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ABSTRACT 

The static and ballistic magnetic susceptibilities of a 

pressed powder sample of chrome-cesium alum, which was corn** 

pounded in this laboratory, have been studied as a function 

of entropy at temperatures obtained by adiabatic demagneti¬ 

sation. Measurements were made with a moving-coil apparatus 

in sero external field using a small (,9 gauss) measuring 

field? measurements were also made with a conventional bal- 

listic galvanometer apparatus, Susceptibility-versus-entropy 

curves were established fer both static and ballistic meas¬ 

urements between entropy values of 0.2R and 1.25R, These 

curves are compared with similar measurements on chrome- 

potassium, chrome-rubidium, and chrome-methylamine alums. 
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INTRODUCTION 

0*1 Motive 

The magnetic properties of chrome-methyl amine alum and. 

chrome-potassium alum have been extensively studied below 

1° K both experimentally and theoretically (1), (2), (3). 

o 
At temperatures above 0,2 K the magnetic behavior of these 

materials is theoretically understood. At lower temperatures 

their behavior is complicated by magnetic-dipole interactions 

among the paramagnetic ions, and by splittings in the ground- 

state energy levels of the paramagnetic ions due to the 

crystalline electric field and spin-orbit coupling. Both 

alums exhibit a transition characterized by a maximum in 

the magnetic susceptibility at a temperature of several 

hundredths of a degree. The peak susceptibility of chrome- 

potassium alum is approximately 50 percent larger than that 

of chrome-methylamine alum. Measurements of the magnetic 

susceptibility of chrome-methylamine alum at the Rice Univer¬ 

sity have revealed a relaxation effect (4) with a character¬ 

istic time on the order of 35 sec,, at temperatures below the 

transition. This effect was not observed in chrome-potassium 

alum (5), The differences in the detailed behavior of the 

magnetic susceptibility in this region has led to the investi¬ 

gation of a third chromium alum, chrome-rubidium alum (3), by 

the Kammerlingh Onnes Laboratories at Leiden, The work at 

Leiden indicates that the maximum value of the susceptibility 

of chrome-rubidium alum is approximately the same as that of 
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chrome-methylamine alum and that the general magnetic 

character of chrome-rubidium alum is in close agreement 

with that of chrome-methylamine alum. This result was ex¬ 

pected, since chrome-rubidium alum and chrome-methylamine 

alum have the same type crystal structure, differing slightly 

from that of chrome-potassium alum (6) (see section 0.3). 

The lattice parameters of chrome-cesium alum are still 

closer to those of chrome-methylamine alum than are those 

of chrome-rubidium alum. Therefore, a study of chrome-cesium 

alum may be expected to lead to an even finer comparison of 

crystalline effects on the low-temperature magnetic proper¬ 

ties of chrome alums. The low-temperature study of chrome- 

cesium alum to be presented in this thesis will indicate that 

its magnetic properties are more similar to the magnetic 

properties of chrome-methylamine alum than are the magnetic 

properties of chrome-rubidium alum. In some respects, how¬ 

ever, both chrome-rubidium alum and chrome-cesium alum ex¬ 

hibit a basic difference from chrome-methylamine alum, 

0.2 Magnetic Cooling 

The use of dilute paramagnetic salts in obtaining tem¬ 

peratures well below 1° K was suggested by Giauque (7) and, 

independently, by Debye (8). A complete treatment of the 

consequences of their suggestions has been given by DeKlerk 

(l). The magnetic cooling process can be understood from 

the entropy (S) vs. temperature (T) curve for a hypothetical 

paramagnetic salt with spin 3/2, which is given in the 
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accompanying sketch. This sketch illustrates an isothermal 

magnetization from H ■ 0 to H ■ at and the subsequent 

adiabatic (assumed to be isentropic) demagnetization from 

H - HQ to H z 0, whereby a lower temperature, T_^, is ob¬ 

tained. 

As can be seen from the sketch, T^ is determined by the 

dependence of entropy on magnetic intensity at constant tem¬ 

perature, T , and the dependence of entropy on temperature at 

zero magnetic intensity. For TQ in the neighborhood of 1° K 

the entropy dependence of chrome alums on the magnetic field 

is well understood. The magnetic properties of the chrome 

alums are due to the Cr ions, since remaining components 

contribute negligible magnetic effects. In a free Cr4"** 

4 
ion the ground state is F, but in a crystalline electric 
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field the orbital angular momentum is effectively "quenched." 

Hence, the ion is in the so-called "spin-only" state. In the 

neighborhood of 1° K the lattice entropy is very small, and 

only the spin entropy need be considered. At this temperature 

the chrome alums still follow the well-known Curie lav/, which 

indicates that the salt may be considered as a system of non¬ 

interacting particles with angular momentum of J = 3/2. The 

dominant interaction is that of the resulting magnetic 

moments with the external magnetic field. 

