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1. INTRODUCTION

Magnetic ordering in rare earth compoundsfhas long been .-
subject to.intensive experimental»and theoretical-investigaf
tion. The interaction of the orbitalvangular momentum with the
crystal electric field may be comparab;eatoﬂthe inter;onic ;f
coupiing. If the rare earth.ion has an odd number of 4fﬁe1ecé
trons, the crystal field energy levels will be at least two- ‘_'
. fold degenerate. In this case, an ordered state can always be
~reached by’ suff1c1ently 1ower1ng the temperature. On the other

+ ground
hand for a non—Kramers 1on the crystaI fleld/state is often

a 51nglet, for which the matrix elements of the componentS'of:
“the magnetlc moment Vanlsh In thls case the 1nterlon1c coupllng
‘must exceed a crltlcal value relative to the- crystal fleld
vspllttlng in order to have magnetlc orderrng even at absolute“-
zero,l'z'The crYStal field effects, which tend to oppose theh
ordering, become.stronger as the orbital c0ntribution to the
totallangular momentum of the magnetic ion increases.'Accordingly,
the ordering temperature in general decreases onvgoing from”h‘
the center of the rare earth series towards either end ‘The i
orderlng occurs via magnetlc moments Wthh are self-con51stently
1nduced by the 1nteractlons between the magnetlc 1ohs;” o

Most of the work done on.singlet ground state magnetism~'~ e
has dealt with systems where exchange interactions-are respon;a
sible for the orderihg.3f4 One such system, Tm2(804)3-8H26,

was studied earlier in our laboratory by heat capacity meas-

. g g . S
urements with powdered samples. Hozever, incomplete knowledge
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of the”crystal structure and the interactions between the
magnetic ions made it difficultlto oat:y'ont‘deta;;ed compar-— - -
isons betWeen”theoryrano.exnetiment. |

- Magnetic ordering in materials with strong dipole?dipole
interactions has also been_studied.6—9 However, those investi-
gations deal with ¢a§és’Qhéré_£hé"cfys£5ihfieia'g£6uné state‘hl
:is a Kramers doublet. In’view of this it is of interest to stuéy'
magnetlc orderlng in a system of two crystal field 51nglets, |
with dipole-dipole couplings as the domlnant part of the lnter- )
actions respon51ble for_the ordering. Such a 51tuat;on prevails |
in tetbium ethYl sulphate (TbES) . The crystal struoturevof the_"t
rare earth ethyl sulphates is well known. }O “he arrangement‘of

" the rare earth ions in. the lattlce is shown in Flg. 1. The

shortest distance between rare earth ions is along the c dlxec~

.....

A. ll The 7F6 ground state of the Tb3

tion and equal to about47
is spiit by the crystal field_ln a rare earth ethyl sulphate so
that the~two iowest energy levels are singlets._The level sepa—
ration A of the Tb3 ion dilute in yttrium ethyl sulphate

 was determined by paramagnetic  resonance measurements'to'be:

o. S6‘K.12 The other crystal field levels lie hlgh enough to.
_be negligible at llquld helium"’ temperaturesj The- nearest -
nelghbour dlpole—dlpole 1nteract10n energy is approx1mately D
0.25 K. Hnthemwre,thecomponents of the g-tensor and the hypet— §
fine coupllng constant have been detern1ned by EPR to bel3 Tu %
17.82 + O OS, g_L = O, and A = O 303 + 0.003 K. The coupllnguof
the electron spin to the nuclear spin is thus even stronge* thanv

the interionic coupllng A NMR study of Tb“Sl4‘1na1cated no

magnetic ordering down to 0.33 K.



