, HR,
and then taken to the outside of the aﬁia‘ba:&iﬁk ghield where they were
soldered to the #32 copper leads. One potential lead was #38 copper and

“was joined to the current lead just as the current lead left the heaber
ring for the adiabatic shield, This potential lesd was brought outside
the adiabatic shield and soldered to a #32 copper lead, The second

-potentlal lead wss a #32 copper lead connected to the second current lead
where the latter last made contact with the adiabatic ghield before going
to the calorimeter proper, |
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About ¥ inch from where they emerged from the glass, #40 nyltex-

covered copper wires were soldered to them, These splices and the excess
platinmm wire wers doubled back on the ghank of the thermomster and were
bound down with silk thread and G.E. adhesive, From the thermometer the
#40 copper leads went to the heater ring and were wound around it 1
times, From this ring they were baken to the outside of the adiabatic
shield and connscted to the #32 copper lsad wires,

As mentioned previously, the #32 copper leads for the thermometer,
for the heater, and for the difference thermocouples, along with a
number of spares (a total of 30 wires) were wound in a spiral groove on
the side of the adisbatic sghield., These wireas were covered with one
soat of corex before winding and twe additional coats after winding.
The wires were secured to the shield at the exiremities by a thread
strung through #60 holes on either side of the groove, The entire sure
face of the cylindsr was then covered by #10 gold foll, followed by a
layer of cigarette paper. G.E. adhesive was used both as a cement and
as an aid in ingulstion. The heating element of the side of the shield
was non-inductively wound on top of the cigarette paper. It was made of
#30 congtantan wire and haed a resistance of 590 ohms, This heater was
given three coats of G.B. adheaive and covered with #20 gold foil,

The top of the adiabatic shield was wound non-inductively with #38
D.8.C. constantan and had a resistance of 760 ohms, The bottom of the
adisbatic shield was similarly wound and

had a resistance of 745 ohmg,

The floating ring was wound non-inductively with #35 D.8.C.
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constantan wire having a resistance of 300 ohms and was covered with
gold foil, Since the stationary ring was in direct thermal contact with
the lower reservoir, it wes not provided with a heater.

The direct thermocouples, which were used only for trouble-shooting,
were made of #36 D,8.C. copper and #30 D.8.C. congtantan wire, They were
joined to the surfaces by soldering on the stationary ring, floabing
ring, the side, top and bottam of the adiabatic shield, and to the calo-
rimater proper. They were nmumbered from 5 to 10 and placed as shown
in Figure 2,

There were four difference thermocouples between the following come
ponents: 1, block side-adiabatic shield side; 2, block bottome-shield
bottom; 3, block top-shield top; and 4, floating ring-shield top, They
were made of #35 D,8.0. congtantan wire and #40 nylbex-covered copper
wire for the thorium and gadolinium runs., Before the erbium run the
difference thermocouples were changed in two ways: they were made longer
so that more of the thermocouple could be lacquered down to come to
equilibrium with its component part, and #38 D.8.C. copper was used in-
stead of the smaller copper used previously,

The difference thermocouple juncbions on the block were secured in
roge-metal-filled wells of copper blocks which were bolted to the block.
The junctions on the shield were held between pieces of mica under copper
tabs and were secured with G.E. edhesive which provided both mechanical
gtabllity and thermal conductivity. At least six inches of each

difference thermocouple ashead of the junction were lacquered to the
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inside of the ediabatic shield to assure thermel equilibrium, To assure
thermal eguilibrium between the block junctions and the block, all
difference thermocouples were passed a thermocouple ring, TR,
(Pigure 2) 2f timem before going to their bleck junction,

The ringwshield difference thermocouple was soldered to the rﬁ.ng at
one end and lacquered in the bundle of leada where they first conbact the
adisbatic shield at the other end,

At the experimental statlon there was a Bakelite barrier strip
having pure copper terminsls, All electricel leads from the experimental
rig were goldered to these terminals, ?:‘ram which a permanent cable went
to the main switchbosrd, The cable was a leadw-ghielded Western Electric
248 B.B, Interphone Cable containing 18 palrs of 22 gauge and 2 pairs of
18 gauge copper wires. The main switchboard was fabricated of 3/8 inch
Bakelite sheet and contained five rows of copper D.P.D,T. lmife switches,
ten switches in a row. The firat four switches on the top row plus all
ten of the second row were used for the adiabatic calorimeter. All of
the components of the thmmtar and heater cireults except the
potentiometers, their selector switches, and the timer were housed in
the game cabinet as the main switchboard,

A White double potentiometer, which was generally used for heater
and thermometer measurements, was located on the table next to the main
switchboard, It had & range of 0-@}9990}&.‘, with one unit on the last
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dial corrvesponding to 10uv., 4 twelve-position selector switch with
silver contacts routed various e.u.f.'s to the White from the main
switchboard, To improve sensitivity of adjustment in the upper and

lower branches of the Whlte, the arrangement showm in Figure 3 was put in

geries with each battery cirveuit,

The Wenner potentiomster, which was generally used to read the volt-
ages of the direct t

ermocouples, was located on another table next to
the White potentiometer table, It had two ranges: 0-0,111110 volts and
0-0,011111 volts. The desired range was obbained by sebting the

g1, x0,1" switch on the potentiometer. The twelve-position selector
swltch for the Wenner was all copper. The gengitivity contrel for the
Wenner and ghield control circult in Figure 4 was used along with the
selector switch %o apply any voltage from the main switchboard to the
Wenner or directly to the galvanometer,

Bach potentiometer had its own galvenometer, Leeds and Northrup
Type 2285, having a sensitivity of approximately .0032ua./mm, at one
meter, The galvanometer deflections were viewsd through sixteen-power
telescopes. The galvanometer mirrors reflected a 0-1000 mm, scale drawn
on translucent tracing paper, vhich was 1lluminated from behind by
fluorescent lights. The scales were approximately 6,5 meters from the
galvanometera, Difference thermocouple 4 did not go through the Wenner
selector gwitch, but went through an Ayrton Shunt and then to its own
galvenometer, Type 2285. The deflsction of this galvanmta‘r was read on

e ground glass scale at one meter distance from the galvanometer.



; FPigure 3
White Wnﬁ regulstor circuit

Figure 4 '
Sensitivity control for Wemner and shield hesber circuit
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Figure 6
ﬁdia‘ba‘*&ia shield control cireuit
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The procedure outlined above was carried out over the entire range
to determine the gross heat capacity of the sample plus all the amxiliary
parts such as the thermometer, heater, calorimeter can, thermocouple
tabs, etc, The sample was then removed from the calorimeter and the heat
capacity of the auwxiliary parts wae determined, BSubtraction of the heat
capacity of the auxiliary parts from the gross heat capacity gave the
heagt capaclty of the aample.

Pwo operators were required for the operation of the calorimeter;
one made the temperature and power measurements while the other cone

trolled the temperature of the shield and the floating ring,
Ad3 ic 14 control

In controlling the temperature of the adiasbatic shield use was made
of difference thermocouples 1, 2, 3, and 4 to measure temperature dif-
ferences between the various parts of the block and ghield and ring,
(See Figure 2 for placement of these thermocouples.) Most gensrally the
e fi's from 1, 2, and 3 were applied directly to the galvanometer by
means of the swltching arrangement shown in Figure 4. With the e.m,f.'s
being applied directly to the galvanometer a sensitivity of about
8 cu’n.éulv. was obtained, which corresponded roughly to 300 cm./deg. at
room temperature, The e.m.f, from 4 wes read on a ground glass gcale of
1/6 the optical path of the others, and its sensitivity was, therefore,
only 1/6 that of the others., In both cases, the galvanometer scales
could be read to £ 0,3 mm.
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The goal of adiabatic ahiel& control was to mainbain the readings
of the difference thermocouples at zero., 8ince it was impossible to read
the e.m,f,'s of all the difference thazﬁnmeuplea and contrel the heater
currents similtansously, some preference had to be given to the various
ones, The area of the side of *l:.ha block comprised 78 per cent of its
total purface ares so 1, which measured the difference in temperature
between the shicld gide and the block side was always read first and
followed most closely during large changes in tempersture of the ghield
and blocks The electrical leads betwsen the shield and the block came
out at the bottom of the shield so 2 was given second preference, with 3
being read last snd followed least closely, 4 constant check of 4 could
be made since it ’had a separate galvancmeter,

The temperature of the varioug components of the ghield and the
ring was controlled by regulating the current in their respective
hesters. The reservoir, Ry, and its ghield, 8¢, were required to have a
temperature lower than the ghileld and block to provide a mechanism for
cooling the shield, Experience was the greatest guide in judging how
much to change the heater currents when the difference thermocouple
readings were off-zero., When large changes of heater currents were re-
quired in all the shield and ring hesters, such as at the start or end
of a block heating period, the vaeriacs were used. (8ee Figure 6.)

Large changes in the individusl heater currents were produced by means
of the decede resistors, while amall individual changes were produced by
adjusting the variable resistors. The key switches, K., were used for

non-permanent inereases in heater currents and the toggle swibches, X;,



2
were used for non~permenent decreases, A record was kept of the settings
of the variac, decade resistors, and variable resistors for each heater.
This helped greatly when large changes of heater currents were needed at
the beginning end end of block heating periods. The settings of the
variacs, decade resistors, and variable resistors changed very wwﬁﬁ.w
from one block heating peried to the next and from one to the next
interim period (that time between block heating periods when the temper-
ature of the block was coming to equilibrium and when this temperature
was being recorded by the operator at the White).