In a magnetic field, of intensity H, the ground state 

of one particle undergoes a Zeeman splitting into 2J f 1 

energy levels corresponding to the 2J t 1 values of the 

magnetic quantum number. The energy corresponding to a 

level with quantum number Mj is g ju# M^H, where g is the 

spectroscopic splitting factor (1.98 - .02 for chrome 

alums) (9), and is the Bohr magnetron. The partition 

function for a system of N such particles is given by: 

1 Z a 
Mj“ J 

X. exp(-gMj UA H/kT) 
Mt“-J 

/( 

N 

For the case of zero magnetic field at 1° K all the substates 

are degenerate and the partition function is: 

Z = (2J + 1)N 

By the well-known expression of statistical mechanics: 

2 ® = -T^j/kTlnZ)^ 



ft follows that the entropy of one mole of particles is 

given by: 

S = R In (2J + 1) 

where R s NQk, NQ being Avogadro’s number. For fields other 

than zero the entropy may be determined by equations 1. and 

2, This calculation has been performed and the results tabu¬ 

lated by Hull and Hull (10). 

With the knowledge of the entropy at (TQ, HQ) the entropy 

of the sample immediately after adiabatic demagnetization is 

also known. To determine Tf it is necessary to know the 

(S, T) relation for zero magnetic field. There exists no 

experimentally verified theory which can relate the tempera¬ 

ture to the low entropy which can be obtained by adiabatic 

demagnetization. 

The most successful theory for the low-entropy prop¬ 

erties of chrome alums is the antiferromagnetic theory of 

Mel (11) which has been extended to apply to chrome alums 

by O’Brien (2). This phenomenological theory predicts a 

peak in the magnetic susceptibility similar to those ob¬ 

served in the chrome alums (see sketch on page 6). The 

sharp peak is referred to as the Mel point. Mel modified 

the antiferromagnetic theory by postulating the existence 

of antiferromagnetic domains (12). With Mel’s modification 

the antiferromagnetic theory has been used to explain pre¬ 

vious experimental results (3), (4), (5). 
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0.3 Crystal Structure of Chrome Alums 

The empirical chemical formula for chrome alums is 

XCr(S0^)g • 12 HgO where, for the alums under consideration, 

X denotes potassium, rubidium, cesium, or methylamine ions. 

The general nature of alum crystal structure has been re- 

vealed by x-ray analysis of aluminum alums by Lipson and 

Beivers (13), (14), (15), and it has been found by Klug (6) 

that the chrome alums have the same general crystal structure. 
4* 4* 4* 

The monovalent ions and the Cr ions form two interpenetrat- 

ing face-centered cubic lattices. Each Cr ion is sur¬ 

rounded by an octahedron of water molecules. 

It has been found from room-temperature x-ray studies 
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that the chrome alums possess two different crystal struc¬ 

tures. The structure of chrome-potassium alum is called 

©<-type and that of chrome-cesium alum, chrome-rubidium 

alum, and chrome-methylamine alum is called /3 -type. These 

different structures are characterized by the position of 

the sulfate ions along the trigonal axis of the unit cell and 

the orientation of the octahedra of water molecules with 

respect to the cubic axis. Figure 1 shows a diagram of the 

and /3 -type structures (13) and a diagram of the electro¬ 

static bond structure (15). In the /3 -type structure the 

octahedra of water were found to be regular, with the axes 

of the octahedra coinciding with the crystal cubic axes. 

On the other hand, the octahedra in chrome-potassium alum 

are displaced relative to the crystal cubic axis by a rota¬ 

tion of approximately 10° about the trigonal axis. The sul- 

fate ion is positioned farther away from the Cr ion in the 

/3 -alums than in the o<-alum. 

It is known from paramagnetic resonances studies (9), 

(16), that the octahedra of water about the Cr++1’ are dis¬ 

torted. At room temperature the octahedra have trigonal 

distortions. Between room temperature and liquid-nitrogen 

temperature the resonance results indicate further crystal¬ 

lographic distortions. The distortions in chrome-potassium 

alum are not well defined and proceed gradually with tempera¬ 

ture. This transition is characterized by the appearance 

of two Stark splittings which can be explained only by the 

assumption that the environments of the Cr*** ions are not 

equivalent in chrome-potassium alum. For chrome-methylamine 
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alum a transition from trigonal to rhombic symmetry has been 

observed (9). In general there is only one observed Stark 

splitting in the /3-alums. 
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PART I 

1,1 Chemistry of Chrome Alums 

The first quantity of the salt examined here, chrome- 

cesium sulfate, was compounded by a commercial laboratory. 

This salt was green in color whereas the chrome-cesium alum 

was expected to be purple. Approximate values of density 

and solubility of this commercial salt were not in accord 

with those given in Seidell (17), and attempts to grow 

crystals of the characteristic octahedral shape indicated 

that this chrome-cesium sulfate contained, at most, only a 

small percentage of chrome-cesium alum and the remainder was 

in non-alum phases* of the chrome-cesium sulfate. Hence, it 

was decided to compound the substance at this laboratory. 