ABSTRACT

The magnetic properties of terbium ethyl sulphate, a
singlet crystal field ground state system w1th predominantly
dipolar interactions between the magnetic ions, have~been
studied theoretically and'experimentally at low tempeiaturesf
"The susceptibilities parallel and'perpendicular te the hexa-
gonal c-axis were measured in the temperatufe range 0.03 = 4 K-
by a SQUID magnetometet in‘c0nnection witb a dilution refrig- -
erator. In addition; the heat capaCity of a powdered sample |
was measured. The results indicate a cooperative transition -
at 0.24 K. The data give indirect information on the value ef
the crystal field splittlng, which has not been measured before.
The behaViour of the longitudinal susceptibility 1s-cons1stent
with a picture of a ferromagnetic transiticn'into long andi
thin domains along the c-axis. The_much.smallervtransverse
susceptibility shows an uheXpected abrupt_change at»0.24 K.
Theoretical calculations on the magnetic prOperties'are'pte-’
sented. The molecular fieldvapproximatioh, two~ and thtee—
particle "cluster" models and high temperature expansion are
considered in turn. The_predictions of the three-particle

cluster model are closest to the experimental_data.

" - . K4



A study of the magnetic properties of TbES at low tem-
peratures has been carried out. Measurements of the magnetic -
susceptibility of single crystals and the specific heat of
powder samples are reported in Sec. 2. In Sec. 3 some cal-
culations concerning the ﬁégnétic}transitiénﬂére‘bresenfed.V -

The experimental and theoretical results are discussed in Sec. 4.

2. EXPERIMENTAL INVESTIGATiONS

A. Magnetic éusceptibiiity

Susceptibility measuremeﬁts on‘TbES.in the teﬁperature
region 0.03 - 4 K were carried out with a SQUID magnetometer
in connection with.a.dilution réfrigerator. The magnetometer
consisté essentially of a supefcqnductihg flux transformer

15 A transformer coil is wound

inductively coupled to a SQUID.
around the tail of the mixingvéhamber, inside which the speé;
imen is located. The tail is surrounded»by a superconducting
cylinder, and the flux tfapped in the cylinder can be varied
from run to run by introducing an external field priér to the
superconductingitfansifion. &hévéﬁénfiﬁy aé£ﬁéllfkheésured..
is the feedback Qditage of .the SQUID.magnetometérQ Changes

in this voltage areiproportionai to changés in the static mag- '%f
netization of the sample. The initial'setting of the féedback

voltage is arbitrary, and this inherent.uncertainty in the’

~zero of the scale is an obvious drawback. However, if Curie”s
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law applies at the hlgh temperature end of our measurement
range, which seems to be the case, extrapolatlon will yield
the zero of the scale. Another dlsadvantage is the llmlted

sen51t1v1ty of our magnetometer at large susceptlbllltles.'
A calibration run with CMN, whose susceptibility is known

as a function of temperature, was needed to obtain the con-
Version of the measured voltageovalues tovsusceptibility'v
values. The same run serﬁed as a'calibration.of the carbon

and germanium resistors used for temperature measurement.

To simplify the susceptibility calibrationvit is desirable__-
to use the same shape and size for the CMN sample and the .
'specimen under study. We chose a'cylinder whose diameter and
height were equal to about 3 mnm, because for a CMN powder
sample of such a form the shape correctlon is very small. 16
Be51des, such a sample is easy to cut from a sxngle crystal
and to orient in the desired manner.

In Fig. 2 the susceptibility per unit density of TbES

measured with the field perpendicular to the hexagonal c-

axis (x ) 1s plotted as a functlon of inverse temperature.

The abrupt change in the v1c1n1ty of O 24 K marks a tran51tlon
- to a magnetically ordered state, which is obvious also from
the specific heat curvelshown,laterp(Fig. 4);

_ The measured longltudlnal susceptlblllty X (fleld par-
allel to the c—-axis) of TbES is shown in Fig. 3.vAs expected,

the signal is much stronger than in the transverse direction,




(3 @ {”yug;,g 3 g‘j é‘f 8 {3 i

the dlfferenee belng about three orders of magnltude. The be-
“haviour of x, is rather-smooth, and at 0 24 K it 1s already
essentially saturated. At the lowest end of our measurement

range (below about 0.13 K) it was necessary to wait for a

long time, even for some hours at each temperature in order =

to reach-equilibrium.