Below 2009K, it was generslly possible to keep the temperature of
various parts of the ghield such that the difference thermocouples wers
within an average of ¥ 3 mm, of zere, which corresponded to + ,001°K,

As the temperature increased from 200 to 3009, the accuracy of control
decreased to about an average of ¥ 8 mm., but dus to increased sensitiv-
ity of the thermocouples this was still & ,0020K., The least accurate
control was encountered at the beginning or the end of the blook heating
periods, when for short periods of time the control was worse than the
figures stated above. |

8ince the temperature of the lower reservoir, Ry, and its shield,
87, would presumably be a factor in the ease and accuracy of control of
the adiebatic ghield, various Swﬁaﬁﬁaa were used in the lower reser-
voir during the thorium run to determine their effect upon the adlabatic
shield control and accuracy of measurementss From 200 to 300°K, liquid
nitrogen was used as the refrigerant for one run and pulverized solid

carbon diloxide was used for anmother, A bath of ice water was used from
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273 to 300°K, in a third run.

Below 2739, the results of the measurements were in very good
agreoment for the runs using the different refrigerants, The temperature
- drift of the block due to imperfect adlabatic conditions was minute in
both cases, but was a factor of 1,5 to 2 larger in the case of liquid
nitragan over the solid carbon dioxide bath. It was noted during the
runs, however, that the pressure in the imner vacuum system remainsd
lower at the highest tampara%mﬁ' in the runs vhen a liquid nitrogen bath
was used, This faot, along with the greater sase in using liquid nitro-
gen, maultéel in the cholee of liquid nitrogen over solid carbon dioxide
as a refrigerant in this range.

Between 273 and 3009K, the drift rates due to non-adisbatic condi-
tions for the runs using an ice bath, solid carbon dioxide, and liquid
nitrogen were in the respechive ratio of 2¢3:4. The absolute drift rates
were approximately .00019%/min, to .0002%/min, in this range. Upon com=
paring heat cepacities from these various runs, it was found that %.he
runs using ilce and ligquid nitmgen for refrigerants sgreed very well,
while the run using selid carbon dioxide gave slightly lower resulis. A
higher preasure in the inner vacuum éyw&em was noted when the solid car-
bon dicxide was used, which may be a reason for the slight disagreement
in regults. The cholce of refrigerants in this range seemed to be either
liquid nitrogen or ice. If 2 run would have to be interrupted to change
refrigerants, it would be better to use liquid nitrogen up to 300°K,
Otherwise, the use of ice would be as good a cholce due to itas economy

and sase of preparation.
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galvanometer deflection for the original setting was linearly inter-
polated to the time when the reading for the 10 uv, change was taken,
The difference betwesn the two galvanometer readings at this time was the
sensitivity in em./10 uv., The sensitivity wes different for the various
circuits external to the White and changed during the run for éac:h
cireult so a senaibivity measurement was made for each measured quantity
aboul every sixth determination,

Since both the resistance of the thermometer and its dR/AT (change
of resigtance with tempersture) beceme smsller at lower temperatures, the
thermometer current was increased from 1 ma. to 4 ma, for determinations
below 50 or 609K, This increase in current caused an incresse in the
voltage drop across the thermometer and, therefore, improved the accuracy
of temperature measurement, The higher thermometer current was not used
at higher temperatures because the power dissipation in the thermometer

beceme inconvenlently large as the thermometer reslstance increasged.

The data necessary for power vcal:ml‘atmn were E, the voltage drop
across a fraction of the volt box in parallel vwith the heater, and I,
the voltage drop aoross a resistor in sarieé with the heater. Readings
of B and I were taken alternately at 1 minute intervals during the block
heating period, The procedure for measuring E and I was similar to that
used for By and Ip, Sensitivities vere taken in the same manner snd with
sbout the seme frequency as for Ep end Iy readings.

The meaguremsnt of the time of the block heabing period consiated
of setting the dials on the bench conirel unit of the cleck cireuit for
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the desired time interval and turning on the timer. Tuwrning on the
timer started the hesting current and sfter the desired number of
peconds had elapsed, the timer and heating current were \aufhoma*hiemar
shut off,

Factors entering inbo the choice of a block haatg.ng current were a
convenient length for the heating period and a deairable AT (final
temperature minug initial temperature of a determination), The minimum
time in which relisble measurements of the power could be made was 300
seconds, The maximum time of a heating period was 900 psconds and this
seemod inconveniently long., The optimum length of the heating period wes
from 400 to 600 geconds, For normsl behavior of the heat capacity the
AT's were approximately 10 per cent of the absolute temperature up to
409K, and they were from 3.5 to 4.5 degrees between 40 and 300°K, When
sbnormslities in the heat cepacily were encountered, the AT's were
decreased, 8ince larger tempersture intervels were more convenient, some
determinations were made using AT's of six to seven degrees, and these
gave excellent agreement with other values.

Volt box settings were made puch that the E reading would be in the
range from 70,000 teo 90,000 Jol for the largest currents in the run,
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Treatment of Daba
femperature

The firgt step in the treatment of the thermometer data was to calw
culate the correct voltage of each Ep and Ip reeding by the following
formulae:

By = E + _Balvanometer - check (1)
R Thials sensitivity (om./104v,)

_galvenometer - check (2)

Ip= 1 ;
R “Diale s&nai’t.ivi*by (cm./iii)/w,

where Eﬁials m:d xDiaJ.a = Wl’li’bﬁ é&ial %‘t’hings f@ﬁ* EE and IR

gaﬁ.vanometar # deflection of galvmmhsr due to unbalance voltage
~ o of Wnite

chw}c = cheak reading far that particular Ep or Ip reading
genaitivity = “bhe galmomewr gensitivity determined for the
respective quantities being measured
Since the Ep and Ip were determined at different times, plus the
fact that they were not constent, it was necessary to interpolate the
veluea of Ip readings to the time when the Ep reasdings were taken, The
I reedings were interpolated becauge (dus to oireuit design) they
changed more slowly than the Ep readings. The resigtance of the ther-
mometer at the time of each Ep reading was then caleoulated from the
relations
Ry » (Bp/Ip) Rg | (3)
vhere Bp = resistance of the thermometer

Rg = resistance of the standard in geries with the thermometer
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For most determinations there was a small temperature drift of
block temperature even after thermal equilibrium had been established.
This was caused by inability to obbain perfect adiabatic conditions and,
in some cases, by heating due to thermometer ourrent, When the change in
reglstance of the thermometer per m&.& time had becoms constant after a
heating period, this constant change or drift was considered to be due to
non~-adisbatic conditions,

Caloulation of the final temperature of a determination was made in
the following manner: the resistance of the thermometer was chosen at a
time when the drift had becoms constant, the drift was assumed to be the
same between the middle of the heating period and the chosen time, the
drift/minute miltiplied by the time between the middle of the heating
period and the chosgen time wes subtracted from the resistence at the
chogen time to give the "corrected! resistance of the final temperature,

the tenperature corresponding to the "corrected" final resistance was

" caleulated from a temperature versus reslstance table,

The initial tempersture of a determinatbion was caloulated in the
gams menner ag the final temperature with the corrections for the drift
being made from a chosen initial time to the middle of the heabing
period and added to the resistance at the chosen initial time., For each
aﬁgﬁg the temperature inersage, AT, was obtained from the
relation: |

AT = Tp = T3 | (4)
vhere Ty » final temperature of the determination

T4 = initial g@?ﬁ? of the determination
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The ‘temperature versus resistance table veferred to above was pre-
pared from tables and congtants supplied for this thermometer by the
National Bureau of Standards, The resistence was given for each 0,1°
between 10 and 909K, and for sach 1,0° between 90 and 375°K, The
naximum error due to linear interpolation over these intervals was supw
posed to be & ,001%,

The first step in caloulstion of power wes to calculate the correct
voltage for each E and I reading by using relations similar to (1) and
(2). The E readings were more stable than the I readings so the E
readings were interpolated to the time of the I resdings, The power, ¥,
was then calculated at the time of the I reading by the relation:

We (I/Ry - E/R;g) (E = Ry/Rp) : (5)
where E = voltage drop across a fraction of *tsha volt box

I = voltage drop across & 1 ohm standard
Ry = pesigtance of the 1 ohm standard

Ry » resistance of that part of the volt box across which E was
measured

By = tolal resistance of volt box and leads in parallel with the
heater

The term E/R, 1s a correction for the current which goes through the
volt box instead of through the heaber,

Extensive investigetions were made during the Gd experiment on the
besgt way %o caloulate the ama,ga power of a determination from values of
the power at various times during thet determination. The results of
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these investigations showed that the maximum error in the calculstion of
an average power, if it were agsumed to be changing linearly during the
heating period, would be ,003 per cent, In almost all of the cases
examined, the error was less than ,0001 per cent, UThe power at the midw
point of the heabing periocd was, therefore, used as the average power for
that determination,

“ The heat input, AQ, for the hesting period was found by the
relations
AQ ® Woye, Xt joules (6)
where Wyy,, = power in watis at the midepoint of the heating period
t = time of power input in seconds

The mean gross heat capacity, Og » for each determination on the
bleck plus auxiliasry parts was caleulated from the relation:

cg = L\q calg/ﬁ&g. (7)

The factor 4,1&0 in the denominetor wasg necegsary to convert joules
(watts x seconds) into thermochemical calories. ’

For each determination, the mean heat capaclity of the auxiliary
parts was found by relation (9). These velues were plotted and a smooth
curve was ai*avm through the points, From this curve it was poasible to
obtain the mean heat capacity of the auxiliary parts corresponding to
each temperature of the mean gross heat capacity measurements, The heat

cepacity of the sample was then calculated from the relation:
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ﬁm Gg - Gﬂ"m" ﬂ&l. ﬁ@g."l (ga &t@m).‘l (3)
n

where G?“m = z;gag. heat capaclity of the sample over the temperature range
g

Coux, ® heat capacity of awxiliary parts st mean temperature of C,
n = nunber of moles of sample
The value of GW could be thought of as the value of [Gple (the actual

heat capacity at the mean temperature of the determination) if C_ were

p
agsumed to vary linesrly with temperature., A formule developed by
Osborne co~workers * corrects the value of Cpom to (GP]Tm‘ This

formula is: '
,, 2% at? ke AT
ey = o -5 1 - e a0 @

where [8;,.}? » true value of heal cepacity at mean temperature of
B determination

Ty ® T2+ T4 or mean temperature of determination in which
2 Ty and Ty were final and initiel temperatures

Approximations of (bzﬂg wers obtained by evaluating [ Az@gm ’
0f< ) AT Tm

from the imental values of C, .. The value of | A4Cpm
exper pe “"‘2“‘“‘ )

negligible in all cases.