Chrome-cesium alum belongs to a sub-group of complex 

sulfates, which is represented by the chemical formula 

-M"»(H20)61 2 • (S04)3 M»S04 • 12 Hg0 where in the 

4" *t"t* 
case of chrome alums M'* * is Cr , and M’ is cesium, potas¬ 

sium, or any one of a large number of univalent metals and 

radicals, excluding lithium, silver, mercury, and copper (18) 

Most of the chemical properties of the chrome alums are 

similar to those of chrome-potasslum alum, which can be 

prepared by a number of methods, as outlined by Udy (19), 

Only one of these methods is suitable for laboratory 

* Actually the non-alum phases are not likely to be chrome- 
cesium sulfate compounds but a mixture of green chromium 
sulfate and cesium sulfate. 
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production of chrome-cesium alum, since few compounds of cesium 

are available commercially. This method consists of the crys¬ 

tallization of chrome-cesium alum from a solution containing 

stoichiometric mixtures of the component simple sulfates, 

chromium sulfate and cesium sulfate. The one problem in 

this method, however, is that the chromium sulfate reagent 

available was found not to be suitable for the growth of 

alum crystals. To understand why this is so, a closer look 

must be taken at the chemistry of the chromium alums and 

chromium sulfates. 

In the discussion of the structure of chrome alum crys¬ 

tals, it was stated that the Cr**+ ion is closely associated 

with six water molecules. Chemically this group, the Cr+4"+ 

ion and octahedron of water, acts as a radical of valence 3. 

When chrome alum is put into aqueous solution, only half of 

the water molecules are freed; half are bound to the Crf4-f 

ion (17): 

[cr(H20)g] 2 (S04)3 . Cs2S04 • 12 %0 + Water 

> 2 [cr(H20)6] *
++ ♦ 2 Cs+ + 4 (S04)"“ + Water 

The only chromium sulfate whose Cr+++ ions are associated 

with six HgO molecules is violet in color; complexes with 

less than six HgO molecules are green in color. The violent 

chromium sulfate has the chemical formula 

[0r(H20)6] 2 (S04 )3 • X HgO 
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where X is 14 to 18 (17). When in aqueous solution this com- 

pound dissociates in the following way: 

2 [^Cr(HgO)g J *** t 3 (S04) ♦ Water 

This form has a cubic crystal structure and its violet solu¬ 

tion, just as solutions of chrome alums, will turn green if 

allowed to remain at room temperatures for several weeks, or if 

it is heated above 40° C - 50° G. The green chromium sulfate 

forms do not crystallize and have several chemical structures: 

[Cr2(H20)10(S04j] ' (S04)2 * X H2° 

[cr2(
H
20)8(S04)^ * S04 • X H20 

[cr2(H20)6(S04)^] • X HgO 

The brackets indicate the form of the radical which does not 

break down in solution. 

While carrying out a search for a commercial source of 

the violet chromium sulfate, a program for its compounding 

was started. The usual method of obtaining this chromic 

sulfate (19) is to combine hydrous chromic oxide (Chromic 

Hydroxide) in solution with sulfuric acid, crystallizing 

thereby the violet chromium sulfate. Hydrous chromic oxide 

is also among those chromium chemicals not readily available 

from commercial sources. Hence, hydrous chromic oxide was 

prepared in this laboratory as a precipitate from a mixture 

of green chromic sulfate and ammonium hydroxide. The 
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Insoluble hydrous chromic oxide could be easily removed from 

the chromic sulfate and ammonium sulfate solution. After 

several washings of this precipitate it was considered 

reasonably free of ammonium. Mixtures of chromic oxide and 

sulfuric acid prepared in this laboratory were of little 

use. The heat of formation produced temperatures such that 

the resulting solutions were green. 

At this point the plans for preparing a stoichiometric 

solution of chromium sulfate and cesium sulfate were dropped 

in favor of a more direct method devised by the author, 

which has since proven satisfactory. 

The direct method mentioned above is actually a dis¬ 

placement of the ion in chrome-potassium alum with a Os* 

ion. It may be seen from the accompanying table that chrome- 

cesium alum is much less soluble than chrome-potassium alum 

and any component of their stoichiometric solutions. 

Compound Solubility Temperature 

K2S°4 6.88 Moles lo’4/ml HgO 25° C 

Cs2S04 49.5 20 

Cr2(
S0

4)3 • 18 H20 16.8 20 

K20r2(S°4)4 * 24 H2° 
2.44 25 

Cs2Cr2(S04)4 • 24 HgO .079 25 

An observation of the electrometric series of elements 

indicates that Cs* ions would form a stronger ionic bond than 

4* 4* 

K ions. Hence, it seemed plausible that, if Cs ions were 
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Introduced into a solution of chrome-potassium alum, cesium 

would "displace11 the potassium and the formation of the less 

soluble chrome-cesium alum would be preferred. In order to 

test this hypothesis a few drops of a nearly saturated solu¬ 

tion of CsgSO^ were mixed with approximately one ml. of a 

nearly saturated solution of chrome-potassium alum. Nothing 

happened at first, but when the watchglass containing the 

mixture was scratched small grains formed. These grains 

were washed with water, then with methyl alcohol, and al¬ 

lowed to dry. The color of these grains was light violet 

and observations with a microscope revealed a weak octahedral 

regularity in their structure. To substantiate further the 

character of this salt a larger quantity of the precipitate 

was made, and Dr, R. L, Sass of the Rice University Chemistry 

Department was kind enough to make x-ray diffraction measure¬ 

ments on this sample. The diffraction pattern was in agreement 

with the value of the lattice spacings given by Klug (6) for 

chrome-cesium alum. Peaks which could be attributed to ohrome- 

potassluir alum were not observed. 