B. | Specific heat

The total heat eapacity-of a powdered sample.ef TbES
was measured in the temperature region'O.IS'-ZO’K. The TBES
éowder was miked with Apieaon N(grease to. make therma1:c6n~:
tact to a finned copper sample holder. The heat‘capacit;eS'of”
the grease and the sampLe holder'Were-determined in separate
experiments. The measurements from the lowestAtemperatures
te 0.6 K were-done in an adiabatic demagnetization crYostat_
using a germanium resistancevthermometer that hadbbeen cali-
brated againét single-crystal CMN. Measurements-were carriedv
out from 0.3 to 20 K in a'3He cryostat using a. germanium re-
sistor callbrated agalnst CMN and 4He vapor pressure Aslln
the measurement of the longltudlnal susceptlblllty, long.ﬂ |
thermal relaxation times were encountered below 0.18 K, ande
they_increased with further decreases in temperature. By
0.12 K the time constant had increased to aboutvl/z hour, and

reliable data could not be obtained at lower temperatures.
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The measured heat capacity is shown in Fig. 4. _There is
a very sharp drop w1th 1ncrea51ng T at 0 24 K 1nd1cat1ng a f
second order cooperatlve tran51t10n ; Between é and 4 K the ?15_ 'k‘
data fit the formula C ='1.791T'2 + 0.00649T3 J/mole Kz'and this
was used as a basis for separatlon of the magnetlc and lattlce
heat capacity. The T3 term represents the low-temperature lattice
‘heat capaeity CL’ which is negligible below 1 K. The curve has.
no other maximum than the transition peak, but there seems to
‘be a broad Schottky-1like andmaly'centered'ét about 0.3 K, which
corresponds to a crystal field splittiﬁg'A of approximately O.6IK.
Below about 0.16 K the specific heat increases agein, but |
unfortunately a reliable determination was notkpossible in that

~region.

3. - THEORETICAL CONSIDERATIONS

Iﬁ order to compare the measured magnetic preperties.of
TbES with theoretical estimates we present in the following
some calculations concerning the transition temperature and
the behaviour of the eusceptibility and of the specific heat.
Similar calculations for dysprosium ethyl sulphate (DyES) |

have been carried out by Cooke,et'al.7_l

A. Molecular Field Approximation

At temperétﬁreé ﬁherevdnlyvthe‘two lowest crystal field |
levels are populated the approprlate effective spin Hamlltonlan o

is

for TbES in terms of the Pauli sp1n operators °1x’ Osi,



i€ =3 Z(gBHzoiz + Aog ) + 5 ij 15 %i2%2
where
2 _ .
: ry. 3z . : .
: =1 2,2 "ij ij. o e e e
co ij » . .

is the magnetic dipole-~dipole coupling factor, and_‘

% e izliz ey

1

where the nuclear spin I = 3/2.
The nﬁclear Zeeman interaction has been omitted. The magnitude
of "the quadrupole interaction is not likely to correspond to

more than a few mK, as can be estimated from the valuéfilsa mHz)

in DyES.17 Theréfore, the quadrupole term will be.neglectéd in»'L,

the following.
In the molecular.field épproximation (MFA) the interactidn
term in (1) is simplifiéd by replacing one of the ¢”s by <g,>.

The remaining lattice sum depends on the shape of the samplé,

and it is customary to perform the summation in parts. For zero

ekternal field and vanishing hyperfine interaction the resulting

Hamiltonian is

. o, an _ |
Zboyy = KA(p + 5 - DI<o,> By,

N

€ mra

st 4 e P

tper W

=§'[%_Ad. ' +1>(3IfLz -’-1-2)],”* | _, k ('3)-_'

T4y




where

is the Curie constant_for s = % (in Cgs:units), and N/V is
the particle density. The first contribution p to the sécond
term iﬁ (4) comes from the ions Within-a,sphere CenteredAon~
the ion‘cdnsidered The contribution ftom.the ions 6u£side
the sphere is usually calculated in the contlnuum approxxmatlon
and it conglsts of two terms,f%g correspondlng to the Lorentz
fleld, and -D correspondlng'to.the demagnetizing field. The
demagnetization factor D has a rigorous meaning ohly_for'ah
ellipsoidal specimén. | |