The corrections for the values of Cp.p to give [Gp]Tm for thorium

" were negligible ebove 30%K, and amounted to, at most, 0.3 per cent below
309K, For gadolinium the corrections to threé velues near the peak of the
anomaly smounted to about one per cent, four more values had 0,1 to 1 per
cent corrections, and the rest had negligible corrections., GCorrections
to some of the erbium welues below 209K, amounted to two per cent,
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functions were taken from this curve.

Values of Oy at room temperasture were obtained from the thermo-
dynanic relationship:

Cp = Oy = TV &%/ p | (10)
vhere T = temperature of the caleulation

V = volume per gram atom

& = coefficient of cubical expansion = ..%-.. (.%%..) p

@ = volume compressibility = % (.%g.) 7

Valuee of ﬂp ~ Oy at temperatures where of or 3 were not lmown could be
found from the empiricsl relationship due to Nernst and Lindamann27t

Cp~Cy = 4C2T (11)

vhere A 1z a congbant,

The followlng relations define the thermodynamic functions at any
‘tempam%ui-ex
T
o o + :
°-89=] cra (12)
where we have assumed in all cases that 83 = 0,
(T
o 0 ;

2 O O
FO -Hg HO - Hy

. — -8 . (14)

The actusl evaluation of the above lntegrals was accomplished with the
aid of Simpsonts "1/3 rule" of numerical integration., The temperature
intervals used for the numerical integrations varied from 0,1 to 5,09,
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Table 2

Experimentel values of Cp for thorium, cal. deg.~L (g, atem)=l

Atomic weight = 232,12 0%, = 273,169,
Mean T Approx. G Mean T Approx, c
(%K. ) AT P (oK. ) e P

Run 1

79,51 3.87 5,123 194,453 3.96 6,198
83.35 3‘80 54217 198450 3495 6.21.3
90.85 3.70 54358 206,37  3.93 6,242
94.52 3.66 54409 210,50 be33 6,261
98.16 3.62 5,461 21482 4e31 6,276
101,77 3459 5.506 219.83 4430 6,290
105,34 3.56 54555 223.42 4428 6.315
108.89 3.53 54596 227.69 427 64327
112.40 - 3.50 5.638 235,05 4e2d 6.352
115,89 3.48 54674 239429 bo 2y 6.359
122.79 343 5.748 24T T4 ¢.2l 6,388
126,22 341 5.780 251,94 4420 64399
129.62 3,39  5.813 256,14 4,19 - '6.413
134,17 4e23  5.847 260,33 4l 64425
138.39 420 5,880 264,450 417 6.438
142,58 4418 5.914 268,66 4,16 64,454
146, 7% 4,16 5,939 272.82 415 6,459
150,89 4413 54972 276 .95 hel3 64483
154,418 4412 5.990 281,08 412 6.496
158,29 4410 6,021 285,20 4dl2 64499
162,38 408 64041 289,30 40 6,523
166,45 4406 6.062 293,40 4e09 64530
170,51 4,05 6,087 297.48 4,07 6.556
174.55 403 6,102

178,57 402 6,127

182,58 400 6.143

186,58 3.99 6,162

190,56 3.98 6,181
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Table 2 (Continued)

Mean T Apprex,  © Mean T orex, G
(%K.) AT P o) *hn P
Bun 2 133466 3.55 0 5,846
: 137,20 3.53 5,867
58,42 3,78 LoS51 140.73 3,52 5,885
61,89 3465 4,608 R PI-TA 3.49 5.946
65.48 3454 L7738 147,72 348 5,951
68,99 3ebb 4845
72641 3,39 44939 151,20 346 5,992
79.075 3.27 5,109 158,10 3u4d, 6,016
82,323 3,22 5,191 161,92 4.20 6,045
B 166,12 4e19 6,062
\ : 1’7@@@7 4.%2 g.ios
57470 4.0, 4420 178,61 Le .125
61.66 3,88 4,599 182,75 412 6147
65448 3476 4,739 186,81 4459 64162
72483 3459 J; 191439 457 6‘3.84
76439 3453 5,04 200,45 4ed
79:99 3.6 5:%2 205.02 A5z 6.239
80,74 4o 06 5,155 209453 a5 6,252
84,76 3499 5.245
88,72 . 327 24 04 4e52 64232
. 3493 § 322 21853 lmﬁ g.gg?i
92,63 3,88 5,383 223,00 L
96449 3484 5.437 227 uk5 b sy 64327
100,31 3480 5 489 231,89 Lol 64335
104,09 3,76 54535 |
107.54 347 g 236432 hehR 64348
v m wn o i
111,54 «70 a6 b dn dpad Yo
115.‘22 §.67 2,223 249452 4438 6.399
122,91 3.62 5477 253,90 437 64413
126,51 3459 54783
130,09 3657 5.817



Table 2 (Continued)

59419

Mean T Approt, C Mean T Approx, C,
(°K.) i P (°K.) AT P
258,63 4436 6418 Bun 5
26245 402 6.382 ~
266,64, 436 64418 138,79 3.02 5,887
"70»97 b 31 6,488 141.87 3,13 5,678
- o 147.92 .99 5.954
279,59 4ee 31 BehT7 150,90 297 5.981
283,89 4430 64492 153.88 2,96 54995
292,45 428 6,510
206,71 Le27 6.522
Bun 6 ,
Run 4 27543 427 64471
: : 279.69 o6 6,487
16,15 1.88 0,694 283.95 4425 6,497
18 97 1,75 Gu?% 288, 19 b % 6,503
21,39 1.92 1.255 29242 4423 6.519
25,83 2e 36 1.906 ‘
28,3’? 2,72 24215
: 34':-;@5 3.11 2,815
- 37.22 3423 34120
4044 3419 34392
43,58 3409 34629
4-? L] 06 )*%fi 3 5866
51,10 4alde 40107
5542 4403 4322
387 44501
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Table 3

Atomic weight = 232,12

' Heat capacity of therium, cal. deg.,~l (g. atom)-l

0%, = 273,169,

6,011

79K, Cp Cy oK, Cp Cy
20 1,106 1,106 170 6,083 6,039
25 1,801 1,800 175 6,109 6,062
30 24397 24396 180 6.133 - 6,084
35 2.910 2,899 185 6,155 6,105
40 34355 3.352 190 6,177 64125
45 3.733 34728 195 6,197 6,143
60 44529 4.520 : 23.0 64256 6,197
65 44723 4713 25 6.275 64214
70 44878 4866 220 - 6,293 6,230
75 5,011 44997 225 6.310 64245
80 5,132 5.117 - 230 6.330 6,264
85 5.248 54231 235 6.347 64279
90 54342 5,323 240 64362 6,292
95 54415 54395 245 64379 6,307
100 5482 54460 250 6,392 6,318
105 54547 54524 255 6407 6.332
110 5,607 5.582 260 6422 6,345
115 5.664 54637 265 6437 6.358
120 54717 5,689 270 64453 6,372
125 54767 5,737 275 6.468 6,385
130 5.815 5,783 280 6.483 6,398
135 5.857 5482 285 6,497 64410
140 5.895 5.860 290 6,510 64421
145 5.931 5.894 295 64524 0.434
150 54965 5,894 298,16 6,532 AN
155 54996 54956 300 6,538 64445
160 6,026 5984
165 6.055
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temperaturs range fr 18-289K, The electronic heet capacity was assumed
to give a negligible contribution to the sg, velues in this range.