The above Odyssey in chemistry led to the preparation 

of the chrome-cesium alum sample to be described in the fol¬ 

lowing section, 

1,2 Preparation of Sample 

The chrome-cesium alum was prepared from chromium 

potassium sulfate, "Bakers Analyzed" reagent Lot No, 72850, 

and cesium sulfate, K and K Laboratory Lot No, K15008# 
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Approximately saturated solutions were made from 10 grams of 

GsgSO^ and from about 200 grams of chrome-potassium alum 

with water distilled with a tin still by Mrs. C. Thompson 

of the Rice University Chemistry Department. With both of 

the solutions at room temperature (approximately 22° C) the 

chrome-potassium alum solution was slowly added to the 

CSgSO^ solution until the molar ratio of potassium to cesium 

was believed to be approximately 2 to 1. At this point the 

scratching of the beaker no longer produced crystals. The 

resulting solution was poured off the precipitate and diluted 

about 3 to 1 and placed in the refrigerator. This was done 

in hope of obtaining additional chrome-cesium alum, since 

the slope of its solubility as a function of temperature curve 

is much steeper than that of chrome-potassium alum. After a 

few days a precipitate was removed from the chilled solution. 

This second precipitate was labeled precipitate #2 and the 

first precipitate from the solution at room temperature was 

labeled precipitate #1. 

Both precipitates were washed several times with cold 

o v 
water, (0 C), until the wash was only slightly colored; they 

were then washed with a small amount (50ml) of water at room 

temperature• 

After precipitate #2 was washed with water, it was then 

washed with ethyl alcohol and allowed to dry in an evaporating 

dish, which was covered with filter paper and placed in the 

refrigerator. The materials resulting from precipitate #2 

were labeled salt sample #2. 
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Precipitate #1, on the other hand, was put into aqueous 

solution after the water wash, this solution (approximately 

2.5 liters) was prepared in such a fashion that it was very 

nearly saturated at room temperature; therefore, it was suitable 

for recrystallization of the chrome-cesium alum. 

Recrystallization was desired first for purification and 

second to assure that any chemicam impurity (such as potassium) 

would be uniformly distributed. The recrystallization was ac¬ 

complished by placing the solution in pyrex baking pans fitted 

with filter paper lids. The total surface area of these pans 

was about 10 square feet. The pans were placed out of the way 

of traffic and where there existed a mild steady draft. It 

was about four days before the evaporation of the solution 

produced crystals. The crystals were removed from the solu¬ 

tion daily, washed first in cold water, and then in ethyl 

alcohol, and stored in the refrigerator. The last part of 

the solution precipitated some green non-crystalline material 

which was discarded. After all the useful crystals were col¬ 

lected they were washed again with ethyl alcohol and allowed 

to dry in an evaporation dish under refrigeration. The re¬ 

sulting material (12.3 grams) was labeled salt sample #1. 

An analysis of salt sample #1 and salt sample #2 was 

performed by Houston Laboratories in order to determine the 

amount of potassium in each salt sample. It was reported 

that #1 contained .019$ potassium by weight"* and #2 contained 

* This is less than other Impurities introduced by the chrome- 
potassium alum. 
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,37% potassium by weight. This corresponds to a molar content 

of ,288$ for salt sample #1 and 5,6% for salt sample #2, 

Salt sample #1 was used in all the work presented in this 

thesis, A pressed powder pill was made of it with the use of 

a 5/8 inch cylindrical mold. The pill was successfully made 

with a force of 12,000 pounds applied to the pistons of the 

mold and with the cylinder wall of the mold greased with 

Lubriseal and molybdenum disulfide. This cylindrical pill 

was then shaped into a sphere (£ 1$) with a mean diameter 

of 1,472 cm. and a mass of 3,13 gm. The calculated filling 

factor, the ratio of the density of the sample to the density 

of a crystal, was ,906, 

The sample was covered with Lubriseal and tied to the 

sample holder with silk thread. 

1,3 Apparatus 

In order to perform the process of magnetic cooling and 

to obtain information about the magnetic properties of para¬ 

magnetic chrome alums at low temperatures three cooperative 

systems of equipment are needed: a cryostat to cool the 

sample to the neighborhood of 1° K, a magnet capable of 

producing high fields for significant removal of entropy 

from the sample, and a device to detect the magnetization 

of the sample. Such apparatus was assembled by Dr. A, C. 