In Teble 4 the thermodynamic functions, as calculated by evaluation

of equations (12), (13), end (14), eve listed, The values of C,, used
for the integrations were taken from the smooth curve,
Table 4
Thermedynamic functions of thorium
Cal, deg.~L (g. atom)~l
79, 8° HO - H8 -(F° - H§)
T T
20 0,410 0.304 0,106
50 2,770 1.801 0.969
100 6.135 34369 2,766
150 84460 4,164 44296
200 10,215 FANCTA:S 5.567
250 11,623 44980 6.643
298,16 12,760 54220 74540

300 12,799 54228 74571
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of absolute temperature measurement was thought to have an error of

£ 0,001%E, from room temperature down to sbout 309K, which increased to
L 0,00, at 159K, Heat cepacity values obtained from the smooth curve
were thought to be acourate to & 0,1 per cent down to 309K, and to

I 1 or 2 per cent at 159K,

Gadoliniunm

The experimental values of G«x, and AT for all of the gedolinium
determinations are given in Tsgble 5, The values of Gp in Table 6 were
taken from & smooth curve drawn through the experimental values of Cp
vhich had been corrected by equation (9) for non-linearity. Figure 8

ghows a plot of this amooth curve,

Extrapolation of Cp from 15-09K, wag accomplished by using a valne
of 6p = 152 in the Debye equation, In obtaining the value of €p, an
attempt was made to separate the lattice and the electronic heat capace
ities in the lowest measurements, At a sufficlently low temperature the
latbice heat capacity can be assumed to vary as 73, and the lattice plus
electronic heat capacity can be represented as Cy = Cp # T + 4T3,

A plot of Cp/T versus T2 then permita the caloulation of the coeffi-
clent ¥, Applicabtion of this method to the lowest temperature resulis
of gadolinium gave values of ¥ which were certainly too high, so it was
assumed that the temperature of the resulte was not low enough to
Justify the 73 1gttice heat capacity assumption, The best method of
approximation, therefors, seemed to be to assume the value of ¥ for
gadolinium was the same as for lanthamm,> namely 16 x 1074, After sub-
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Table 5

Experimental values of Op for gadelinium, cel. deg.~! (g. atom)~l
Atenic weight = 156,9

DaG. = 273#160K0

Mgen T Approx, C Mean T Approx, C
( X.) AT, P ( K.) AT, P
‘Run 1 , 1;’?.67 4e?9 8,258
L 1'9 Aogﬁ 8:3"
58,57 452 5,268 186.13 4e21 8.352
62.97 4029 50542 190,36 4,17 8,466
67,16 4,10 5,792 19451 413 8,538
71,19 3.97 5,963
75,10 3,85 6,135 198,62 4,09 8,613
‘ 202c69 4605 8¢693
78,90 3,75 6,286 206,72 4,01 8,781
82,59 3,65 6,431 210,87 4e58 8,856
86,21 3,57 64559 215042 4452 8,953
89,75 3.51 6,664, ; ,
93424 3.46 64754 219.91 Lok? 9,043
224,435 FAA N 9.164
96,67 AR 6,835 228474 4435 9,265
100,52 4429 6,928 233.08 4,30 9.380
104478 4e22 7.025 237,36 4423 9,512
108,97 Lel6 7,111 v
113,10 4,10 7,194 241,57 4e18 9.640
‘ « 245,74 4412 9,759
117,18 405 7278 249.83 4404 9.945
121.21 4,00 7,347 253,87 3,97 10,108
125,19 3.96 7413 25784 3.90 10,299
128,69 3,92 7475
132.59 3.88 74539 266,31 3,773 10,748
273.60 3.56 11.251
136446 3.85 7.601 279462 3439 11,775
140,28 3.81 74656 282,95 3428 12,296
lékiag 3i78 7‘725 285‘41 1066 120516
147,84 3,74 7,786
151457 3.71 7.831 287,05 1,63 12,791
‘ 288,65 1,58 13,148
155469 451 74897 290,21 1.54 13,565
163’18 4.46 7*974 291.75 1¢56 130383
164,462 booki2 8,047 293454 R.05 10,048
169,01 L 37 8,122
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Table 5 (Continued)

Mean T Approx, C Mean T Approx, ¢
( K.) AT P { K.) e P
295,67 2423 9,216 Run 3
| 297,93 231 8,878 |
- 300,26 2,37 8,637 R4 k3 221 11,284
302,64 2,42 857 276 Wds 1.81 11,474
305,02 2446 84296 278,42 2.4 11.637
280,54 2.11 11.858
307,49 2449 2,177 - 282,68 2,18 12,119
309,97 2.51 8,103
312.49 2.54 8,001 284461 1,68 12,384
315,03 2456 74l 286427 165 12,635
317.59 2,59 C7.827 287,61 1,08 12.873
288,70 1..06 13.121
289,74  1.04 134410 -
Run 2 .
) | 290,66 0,82  13.681
15,10 3,59 0.467 29147 0,80 13.850
© 18,00 2,22 0,754 292.30 0,87 12,782
19.96  1.69 0,989 293428 108 10.229
21,51 1.41 1.189 94439 1.15 94586
2 &+ 20‘ 7 1
3 \45 4 o453 Z’)g g‘ gg 1‘22 . 8%1
26,05 247 1 31 Bt ' s 881
B 2up AT 300,43 2453 8.627 .
31,30 2,79 2,537 303490 4e83 8,368
2B 316 2,94 20BT8 o ¥ o B2
ML . R 33 313.75 3.0% 7.970
: . ) ‘ - ,,3 * u12 ?l 34‘
B o - R O - 323.90 508 7731
B3 3420 4488 32948 3022 7,660
5154 302 4aT52 3342 2a2 7.0
Shok® 287 4a979 339447 5431 7e512
62.89 6‘44 5.%2 34«4‘7‘4‘ 5‘37 7‘421
Run 4
337,33 5,15 7482
342443 5,17 7 o454,
34754 5,21 7.378
352,70 5424 7.323
357,82 5,26 74287
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Table 6
Heat capacity of gadolinium in cal, deg;’“‘l (g, atom)~t

Atomic weight = 156,9 0%C, = 273,169,

79K, Cp T9%. Gy 7K. Cp
15,0 0.456 140 74655 265 10.673
20 0,995 145 7734 270 10,979
25 1.664 150 7.813 275 11.349
30 2,363 155 7.893 280 11.802
35 3.035 160 7973 285 12,446
40 3.632 165 8,054 290 13.468
45 44160 170 8.135 295 94402
50 4«62’7 175 8.215 300 8,667
60 5.361 185 84374 310 8,036
65 5.670 190 8458 315 74926
70 5.922 195 84547 320 7.805
75 6,134 200 8,64, 325 TTL5
g0 64337 205 8,738 330 7.650
&s 6,520 210 8,842 335 7.586
90 6,670 215 84944, 340 7 +499
95 6,796 220 9,051 345 7e4l5

100 6,914 225 9.170 350 74350
105 7,026 230 9.299 355 7.309
110 7134 235 G440

115 Te235 240 94592

120 74329 245 9,757

125 7417 250 94953

130 7499 255 10,168

135 7577 260 10,408
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traction of the electronle contribution from each of the three lowest
determinations, values of 6y = 152, 150, and 148 were obtained, The
value of €y = 152 was chosen. This value of ©p is lower than the value
obtained from a preliminary investigation of sound velocities in seme
of the rare am‘mmm% The values obtained from the gound velocity
measurements were lanthanum 162, gadolinium 176, dysprosium 180, and
erbium 190, It is well lmown that values of Op obtained by various
methods do not necessarily agree, so the difference in the Op for gado~
1ed by the two methods is not slarming, 8ince the 8p values
were of interest mainly te predict thermal properties, the use of the

values obtained from thermal measurement rather than from sound velocities
seemed logical. The approximately linpar increase in 6 with atomic
mumber noted in the sound veloolbty measurements would seem to justify the
assumption, which will be used later, that the thermally determined
values of O also increasge linearly with atemic mmber.

The thermodynamic functions in Teble 7 wers calculated using values
of heat capacity taken from the smooth curve and equations (12), (13),

The calculation of Qp ~ Oy entailed the following data, The iso-
thermal compressibility, 3 , was determined by Bridgman®é to be
25 % 1077 om ?/kg. at room temperature. The coefficient of volume
expansion, < , could be inferred fram the work of Trambe and Foex, 15
which indicated thet from -140 to 209, the linear expansion coefficient
is zerp, Thelr measurements indicated that ol becomes posgitive and
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Table 7
Thermodynamic functions of gedolinium
Cal, deg.~1 (g, atom)~i

79K, §° R° ; HY _~(Fe ; it)
15 0,155 0.116 ' 0.039
50 27197 1.875 0.922
100 6,880 34948 2,932
150 9.867 5,098 44769
200 11,770 5.878 v 5,892
250 13.820 6.545 74275
293 15,610 7 o 26 8354
298,16 1577 7284 84490
300 15.828 74293 84535
360 17.238 74364 9.874

appreciable below -1409C,, but they gave ne quantitative figure. Above
20°C, they gave A = 8,3 x 1076 :%agi“l, which is comparable to the other
vare esrth metals, Messuremsnts by Baniaber, Legvold, and Speddingl® on
the bemperature variabion of the lattice parameters of gadolinium were
used to estimate a value of o = 1 x 107 éeg.“l‘ Heasurements made by
Barson, Legvold, and Speddinglé on a rolled sample of gadolinium gave
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values of « ranging from 6.4 x 107 deg,~l at 25%.. to 8.0 x 100 deg.~l
at -170%, The results of Trombe and Foex were used because of the
approximate nature of the velue of Banister, Legvold, and Spedding and
because of the quesbtionable rolled gample of Barsen, Legvold, and
Spedding, The density of 7.948, as de
along with a molecular weight of 156.9, gave an atomic volume of
1947 cco/g. atom, The velue of COp - Oy caleulated at 25%. was
0,034 cal, deg,~l (g. atem)*l, Since the value of o was zero below
209., the value of Gy = Gy also became zero below 20°C, Above 259,
the value of Cp = Cy would vary spproximately by the factor T/298,

Brnined W Klerm and 3m$ry35

The precigion of the measurements, as expressed by the deviation of
arperimental pointa a gmooth curve, was as follows: below 609K,

all points were well within ¥ 0,1 per cent of the curve, with at least
95 per cent of the peints within ¥ 0,05 per cent; betwsen 60-200°K, all
points wers within * 0,1 per cent with about 85 per cent of them within
1 0,05 per centy between 200-355%K. all the polnts were within - 0.2 per
cent with 90 per cent of them within ¥ 0.1 per cent of the curve. Since
the precision stated above was for all points, it can be inferred that
the various runs sgreed within these limibs.

The drift corrections due to non-adiasbatic condibions ranged from
one per cent of the total AT at 159K, to zeaéa at 20°K, Betwsen 20.200°K,
they were almost all zero and between 200-300°K, they ranged from
0.1 to 0.2 per cent of the AT. They increased gbove room btemperabture
to about one per cent of the total AT at 3559k, The ratio of the heat
capacity of the suxiliary parts to the total heat capacity ranged from
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one per cent at 15°K. to three per cent at 3009K,

The absolute sccuracy of the measurements was governed by the
ability to measure the temperature and the AT's, The error in these
neasurements is the same as stated for the thorium measurements, Heat
capacity values obbtained from the smooth cuxve ware thought to be accurate
to & 0,1 per cent down to 309, and to L 1 or 2 per cent at 159K,

Brbiun

The experimental values of Cp and AT are given for erbium in
Table &, These values sre not corrected for non~-linearity of Gp,. A
smooth curve was drawn through the values corrected by equation (9) and
the values from this curve are given in Teble 9, Values from this curve
were used for the caleulation of the thermodynamic functions given in
Teble 10, In those cases where the heat capacity wes non-reproducible,
the maximum value of the heat capacity at any given temperature was used
in the caleulstion of thermedynamic properties.

Values of Cp betwsen 15-0K, were calculated using a valus of

8p = 89.0 in the Debye heat capacity equation, This value was obbtained
frem experimental valuee of Cp between 15.2-17.5°%K. These temperatures
were too high to allow determination of the electronic heat capacity, so
this aﬁntrimtion was assumed to be the same as for lanthamum,’ namely
0,0016 T cal, dog.~t (g. atom)~l. After correction for the electronic
contribution the experimental values of 9‘? gave values of Op ranging
from 89.8 at 15,2°K, to 87.4 at 17,5°K. The chosen value of 89,0 was
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Table 8
Experimentel values of Gp for erbium, cal, ﬂag,.""l (g, atom)™t

Atemic weight = 167,28 0%, = 273.16%K,
Megn T Approx, Cp ' ‘ Mean T - Approx. c
(%K.) AT P (9K.) ar 0 ®
; 168,02 3491 6,261
59,62 3,26 6.884 ‘ 171,91 3.88 6,304
62,83 3.17 74032 : 175.77 385 6,336
65,96 3.01 7179 179.61 3.83 6,370
69.01 3.0L 7.310
72,01 2.95 7428 \ 183.43 3.81 64,390
80,59 277 7.805 201.94 heo Th 6,469
83,33 2,71 7.978
86,30 3.22 6,453 206,66 472 64491
. 211.35 4470 - 6,495
89,63 3445 5,893 216,04 469 6,511
96,49 34l 5,880 227.87 4463 64,539
98,90 3439 5.883
102,27 3435 5.921 23249 4e62 64542
; 237.08 4460 6,559
108,93 3.31 54943 2£H.23 458 6-579
112,23 3.28 54970 250,78 4e56 64597
115,50 3426 54995
119,23 b2 64015 ‘ 25531 4455 6,607
123443 419 6,048 26k, « 34 . *
131.71 4ell 6,099 273430 4450 6,645
135.81 408 6,123
. * 277077 4.43 60673
139,87 4e05 6s 147 A 10 g~g§g
143.91 4402 64173 286.27 4 ok L
147.92 4400 6,196 290,69 ek’ 6.702
152,27 3.97 64222 295.09 deokds 6,715
156423 3.96 64225 299449 heb3 6.724

160,18 3494 64245
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Table 8§ (Gontimmed)

Mean T

- Approx.

Mean T

Approx,

¢ c
(°K,) AT P (°K.) AT P
60,82 2436 64944, 83,27 0,16 7,990
63,57 3414 7.069 83.47 0,16 8,008
66,66 3.06 74209 83.58 0.16 8,006
69,68 2.99 74312 83.74 0,16 8,006
72,38 2,40 72 83,90 0,16 8,007
T4 o84 2,51 74573 84405 0,16 8,007
77406 1.94 7639 84,21 0,16 . 8,008
78482 1.59 74124 84,37 0.16 8,007
£0,26 1.31 7.782 8he 52 0,16 8,006
8lbdy 1.04 74863 84,68 0,16 8,005
8247 1,03 74926 8484 0,16 7.887
83,49 1,02 8,001 85,00 0,16 7,719
84450 1,02 7.978 85,16 0,17 7450
85,60 1,17 64744 85,33 0,17 7.109
86,82 1.28 6,010 85,51 0,18 64751
88,11 1.30 5.921 ,
£9.41 1.30 5,892 Run §
950,87 1,62 5,886 |
92,65 1.9% 5,877 297,12 4475 6,713
96,51 1.93 5,877 . 306.59 LT3 6,730
311,29 412 64743
315.98 4,71 6,757
Run 3 320,66 4470 6,758
325.32 4469 6,771
142.55 4400 6,159
146,53 3497 6,183
150449 3.95 6,210
154 43 3493 64227
158634 3491 ‘ 6;2&0
162.23 3,89 64,262
166,11 3.87 6,280
169497 34,85 64306
173.81 3,83 64329
177,62 3.81 64361
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Table 8 {Continued)

Moan T |

(k) AT ’ Cey a7
18,84 0.58 2,745 17,75 Le4l 20324
19.67 073 34239 19,23 L6 381
20.75 1.45 3,405 20,71 1,40 34519
22,53 2,12 34403 2,13 L5 3.38
24457 1.96 34664 23,76 180 34548
| 25449 1.67 3.809
26,98 2,86 4ol34
32,49 3,00 4853 Run 10
35,38 2,78 5,201 |
3833 3.1 5.548 2,29 180 3,544
2629 2,41 3,967
41434 2,91 5,887 50,07 1,91 6,787
4k e28 2.98 64207 52419 2.33 64940
4119 2.82 64505 Shehb 231 6,935
50,27 3,35 6,803
53,63 3426 64953 56,82 2032 S
698 2% 6809 843 230 0 S
63.65 2,22 7.072
Run 7 ' ‘
Bun 11
15,21 0.38 l.éw?
16,93 151 2.09 o B
18,48 1.58 3,020 5748 1,22 0.824
20,01 L.k 4aB58 230 R 208
2,01 2. 0 . ¢
2 4’7 3459 61040 1. 29 64.%6
Run 8
]ﬁQQQ 0.61‘5 209&7
21,59 l 15 34691
23&00 047 3‘4‘54‘
24,56 1.64 34662
26,50 Relh 4,015
28162 2.01 Loki?0
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Table 8 (Continued)

Maan T

Mean T Approx, ¢ Approx., ¢
(°K.) AT P (°K. ) e P
Bun 12 Run 14
53435 1.38 . 64735 47.36 2.88 64369
54472 1.37 6,783 49,71 1.82 6.693
56,08 1.35 6.826 51,50 1,76 6.883
57 oo 1.35 6.816 53425 1.7 64952
58,78 1.34 6.863 54499 1.‘?4 64,906
60,11 1.32 6,922 56473 1.7 6,849
6142 1.31 6,970 58447 1,73 6,860
62,72 1.29 7.034
Run 13 - Run 15
16,01 0,98 1.859 16.79 0.76 2,062
17.03 1,08 2.118 17.60 0,86 2,268
18,09 1.07 2.550 18.46 0,86 2472,
19,04 0.87 3.763 19.16 0.53 3,725
19,93 0,95 4,300 l‘?cs‘?’? 0.71 4e363
20,94 1.29 3.801 20.46 0.67 3,741
2z.27 1.40 3461 21,15 0.72 34433
23465 1.37 3.538 21,87 0.73 34393
24,98 1.29 34730 22,60 0,72 3407
27.16 2009 4&168 23#113 1005 3 500
24451 1,00 3.649
30442 3443 4ob42
31&091 .3'676 5 039
37.61 2.44 5.324 Run 16
41434 03 54885
45.22 3,73 6,301 20439 0.86 24934
21,23 0.81 3.041
48,01 1,86 6.622 22,02 0.76 34234
49,84 1,80 64762 22494 1.08 34416
51.61 1.7 64904 24,,00 1.03 3.570
53436 1,73 6,972
55409 1.74 64916
56,83 1.74 64853
58,57 1.73 6,865
60,29 1.71 6,923
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Table 8 (Continued)

Hﬁan'i‘

f&ppm.

Approx.

G

(°%.) AT (%: ) AT F
Run 17 20,70 0.39 4261
21.22 0.67 3,815
18334 0050 208% 23"?? 0.89 30545
18.88 0457 34313 } 22,98 1.08 34519
19.44 0456 4oh52 24,04 1.05 3,608
19,92 0442 4977 25,06 1,01 3.751
0435 LTT0

20434
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Table 9

Heat capacity of erbium, cal, deg.~l (g, atam)=l

Atomic welght = 167,28 0%, = 273,16%K,
79K, 0}? T9K. GP TOK, Cp
5 0,08z2a 130 6,088 255 6,605
10 0,623% 135 6,12 260 6,618
15 1,600 140 6,14 265 64634
20 5,020 145 6,178 270 64648
25 3.733 150 6,207 275 64660
30 4602 155 6,231 280 6,673
35 5.515 160 6,253 285 6,687
40 5737 165 6,277 290 6,701
45 6,278 170 6,306 25 6,710
50 6,778 175 ©.338 298,16 6,716
55 6,918 180 6,371 300 6.718
60 6,911 185 6,399 305 6,729
65 74136 190 64422 310 6742
70 7348 195 6,442 315 6,752
75 7550 200 6.461 320 6.757
80 T775 205 6,480
85 7.710 210 6,494
90 5.889 215 6,507
95 5877 220 64520
100 5.824 225 6,534
105 5.903 230 6,546
110 5.948 235 6,557
115 5.988 240 6,567
120 6,022 245 64579
125 6,055 250 6,591

8These values were obtained from the Debye extrapolation between
0%k, and 15°K,.
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Table 10
Thermodynamic functions of erbiun
Cals deg.~t (g, atom)-l

K@ b Ha n(FQ - H?)