Thorsen and was described in detail in his PhD Thesis (20), 

This same apparatus was used in the magnetic cooling 



18 

and measurements presented in this thesis. A brief discus- 

sion of this equipment will be given in the following para¬ 

graphs . 

The cryostat system, shown schematically in Figure 2, 

follows the generally accepted practices for obtaining, 

regulating, and measuring helium temperatures down to 1° K 

except that the sample chamber may be used as a thermal switch. 

With the exchange gas valve closed and the Veeco valve open 

the pressure of the sample chamber is reduced by the high- 

vacuum system, thus 11 thermally isolating" the sample from 

the helium bath. Thermal contact may be regained by closing 

the Veeco valve and allowing helium gas to enter the sample 

chamber through the exchange gas valve. 

The magnetic field is obtained from a 25 kilogauss 

solenoid. The solenoid is mounted on an aluminum platform 

which may be raised and lowered manually. The solenoid is 

powered by a 270-Kilowatt diesel-driven direct-current 

generator. The generator's current can be controlled re¬ 

motely, but for complete removal of the residual currents 

a manually operated switch is used. Hence, the large mag¬ 

netic field can be rapidly reduced to zero, and the solenoid 

can be lowered from around the sample to reduce interference 

with magnetic measurements. 

The measuring circuit used is shown schematically in 

Figure 3 and a more detailed diagram of the measuring coils 

is shown in Figure 4. The drop coil consists of two coils 

wound series-opposed. The location of the sample is such 
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that when the drop coil is up the sample is in the center of 

the lower coil and when the drop coil is down the sample is 

in the center of the top coil. When ballistic measurements 

are made the drop coil is in the up position. Movement of 

the drop coil is achieved by rotation of the cam (Figure 4) 

attached to the axle of a slave-selsyn motor. The master- 

selsyn motor is located near the galvanometer, A detailed 

description of the drop-coil mechanism has been published 

(4), The measuring field is produced by the primary coil. 

The over-all sensitivity of the system is such that a meas¬ 

uring field of less than 1 gauss may be used. This sensitiv¬ 

ity was achieved with the use of a Leeds and Northrup galva¬ 

nometer (#100347) with a free period of 4,5 sec., operating 

nearly critically damped. The stray magnetic fields (those of 

the building and earth) must be compensated for in order that 

the measuring field be significant. This is accomplished by 

three mutually perpendicular coils suspended around the sam¬ 

ple. The currents in the coils are adjusted until the magnetic 

field is about the same magnitude on each side of the sample 

but opposite in direction. Therefore, the magnetic field is 

approximately zero at the location of the sample, 

1.4 Experimental Procedure 

Final assembly of the aforementioned apparatus and leak 

testing are outlined by Thorsen (20), This procedure was fol¬ 

lowed with no important exceptions. 

Assuming that the equipment is operating satisfactorily, 

that the transfer of liquid helium has been accomplished, and 
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that the compensating fields have been adjusted, the measur¬ 

ing circuit can be calibrated. Since the sample obeys Curie's 

law in the liquid-helium region, the deflection of the galva¬ 

nometer can be related to the susceptibility. Galvanometer 

deflections are observed at definite temperatures obtained by 

adjusting the pressure of the helium bath (Figure 2). For 

ballistic calibration they are approximately 4.2° K, 3 K, 

o o o 
2 K, 1,5 K, and 1.08 K, At temperatures above the lambda 

point the pressure is too high for satisfactory operation of 

the drop coil. Readings are taken for the drop coil calibra¬ 

tion by applying a measuring field of approximately 17 gauss 

and observing the galvanometer deflection when the drop coil 

is moved from the upper to the lower position and when the 

drop coil is moved from the lower to the upper position. 

These two deflections are averaged and recorded along with 

similar deflections for measuring field in the opposite di¬ 

rection and for no measuring field. This zero-field deflection 

should be constant throughout the calibration if the stray 

fields are properly compensated. For the ballistic calibra¬ 

tion the average of the deflection produced by turning the 

measuring field (about 6 gauss) on in one direction, and the 

deflection produced by turning the field on in the other di¬ 

rection is recorded. The average deflections are plotted 

versus l/T, The plot gives a straight line of the form: 

S - B = A/T 
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where A and B are constants of the measuring system and 8 

the average galvanometer deflection. The line relates the 

susceptibility to 8 since by Curie's law, X - C/T, 

x - ( s - B) 
A 

Prom the ballistic calibration one such relation, is obtained, 

but for the drop coil calibration two sets of constants (A's 

and B's) were determined: one set for the average deflections 

with the measuring field both ’'up1* and ''down.11 

After calibration the magnetic cooling process is per¬ 

formed. The sample is first magnetized with a pressure of 

about 50^ of mercury in the sample chamber. After approxi¬ 

mately ten minutes the heat of magnetization has been absorbed 

by the helium bath and the sample is assumed to be at the same 

temperature as that of the bath. This temperature is obtained 

from pressure readings of the McLeod gauge. At this time the 

Veeco valve is opened and the sample chamber is pumped out for 

approximately twenty-five minutes. During the last five 

minutes of the pump-out the diffusion pump "booster" in the 

bath-pumping system is turned on to reduce the bath temperature 

to approximately .9° K. This reduction in temperature reduces 

the pressure in the sample chamber further and reduces the 

heat leak. When the "booster" begins to come into action the 

Veeco valve is closed and the current through the solenoid 

is reduced to zero. At this time a stop clock is started. 

The solenoid is lowered. Galvanometer deflections and the 

corresponding times after demagnetization are recorded for 
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several minutes. In preparation for the next demagnetization 

the ‘'booster11 is turned off, the solenoid is put up in place, 

and exchange gas is let into the sample chamber. 

1.5 Sample Holder 

The recordings referred to in the above section are be¬ 

gun some 20 seconds after demagnetization and are taken about 

10 seconds apart for some five to ten minutes. When these 

S's are plotted against time, a rising or falling curve is 

obtained, indicating an increase in the temperature of the 

sample. If this heat leak is large, it is difficult accurately 

to extrapolate the curve to time (t=0), corresponding to the 

moment of demagnetization at which time the entropy of the 

sample is known. 

The heat leak may be attributed to radiation, gas ab¬ 

sorption, conduction, and vibration. Radiation is no problem 

with a metal sample chamber and, if the sample chamber is 

pumped out well, the main contribution to the heat leak is 

due to the sample holder. 

The sample holders used with this equipment in the past 

are shown schematically in Figure 5 (B) and (C). The holder 

in Figure 5 (B) was used by Dempsey (4) and found to have a 

heat leak of approximately 55 ergs per sec. Attempts to 

lessen the heat leak led to the holder in Figure 5 (C), 

which was found to have a larger heat leak (20). 

In a further attempt to lessen the heat leak the sample 
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holder in Figure 5 (A) was designed. This holder consists 

of three concentric Pyrex tubes with a pedestal to hold the 

sample onto the center tube. The outer tube is hand-fitted 

to the sample chamber. The heat conducted through the holder 

from the bath to .the sample must go through the middle tube 

(6mm, x 4mm. x 85mm.) and the center tube (3mm. x 1.5mm. x 

95mm.). Since the thermal conductivity is proportional to 

the cross section and inversely proportional to the length 

of the tubes, this sample holder is equivalent to a 3mm. 

tube approximately 120mm. long. DeKlerk describes a tubular 

pedestal (l), (believed by the author to have less isolation) 

which has a measured heat leak of 30 erg per sec. The 

measurements presented in this thesis indicate an improvement 

in the accuracy of the extrapolation. This may be due to 

this "improved11 sample holder or to a larger specific heat of 

chrome-cesium alum. 
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PART II 

2.1 Presentation of Data 

From a series of demagnetizations the dependence of the 

ballistic susceptibility on the entropy was determined for 

chrome-cesium alum. The results are shown in Figure 6. 

These measurements were made by observing the galvanometer 

deflections as a function of time following the demagnetiza¬ 

tion of the sample, and extrapolating the deflections back 

to the time of demagnetization* A measuring field of .9 

gauss was used below S/R - .8 and 1.8 gauss for the four 

points above S/R Z .8. Only the deflections corresponding 

to an increase in the measuring field were recorded. The 

deflections were taken in pairs; two successive deflections 

for the field increasing in one direction, then two deflec¬ 

tions for the field increasing in the other direction, and so 

on. In the region below the N6el point (S/R = ,5) hysteresis 

occurs and the first deflection in each pair was larger than 

the second. The difference in the extrapolation of the first 

deflections and the second deflections corresponds to twice 

the remanent moment. In this region, before the galvanometer 

was switched into the measuring circuit, the primary was 

pulsed (i.e., changed from 0 to .9 gauss "up" to .9 gauss 

"down” to .9 gauss "up11 to ,9 gauss "down" to zero) so that 

the first pair of deflections would be relevant. 

The remanent magnetic moment was observed to rise from 

nearly zero at S/R r .2 to a maximum of about 2^ of the total 
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moment at S/R s .43, staying at this same value to S/R = .5. 

Above S/R - .5 no remanent moment” was observed. 

The dependence of the static susceptibility on the entropy 

has been determined and the results are compared with the bal¬ 

listic measurements in Figure 7. In the region above the 

N6el point a series of deflections with a measuring field of 

.9 gauss "down" and a series of deflections with the measuring 

field "up" were recorded as a function of time after demagneti¬ 

zation. These two series were extrapolated to the origin and 

their average was used to determine the static susceptibility. 

It was noticed that the difference of the deflections with 

the measuring field ’’up1* and the deflections with the measur¬ 

ing field '’down*1 corresponded to twice the residual deflec- 
o 

tion in zero field at 1 K. After each demagnetization the 

residual deflection was recorded as a double check. In the 

region below the N6el point relaxation effects were observed 

and the determination of the static susceptibility was com¬ 

plicated by the uncertainty In the warming of the sample. 