TOK, ' s° B o |

T T
15 0,647 0,475 0.172
2% 2,093 1,491 0.602
52 64150 3.627 2.523
60 7,137 42063 3,074
70 8.234 44502 3.732
8446 9.686 5.048 4,638
88 94944 5,105 4839
100 10,696 5,198 5,498
150 13,144 54482 7.662
200 14,963 5,692 9.271
250 16,420 5,860 10,560
298,16 17,59% 5,989 11.605
300 17.634 5.993 11,641

320 18.069 6,039 12,030




04 3orq 408 NooTq oY} Jo sunjexedwe] oUf puB ‘YT punode 3w
pesnEyXe §8A unTTey pMbrT Jo-4A1ddne euy *Ne0T MoTeq T00O o4
quexeBrager v €8 umprey prnbIT esn of opem seM qdweqys uy T wny
,.%%ﬁ fen uns 8T
PUB *No2t*GT 09 eanjededumeq WOOL WOIF POTOOD SEA NOOTY SYUL ‘€T WY
*peqaEqE STA UNT STUF PUR ‘NoY0°LT 03 PeTooo
ST JPOTA oMY ¢*NoZ9°6 0% DPOTATEO UESq PUY § WL J9JY 6 ny
potaeqs EM UNX ETUL PUR Y685 e
09 OB POTOOO FEM T 8I0JA *YpG¥ 4noqe 0% dn pewIeM OOTY
oy, *uedoaply pIbIT Jo N0 UBX JTOAJESSd YT USUA *YpLLT
noqe 04 uMep m&m&m&@%ﬁ WOOX WOLI POTOOL SBA NLOTH oY g vny
*pesaeqe BBA NI BTUL PUB "NY,UO°ST 0% POTO0O
sen S00Tq 63 ‘*Np9"T9 0% OC°LT WodF euod pe § UNX Je9FY L UMy
| *NgSS MOTeq peTO0D ueeq pey
}0OTq Y3 VYUY SWFY 4BILF U} SEA STUL “PelIRis A TN ouj
pUR *No€°LT 03 eanjeredue; WOOX WOLF PETOOY A JOOTq YL 9 Umy
| isnoTTeF
g8 gBA SUNX EnotIvA eyl Joy opdues ouyy o LrogsTy eyl ,.mggﬁ&ﬁﬁ
esoyy 9% 89003130 Spsexesely, ouyy Suplerdeyp ‘Aremous *y,0z Uy Jo efuex
eanjeredusy euy UENOIYY SUNE TEIeARS JO 83TNRGX OUR BMOUE QT o8Bty

d

*6 oanBTg eaTd o4 peqgord exen Mg Jo genyeA SAINO YjoOUE OYL

*Np$T MoTeq Lypoeduo guey Teqoq ouy eqemrxoxdds

o3 g go enTma JeyBry ouy weys Jegqeq eq piuon 9f “Aruo Lypowdes gqeey
80T998T J0F ©3awT 00% yonm eenTeA A3 ATpejyTupe prnoa 3T yYSnouire pue
£*3,6T 99 °AINO SNONUTIUOD ® OpTAOXd PTNOM 4T ISUOSESI OAL JOJ WESOUD

L9



unggaIe Jo hﬁ%@a qeay
6 oxndry



LT

BOSN

Form E-i




Figure 10
Heat aapmﬁ.ﬁﬁ* of erbium in the region around 209K,
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0 to 0.3 per cent betwsen 50-2009,, and from 0,3 to 1 per cent from
200-300°K, The ratio of heat capacity of can to total heat capacity was
1/200 gt 20°K,., 1/10 at 50%., 1/6 at 100°K., and 1/4 at temperatures
sbove 150°K,

As in the cases of thoriumm and gedolinium, the facteor limiting the
accuracy wes the temperature measurement, Heabt capacity velues obtained
from the smooth curve were thought to be accurate to ¥ 0,1 per cent down
to 309K, and to £ 1 or 2 per cent at 15%,
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DISCUSSION

Therium

The value of the standard entrepy of thorium, Sjuq 10, Obtained in
this research 1s 12,760 cal, deg.”l (g. atem)=:. (Hereafter, these units
of entropy will be represented by e.u.) This is conbrasted with the
value of 13»5«3 e.u, ostimated by Lewis and Gibson,? Their value was
baged only on the average heat capacity between the temperatures of
liquid hydrogen and 1iquid nitrogen, plus the assumption that the heat
capacity of thorium behaved in a manner simiiar to meveral obher metsals,
The discrepancy between these two values of entropy can certainly be
attributed to inadequacies in the essumptions of Lewis and Gibsen,

Thorium does not exhibit any anemalies in its heat capacity over
the range 15-300°K, The deviation of the meagured values from a smooth
curve increased to & 0.3 per cent in the range 135-1559K., but this is |
insignificant as compared with the anomalies exhibited by cerium’® in
the range 135-180°K, Likewise, in the temperature range over which it
vas studied, uraniumd? ghowed no ancmalies in contrast to the behavior
of neodymium, |



199
usgatan oq few pur ‘8109083 SuTinqrajuod TedeAcs Jo un® eul $¥ poprefex
oq few ‘Yy ‘eanswexd guegsuoo 4w L97osdeo qveny peansEem oUl

*suotjorpexd TeOTesOeNy UITH

sanguaeduey epamg oyn 9w Lyrosdes qwey ouy Jo LYTRUTIUOLETY oG puw

‘euoTe e9p UOTIRIT4EUTSL WOy POROTPead euTEA 9T URTA UOTIEZTIOUSEm JO

LBxoue ouj YATA POYRTOOEST hﬁ%&g qeal ey ‘enrTeA TEOTOIOOUY ST WM

Ldoxque opgeudem oyy tersdmoo o ﬁmngﬁ Jo BT 91 *HSUOYULE TeYLT}BIONY)

Bupysrxe o qUSTT UT S4TNSE OSSU} SUTURXO 03 STTUAUIION EWees 9T

‘sseroyrasssy “AI00U3 JO UOTYBOLITPOW MmNy Joy ¢epind S8 esres ‘eurq ur

‘fou oddy syuy Jo squeupsedie pus ‘Arequewtpns Lzes TTFR® 1 Sopgeubwu
-oaxe) 403 wyep L31ovdeo gmey Jo uotymjeadyequr eApgRyrjUwend eyy

suouemousyd opjouUSTWOIIOT OUY YITA pejeTvcsEe AT308ITp
£7 JOTABYUS( BNOTBWOUR OUj 181} UOTENTOU0O Ouj 0F PeeT SUOTIeALesqo oSell
mmégaﬁagp eTamg sapjoedges Jreyy Jo pooysoquiten eyy uy ‘reyotu puw

faTeqoo ‘uoay ‘squemere orjeuwumozrey Xoyjo oyl Jo seTpnys Lypoedeo gwey

ey} UT PuUnOJ ey} 09 XETUFS 87 sAamo Lypoedes gwey eyy Jo edeys oyg
*Lreapqgoedees LypTraradecsng opgeudsw pue uopyerliculsw QMOUBWLL VO SjuUeW
~paodye woxy cBurppeds pur ‘proafe] 990TTTE L4 POUTEIqE o0 1 “Dol*iI
PUB oT°0 T *0o6°ST JO SeNTeA o3 03 OSTS PUS 4 equory pus ‘EsTen ‘wysqan

£q punog o0°Z T *069T 30 eangjvaedmeq etan) eyj of Lyesoro spuodee.rroo

STUL "of"0 7 “0p9°8T 4% WNNTXEW B SOUOBSI UYOTUM mmtupToped Jo Lyyowded
qBey eyj up Apsuwoue Us €7 exey) ‘g oundry WOIY uLLe eq usd ey

MU Iepen

L



75

Gp = G + Oy + Gg + 40 (15)
where Gq ® the lattice heat capacity
Cp = the magnetic heat capacity
Ce = the slectronic heat capacity

8C = the dilatation term, the difference between the heat
capacities at constent pressure and at constant volume

Both Cp and €, are electronic in origin, but are treated as distinct
quantities. The following relation for Sy, the entropy associated with
the measured heat capacity at congtant pressure, 1s obtained from
relations (12) and (15)s

8y = 8,+ 8y + By + 8 (16)
where the same subscripte are retained. The separation in relations (15)
and (16), while afmittedly not rigorous, may ferm the basis for dise
cuasion, since %o a first approximation the several terms are independent,

- The value of Cy can be calculated as a function of tempsrature,
assuming that it can be represented by the Debye function with a single
velue of Op, namely 152. This value was estimated from the lowest
Wrimm@al values of the heat capacity, and was used to extrapolate
the heat capasity curve from 0-15%, (For arguments pertaining to the
validity of this cholce of ©p, see the sectlion on results,) Values of Cq
can be obtained by the use of the tables of Beattie,?® Numerical inte-
gration of these values from 0-360%K, gives a total lattice contribution
to the entropy, 8q, of 13,115 e.u. With the previous assumption that the
electronic contribution to the heat capacity is Cg = 0,0016 T cal, deg.™>
(g. atom)*l, the slectronic entropy, 8o, is caloulated as 0.576 e.u. at
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3609, The dilatation contribution to the heal capscity was shown to be
zero below 209, and approximstely 0.034 x T/298 cal. deg.~l (g. atom)~l
above this temperature. The entropy contribution of the term, 8,5, at
360°K, is thus 0,007 e.u. Making use of the value of 8p in Table 7 and
of relation (16), the velue of Sy, the magnetic contribution to the
entropy, is found to be 3,540 e.u. at 360%,

The value of the magnetic entropy may now be compared with the pre-

dicted mlwa. In the case of gadolinium, both the saturation moment and
the paramsgnetic susceptibility may be accounted for in the same marmer
as in the "idesl® dilute gedolinium sa18,°C Thus, the gadolinium atoms
may be regarded as tripositive, and in the spectroscopic state 3&7/2,
which represents a parallel aligmment of seven electrons in the 4 £ shell,
There ave 2J + 1 or eight aMgamwlﬁy equivalent energy states for the
tripositive atom, (Bince 8 ® J in this case, there are also 28+« 1
equivalent energy states.) When the atom is placed in a field, the
energles of these eight states are split, depending upon the orientation
ef the stom in the field. In a ferromagnstic substance, the atomic mo~
ments are slmost all lined up in one direction, which is equivalent to
existing in one energy state., (Only at 0%, eve they completely lined
up.) The entropy associated with the ferromagnetic state of gadolinium
should be that for changing from one to eight possible energy states,

R 1n 8 or 4.132 e.u, The experimental value of the magnetic entropy was
csloulated to be 3.540 6.u., or 0,592 e.u, less than R In 8, Since the
values of G are still deoressing with inoreasing temperature at 360K,
there appears to be some magnetic contribution to the heat capmity, and
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of O0RfT in the range 8-14°C, may be estimated from the work of
Elliott, Legvold, and Spedding,l3 From their curve the estimated values
of J02AT at 8, 10, and 14%C. are respectively ~230, =290, and =507,
Equation (17) then gives the values of magnetic heat capacity for

8, 10, and 14%, a8 2.5, 3.1, and 5.4 cal. deg.™* (g. atam)~l, These
nsy be compared with experimental values of 5.60, 5.85, and 6.46

cal, deg,*t (g. atom)"l obtained on the basis of relation (15).

The data of Kriessman end MoGuire40 for gadolinium allow the
caloulation of the effective magneton mumber, iLeps,, by the relatiom:
M erg, ® gﬁa\wmﬁw |
where k » Boltzmann's constant
Cp = molar Curle constant
B = numerical value of Bohr magneton
N = Avagadro's mumber
The valus of M ee caloulated for gedelinium from this equation is
8,15, which corresponds closely to the value of 7.94 calculated for a
spin of 7/2 from the spin-only equation \2ps = 48(S + 1),

The next item to be considered is the discentimuity in the heat
capacity, Since the initially abrupt drop on the high~temperature side
of the meximum glides into a more gradual decrsase, it is customary to
extrapolate back from that side and take the discontinuity as the
difference between the meximum heat capacity and the extrapolated peint,
Such a procedure yields for the discontinuity a value of about
7 cal, deg.~l {g. atom)~l, which is very similar to that found in the
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cage of iron, and about 3.5 times that found for nickel, While the
Weiss theory% comes close %o agreement in the case of nickel, there is
no guch agreement for gadolinium,

The statistical theories of Firgan, 42 Tazmgi;@ and Veiss,* which
are based on the Ising model, ave essentially equivalent., For simple
cuble, body-centered, or face-centered cublc latiices the disconbinuity
in the heat capacity at the Curie btemperature is found to bes

AC = ..3&.&. W in »ﬁ? ?  cal. deg.l (go atom)~t

wvhere 4 = the number of nearest neighbors,

It may be assumed that the value would not be essentially different for
hexagonal closestw-packing, For Z = 12, the digcontinuity is

3,24 cal, deg.~l {g. atom)=l, sssigning one spin per atom, There seems
to be no wey to £it this to the case of gadolinium, |

Meagurements of the heabt capscity of gadolinium in the range
below 159, are desired since they would allow a better evaluation of &,
and, therefore, a betier approximation to the true lattice heat capacity.
They would also zllow direct evaluation of the electronie contribution
to the heat capacity of gadolinium, if this term can be assumed to vary
linearly with the temperature in the range of these measurements.

Extenglon of the heat capacity measurements of gadolinium to higher
temperatures is also desired for a better evalusbion of the magnetic
contribution to the entropy. A4s mentloned before, the decreasing
values of Gy as the temperature incresses at 360%K. indicate that scme
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magnetic contribubtion to the heat capacity and entropy still exists
above this temperature,

Erbium

There are three maxima in the heat capacity of erblum, as is showm
in Pigure 9, Results from various rune show the heat capacity to be
reproducible in the vieinity of the meximm at 849K, The results of
run 4 show not only that the heat capacity curve is continuous through
the maximum, but also that there is a vegion of about 1.,2° at the very
pesk where the curve is almost flat.

A second magimum, at 53,5, + 0,3°, exhibits a dependence on past
thermal history of the semple. The heat cepacity in the vicinity of the
peak apparently is dependent upon the temperature to which the sample
has besn cooled prior to making measurements, However, the heat capacity
goems completely reproducible when the sample is cooled to as low as
23.5%. before making meagurements in the region around 53.5%.

The heat capacity in the reglon of the third maximum, at 19,99K, 2
0.3°, is ghown in Figure 10, The various runs made in this temperature
range indicate that the lower the temperaturs to which the sample is
cooled before the measurements are started, the higher is the peak of the
maximum, Unfortunabtely, it was not possible to maintain the temperature
of the lover reservoir and shisld below 20°K. for sustained periods,
Because of this, s thorough study on the dependence of the height and
shape of the mexlmum as a functlon of the length of time the sample was
maintained below 20°K, was not possible, From the data that were taken,
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it appears that the peak height and shepe depend only on the temperature
to which the sample 1s cooled before teking measurements and not on the
length of time the sample is maintalned at this temperature befors taking
measurements, However, the date are insufficient to permit a definite

conclugion,

The temperatures of the mexime in the heat capacity curve
correspond to those at which several other properties of erbium exhibit
anomelous ‘behaviors, The maximum ab 849K, améﬁpm&& roughly to the |
temperature of 809, where Legvold, gt al.l® reported a change in slope
of the resistivity versus temperature curve., There is a slight bump in
the initial magnetic susceptibility curve at 809K, and a region between
65-809K, where the megnetic susceptibility is mﬁapan&mn@ of temperature.
The results of the resistivity and magnetic susceptibility measurements
suggest the possibility of a Néel point, i.e., & transition from pare-
magnetic behavior at higher temperatures to antiferromagnetic behavier
at lover temperatures, in the region of 80°K. Koehler and Wollan?0
predicted from neutron diffraction that a magnetic transition, "the
nature of which is unknown? sets in at about 80°K. These neutron
diffrection studies would, st first, seem to support the poasibility of
a Néel point, but, as yet, attempts to interpret the date in terms of
any model of antiferremagnetic order have been unsuccessful., The heat
capacity curve of erbium around 849K, shows little similarity to the heat
capacity curves of known antiferromagnetic meterials, such as MaF 45
and Ni01,48, around their Curie temperatures. Such a comparison should
" be made with reservations in this case, since two of the maxima in the
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heat capacity curve of erbium fall go close together that they have a
tendency to mask each other,

A review of the prmpaﬁim of erblum in the region around 53.5%.
suggests nothing which would explain the meximm of the heat capacity.
Elliott, Legvold, and Speddingl3 did £ind that the magnetic suscepti-
bility beccmes field dependent at %"i{. L 59, but this would not account
for the heat capacity behavior, The possibility of anomalous electronic
contributions bo the heat capacity, as in the cases of cerium, praseoc-
dymium, and neodymium,? should be considered. At present, this appears
to be the most likely way to account for the meximum at 53.5%.

The maximum in the heat capacity at 19.99K. corresponds to the
temperature at which Elliott, Legvold, and Speddingl3 predicted the onset
of ferromagnetian, They no meagurements of remanent magnetization,
but based their opinion solely on magnetic susceptibility measurements,
Koshler and. Wollan?¥ interpreted their neutron diffraction measurements

as showing a definite ferromagnetic state at 4.29K, The magnetic

ordering, which they interpreted as ferromagnetic in nature, first
appears a8 high as 35%%, and becomes more pronounced as the temperature
is decressed. A chenge from an antiferromegnetic state to a i\-’ewaw
magnetio state does not alone afford a good explanation for a maximum
in the heat capsciby, since there should be no entropy chenge in going
from one ordered gtate to another., However, it is possible that gharp
changeg in the other factors eontributing to the heat capacity might
accompany such a transition, thus accounting for a heat capacity
meximum at the temperature of the transition, It was hypothesized by
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Guillaud4? that MnAs has a transition from antifervomagnetism to ferro-
magnetism, and an acoompanying meximum is found in the heat cepacity.
Although the hypothesis accounted for the observed behavior of the other
properties of MnAs, the meximum in the heat capacity was not explained.
The maximm in the heat capacity of erbium at 19,99, may result from an
electronic transition similar to those found for cerium and necdymium3
in thig same temperature range.