Since the time characteristic to the relaxation process was 

on the same order as the usable measuring time after de¬ 

magnetization, only deflections corresponding to a measuring 

field of .9 gauss "up11 were recorded. These deflections 

obtained an ultimate static susceptibility after a time 

greater than the characteristic relaxation time as Is shown 

in the sketch on page 32. The points in Figure 7 were de¬ 

rived by extrapolating from the ultimate static susceptibility 

and assuming that the static value of the susceptibility 
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changed as a function of time after demagnetization in the 

fashion indicated by the ballistic measurements. 

The uncertainty in the ballistic susceptibility intro- 

duced by extrapolating is less than one percent except for 

the three data points for S/R just above 0.50, At these 

points the uncertainty is less than two percent. In the case 

of the static measurements there is an inherent uncertainty 

of approximately one percent in the method. This plus the 

uncertainty introduced in extrapolating amounts to approxi¬ 

mately two percent. Where the relaxation time is long the 

uncertainty in the static susceptibility is about three per¬ 

cent. In addition to the uncertainty in the susceptibility 

there is an uncertainty in S/R of approximately .01 due to 

variations in the generator current. 

Figure 8 shows the dependence of the relaxation time on 

the entropy. These relaxation times, T , were determined 

from the drop-coil deflections by assuming that the difference 

between the assumed extrapolation and the deflections was 
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characterized by an exponential. 

The results presented were obtained on five different 

occasions, each corresponding to a helium transfer and seven 

to ten demagnetizations. Between these occasions the sample 

was kept at liquid nitrogen temperature except on the days 

between April 18 and 25 when the sample was allowed to warm 

to room temperature for a few hours. The measurements before 

this warm up were in agreement from date to date, but as il¬ 

lustrated in Figures 7 and 8 the measurements of April 25 

were not in agreement with similar measurements on April 

14 and 18. It should be noted that the cooling of the sample 

from room temperature to liquid nitrogen temperature was ap¬ 

proximately ten hours for the April 25 run and about four 

hours for the other occasions.” 

It should be pointed out that the values of susceptibility 

reported in this thesis were corrected to correspond to a sam¬ 

ple with the same density as a crystal. This was done by 

using the Curie constant for a single crystal with a volume 
-3 Q 

of one cubic centimeter (i.e., C = 6.28 x 10 K). 

2.2 Discussion 

A comparison of the zero-field susceptibility of chrome- 

cesium alum with the zero-field susceptibilities of the other 

* The rate of change of the temperature was not recorded; 
hence, the temperature could have passed through the transi¬ 
tion point (discussed in section 0.3) at much different rates 
than indicated by these cooling times. 
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three chrome alums as reported by Beun, Miedema, and Steen- 

land (3) (see Figure 9) , indicates that chrome-cesium alum 

is much like chrome-methylamine alum. Beun, Miedema, and 

Steenland used single crystals shaped into spheres, and the 

reported susceptibilities were measured with a sinusoidal 

field. 

Since there are often slight differences in the results 

obtained by different laboratories or methods of measurement 

(1), (20), a comparison of the zero-field susceptibility 

measurements made at this laboratory by Dempesy and Sapp 

on a single crystal of chrome-methylamine alum with the 

results of chrome-cesium alum seems in order. The suscepti¬ 

bility reported by Dempesy and Sapp for chrome-methylamine 

alum (4) is the experimental susceptibility for a sample 

shaped into a 2:1 ellipsoid of revolution. Since the local 

magnetic intensity at an ion is dependent on the geometry 

and magnetization of the sample, it is advisable to correct 

the reported experimental susceptibility to that of a sphere 

in order to make a more direct comparison.^” The suscepti¬ 

bility measurements published by Dempesy and Sapp have been 

corrected to a spherical shape by the Lorentz correction 

formula: 

% - #e 
0 ” 1 ♦ ($0. -©<)Xe 

# The jC' used by Beun, Miedema, and Steenland is the suscepti¬ 
bility per ion mole, 

HH* For a spherical sample with a cubic crystal sturoture the 
effects of the geometry and magnetization add to zero (1). 
Thus, there is no need to correct the susceptibility of a 
spherical sample. 
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where %G is the reported experimental susceptibility and 

etf - 2.3. The deviation of the Lorentz formula is outlined 

in most treatises on magnetic cooling (e.g., reference 1). 

The corrected curve is shown in Figure 10. 

A more detailed comparison shows that though the N6el 

point of chrome-cesium alum is at nearly the same entropy as 

that of chrome-methylamine alum, however the general behavior 

of susceptibility vs. entropy is more like that of chrome- 

rubidium alum. First, notice a sharper maximum in chrome- 

cesium alum and chrome-rubidium alum than is observed for 

chrome-methylamine alum. Secondly, the slight bump in the 

chrome-cesium alum curve between S/R - 0.8 and S/R ■ 1.1 is 

also similarly observed only in the chrome-rubidium alum 

between S/R - 0.4 and S/R = 0.7. The fact that the chrome- 

methylamine alum susceptibility curve does not exhibit these 

changes in curvature may be due to the effect of the methyla- 

mine radical since it differs physically from cesium and 

rubidium ions. 