An evaluation of the entropy and heat capaciby associated with each
of the three maxims is impossible because the temperaturs ranges of the
anomalous coubtributions overlap, However, 1t is possible to calculate
an approximate value of the totel entropy change associated with the
three maxima,

This total entropy change may be caloulated in the following manner.
It is impossible Yo obbtain s value of the Debye characteristic tempera~
ture, €p, for erbium from the low temperature heat capacity measurements.
This iz due to the fact thet at these lowest temperatures the magnitudes
of the magnetic and electronic contributions are unknown, For reasons
presented earlier (see page 56), the best appreximation to & velus of p
for erbium should be obtained from linesr extrapolation of the Op values
of 132 for lanthamm end 152 for gadelinium, This gives a value of
8p = 165 for erbium, from which velues of the lattice contribution to
the heat capacity can be estimated using the Debye equation., A4 value
of 11,710 e.u. at 300°K, 1s obtained for 8,, the lattice contribution
to the entropy, from a table’® of entropy versus €p/T. A value of
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0,037 cal, deg.~" (g. etom)~! vas caloulated for Oy = Cy at 300%K. in
the section on erbium resulis, The entropy contributlon of this term at
300°K, is 0,018 e.u. The electronic contribution to the heat capacity is
assumed to bo the sams as in lanthamum,? nemely, 1.6 x 10-3Teal, deg,~t
(g. atou) t, The corresponding entropy contribution is 0,480 e.u,

Using equation (16) and the messured value of 17.634 e.u, for the total
entropy, the magnetic entreopy ab 300%K, is calowlated to be 5.426 e.u,

A theoretical value of the magnetic entropy can be obtained if the
atoms of erblum in the metal are regarded as tripositive, and ave
asgigned the same spectrosgcoplc sbate as that of the fres ilon, namely,
4’115 /a2 (The valence electrons are regarded as being paived in the
bonding band and not conmbribubing to the magnetic moment,) At 09K, all
of the atoms would be in the lowest energy state of the possible 27 + 1
or 16 states, Aﬁ sufficiently high temperatures, the atoms will assume
a random distribution smong the 16 posmible states. The entropy change
assoclated with the change from 1 to 16 pessible energy states is
R 1n 16 or 5.382 e.u., This sinmplified treatment of the actual metal can
be treated by comparing predicted and experimental values of 8p, the
magnetic entropy. The aplmﬁié agreement between the two values, 5.382
and 5.426 e.u.; appears fortuitous congidering the sssumptlons involved
in spproximeting the lattice and ammnnic contributions to the entropy.
Nevertheless, the agreement iaada to c@nﬁ‘i&@m@ in the method uged to
obtain the predicted velus of 8.

An extensilon of the work on erbium should include messurement of the
heat capacity in the range 1-25%K. From these measurements it should be
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poasible to obtain better values for the l}abya characteristic temperature
and also for the electrenic heat capacity, Hence, better values for the
lattice znﬁ olectronic contributions to the entropy c}mm’m determined,
A thorough investigation of the 19.9%K. maximm should be made in order

to determine ifs dependence on the previouns thermal higtory of the

sample. There is spparently a large magnebic contribution to the hest
capacity at 15%K., and this cen reasonably be assumed to extend below
15°K, Investigation of the heat capacity in the proposed rangs should
indicate the nature of the magnetic contribution below 15°K. Another
interesting extension of this work would be & combined heat capacity and
nagnetic study from 1-90%K, in order to detormine the heat capacity of
the semple as a function of applied magnetic field, This should help
in dstermining the relationship between the heat aapmi‘ty and magnetic

propertiss of erbium,

arements to determine remenent magnetization might clear up some
of the vegueness which now swrrounds the existence and temperature region
of a ferromagnetic stabe. Magnetic susceptibility measurements on a
single crystal of erbium might provide information to support the
hypothesis of antiferromsgnetism in erbium, Keehler and Wollan?0 have
propesed neutron diffrasction meam nts in conjunction with an applied
magnetic field, Elliott, Legvold, and Speddingl? have measured the

4 ALY

magnetic susceptibility of dysprosium and have shown that it behaves in
e manner similer to that of erbium. Its magnetic properties are more
distinct and the transitions occur farther apart, so that a comparison of
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ite heat capecity with that of erbium might be helpful in the inter-
pretation of the behavior of the latter.

General

The rare earth metals might reascnably be expected to have Debye
characteristic temperatures which would be close together and show a
monotonic varlation with stomic number, Such a behavior would be in
keaping with the mmw atomic weight and aamm’lly decreasing
abomic volume experienced in going from lanthanum to lutetium, The
characteristic temperature, 8y, is related to the characteristic fre-
quency, Vp, by the relation hVp = kO, where h and k are respectively
the Planck and Boltzmenn constants. This characteristic frequency is
related to the force constant F and density p by the relation V= (E/p)E,
The force constents of the rare eurth metals would be empected to
increage as the atomic muber increases because of the decrease in
atemic volume and resultant tighter bonds. The density slso increases as
the atomic mumber is incressed. Since it is not lmown whether F or p
has the greater percentage change, the trend of the Op values must be
experimentally determined, The velues of O = 132 for lanthamm® and
Oy = 152 for gadolinium, which were determined thermally, show that the
force consbant is the dominating factor., As mentioned previocusly, the
mein interest in the values of Op has been for prediction of latbice
heat cepacities, so the values of 6p determined thermally rather than
from gound velocities have been used, The values of O determined from
sound velocity measurvements’> are 162 for lanthanum, 176 for gadolinium,
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182 for dysprogium, and 192 for erbium, Although these absolute values
have npt been used, they de show the expected monotenic change with
atomic mmber and also show this change %o be roughly linear. It should
be mentioned that the determinstion of lattice heat capacities by a
single value of Oy is only approximate, since the assumptions used in
derivation of the Debye equation are only appreximate,

The good sgreemsnt of the predicted and experimental values of the

magnetic entropy of erbium st 300°K., and the approximately linesr change
in the lattice heal capacities of the rare earth metals suggested

that the entropies of the other rare earth metals might be predicted,
These predictions were made in the following marner, The By values are
agsuned to vary linearly in geing from lanthsnum to lutetiuvm, and are
determined by the valuse of €p ® 132 for lenthanum and 6 = 152 for
gadolinivm, The electronic contribution teo the heat capacity is
assumsd to be constant throughout the series, and equal to that in
Llanthamum, namely, .0016Tosl, deg.*: (g. atam)~l, There is no justifi-
cation for thls except that it appesrs to be the only approximstion that
can be made. The magnitude of Gy, = Cy is considered negligible in light
of the small values caloulated for gadolinium and erbium, The magnetic
contribution 4o the entropy is caloulated assuming that the atoms exist
as the tripositive lon in the metal, and that the only entropy cone
tributed by the valence electrons is in the electronic heat capacity.
This is squivelent %o the assumption used in the case of the ®idesl"
magneticelly dilute rare earth galts, At OPK, the ions ave assumed to
exist in the lowest energy state of the 27 + 1 possible states.
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At 300%, the iona are assumed to be randomly distributed in all of the
possible 27 + 1 energy states. The entropy asgociated with the dis-
tribution of the lons into the avallable energy states ss the metal is

wnrmed from 0-3009, 4s B 1n (27 + 1), The success of this treatment in
the case of erbium seems to Jusbify its use,

Although these sssumptions lead to valid predictions for most of
the rare sarth metals, they would be inedequate in the cases of eurcpium,
ytterbium, and possibly samarium because of the abnormal valence states
and resulting loose bonding exhibited by these metals, In their salts,
both euwropium and ybthterbium are lmown to exist preferentially in the
divalent state, with the 4 f shell respectively half-filled and
completely-filled, This tendency is presumed to carry over into the
metals, where the atoms possess the same electron core ss the dipositive

iom, The looser binding

in the case of the dipositive lons should cause
the 6 values of eurcpium and ytterbium to be considerably smaller than
the other rare earth metals and, hence, st eny particular temperature
their lattice contributions to the heat cepacity and entropy would be
larger, |

In the case of euwropium, the divalent ion is in the apectroscopic
gtate 337/%, and would, therefore, be expected to have a magnetic con~
tribution to ita entropy equal to that for gadolinium, Because the
lattice contribuaiion te the entropy is expected to be abnormelly large,
suropium would be expected to have an entropy greater than its neighbora,
gamarium end gedolium, In the case of ybterbium, the divelent ion 1s in
the spectroscoplce state 1%, and would be expected to have no magnetic



contribution to the entropy.
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Because of the anbticlpated abnormally large

lattice entropy, yiterbium would be expected to have a total enmtropy

aomevhat larger than lutetiun,

Teble 11 and Figure 12 show the resulis of the calculabions,

Table 11

Predicted and experimentsl values of s‘gm for the rare earth mstals

Element 9

J& R 1n (2J41)

8y + 8 Pre, Exp.
Gylla O4Us $p sp

La 132 13.4) 0 0 13.41 13,
Ce 135 13.29 5/2 3456 16,85 16, 2@"’
Pr 138 13,16 s 437 17.53 17,499
Na U1 13.04 9/2 457 17.61 17.54°
Pm U 12,92 4 4437 17.29 - -
8m 147 12.80 5/2 3.56 16,36 - -
Eu - - - /2 4413 - - - -
6d 152 12,57 /2 413 16,70 15,83
Dy 159 12,32 15/2 5.51 17,83 - -
ﬁ@ 162 12¢2f@ 8 5 163 3.7‘ $3 T %"'?‘_/
Er 165 12,08 15/2 551 17,59 17563
fb -~ L 0 0 - N
Lu 174 1L 0 0 1,71 -

3he total angular momentum quantum number of the tripositive ion,
except for eurcpilum and ytterbium where J is for the dipositive ion.

Priese experimental values of 8, were obtained from reference 3.
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assoclated with the combined anomalies waa determined and compared with
the theoretical walue,

The Debye characteristic temperatures were found te increase from
132 to 152 in going from lanthamm to gadolinium, This trend in 8j
values has been discussed,

A method of m@ﬁ.&ﬁm the entropies at higher temperatures of the
other rarve earth metals has been presented and the predicted values
shown, Comparison of the predicted values with experimental velues
showed very good agreement between the two,
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