It is interesting to note that there is a correlation 

between the N6el point and the lattice constants of the three 

chromium alums with /3 -structure. The lattice constants (6) 

at 25° K and N6el points for the chrome alums are given in the 

table on page 39. This correlation is probably a manifesta¬ 

tion of dipole dilution, crystalline fine structure, and the 

electric and magnetic properties of the monovalent ions. 

The fact that the susceptibility of chrome-cesium alum 

agrees qualitatively with that of chrome-methylamine alum and 
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Chrome alum Structure 
 *  

Neel point Lattice Constant 

Potassium oC S/R ^ .36 12,175±0.001 £ 

Rubidium 
ft 

S/R ^ .28 12.256±0.001 £ 

Cesium 
ft 

S/R ic .50 12.37810.001 £ 

Methylamine 
ft 

S/R ^ .55 12.516*0.001 £ 

chrome-rubidium alum supports the supposition of Beun, 

Miedema, and Steenland (3) that the observed susceptibility 

differences between chrome-potassium alum on the one hand and 

chrome-methylamine alum and chrome-rubidium alum on the other 

hand might be explained by the differences in crystallographic 

structure. In order to explain differences between the mag¬ 

netic character of the /3 -type alums and chrome-potassium 

alum, they assumed that the walls between domains were thicker 

and more numerous in the case of chrome-potassium alum. The 

thickness of the walls was connected with the existence of non¬ 

identical chromium ions in chrome-potassium alum (21). They 

supposed that this might hamper the transition to an anti- 

ferromagnetically ordered state. As a consequence the transi¬ 

tion would occur at a lower temperature but at a higher entropy 

than might be expected if the chromium ions had identical en¬ 

vironment as is nearly the case with the /2> -type alums. The 

lower-temperature paramagnetic state obtained in chrome- 

potassium alum would result in the higher values of suscepti¬ 

bility, as has been observed (22). 

A comparison of the drop-coil measurements for chrome- 
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methylamine alum in Figure 10 with those for chrome-cesium alum 

in Figure 7 indicates that the static susceptibility of chrome- 

cesium alum is in closer agreement with its ballistic suscepti¬ 

bility than is chrome-methylamine alum. The static measure¬ 

ments of chrome-cesium alum do not show a maximum below the 

NSel point indicated by ballistic measurements as was observed 

in the chrome-methylamine alum. 

The relaxation times obtained for chrome-cesium alum 

(Figure 8) are longer in both cases than those obtained in 

similar measurements by Dempesy and Sapp on chrome-methylamine 

alum (4), (The relaxation time of chrome-methylamine alum 

was described as rising rapidly below S/R = 0,53 to 17+5 sec, 

at S/R s 0.5, changing slowly to 3Qi8 sec, at S/RsO.35, and 

becoming slightly greater at s/R = 0,19,) Their sample was 

cooled to liquid-nitrogen temperature over a period of five 

hours and was maintained at or below liquid-nitrogen tempera¬ 

tures during the entire period of investigation. It is pos¬ 

sible then that longer relaxation times would have been ob¬ 

served for chrome-methylamine alum if they had precooled more 

slowly, as was the case for chrome-cesium alum. Thus this 

type of measurement is in want of an investigation of the 

effect of cooling rates on relaxation times. 

With regard to spin-lattice relaxations, it has been 

pointed out by Eisenstein (16) that there is poor agreement 

with theory in the helium-temperature range in the case of 

the chromium alums. He proposed that the relaxation times 
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depend on the thermal history of the specimen, and that In¬ 

ternal strains obtained when the crystals pass through their 

transition temperatures is the factor chiefly responsible for 

variations in observed relaxation times. The variation in 

the observed relaxation times presented in this thesis support 

this proposition since the only change from one run to the 

other was the thermal history of the sample. 

The maximum in the remanent magnetic moment of chrome- 

cesium alum at S/R = .43 suggests a strong similarity to 

chrome-methylamine alum which is the only other substance on 

which adiabatic demagnetizations have been performed in which 

a maximum of the remanent magnetic moment has been observed 

(22), Such a maximum could be characteristic of the /Q -type 

alums since the N6el point of chrome-rubidium alum, below 

which the remanents is observed, is so near the lowest entropy 

which was investigated (3). This maximum in the remanent 

magnetic moment might be associated with the long relaxation 

time. It has been suggested that both the remanents (hystere¬ 

sis) and the relaxation effects are due to the same mechanism, 

irreversible displacements of the antiferromagnetic-domain 

walls (4), (12). Also, the long relaxation time related to 

the magnetization would retard the growth of the remanent 

magnetization when measured with the short pulses used in 

ballistic methods. 
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