- The second £erm in (4) can;be interpreted as a molecular

o

field

! Ao s Nl o 8T g 6y
Hy = 29_B(p + 3 | D)<oz> v (p + ‘i D)M' | . .(6)
acting on any one ion. It is proportional to the magnetization

M= %gB<gz>N/V, hence the measured susceptibility obtained

from Curie”s law is

H_ , - A7)
| T - p+ %} - D) - - | : |

For a long and thin specimen D = O, when the external field is

parallél to the long axis. If we assume that at ﬁhe transition
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a domain structure sets in which consists entirely of long and
thin domains, then'the:transitidn temperatureMWithin each »
domain and therefore of the whole sample would be

T = Ap+ i, o (8

. independent of the shape of the sample. Accordlngly, the behav—

‘iour of the sample would be descrlbed by

X=g=-7T_+ip ° (3.
c : .

B Naturally, this is only a crude approx1matlon, and a closer

fit to the experlmental p01nts can be obtalned with the modlfled

LT

expression ' B o : o » o
=D+ B S 1o

which was used in the analysis of susceptibiiity_heasuremehts
of some rare earth hydro’xides.18 Using Tc = 0.24 K the best
fit to our experimental value is obtained for D= 3.6, B=38,
and y= 1.16 (see Fig. 3). The parameter 7y deviates less from
the MFA value (Y= i) than in Tb(OH)3;.ﬁhereljr= 1,25,,¢his'
may be expected since short range exchange interactions are
.absent in TbES, whlle they dominate in Tb(OH)3.bd7

- If the hyperflne term is left out from the Hamiltonian
(1), then in the MFA for D = O the tran51tlcn temperatdre is

given by the equation19




tanh = —— = 3 . a1

The molecular field constant p was calculated by Cooke et al.7

to be = 4.21 for DyES. Using this value and 4 = 0.56 K we obtain
T (MFA) = 0.65 K. The inclusion of the hyperfine interaction

leads to a more complex equation for Tc;

A(p + 7?) 3/2 A2 . €m A A2m2 _ € _
372 Y z 3~ sinh 5 + 5 cosh 57— | = L,
m m=-3/2 L ¢ "7 - 2kT e c '
. L cosh KT m : c'm : . .
m=-3/2 c . : ' L o (12)
| e = (8% +a mz)l/2 . ‘

m

However, only a smalivchange‘in'Tclresults,ATC(MFA,_§F%;= 0.67 K.
It is seen that the MFA oﬁerestimates thé critical_temperéture;
as noted earlier by Felsteiner and Friedman.9 The.reasbn for
this is that the MFA does‘not adequételyvrepresent the inter-
actions, which are much stronger élong the:c-axis than perpen-
dicular to'it (see Fig. 1). | |

We next consider the specific heat. Taking the expectatlon
value of the "‘MFA Hamlltonlan (4) we obtaln the energy of the

system,

_1 1 2 : - '
E = 3N A<o > 4N‘A6<oz> . - o .(13)
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In the ferromagnetic fegion <0,> is given by the equation -

ARE o 26 _ A 2, 2,1/2 ,'
ganhkT X € —_2(1 + 8 <g >%) e (14)
Hence,
E =H(—‘ﬁ'— ) tanh= . | S (15)
2'2 ~ € kT o o |
and
' . o A8 -1 o
c= = nkgy2—1 1 - ) (16)
. COS)h kT ZkTCOSh xT '

In the paramagnetic region'<cz> = 0 and the specific hea% is

given by the usual Schottky expression
o A2 1
C = Nk(=—) 2 A

2KT - cosh’ kT -

an

The magnitude of the jump in the specific heat at the critical

temperature (given by (11)) is

| A L (6 - 1) 13+ 3 s
AC(T_) = Nk( ) ( o
| ¢! 2KT goshz A s + 1

2 v .
EET; 28 ‘6,, 1) lnG -3
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The numerical value is AC(T_ ) = 10.1 J/molX. The‘maximum.valué, i

of the heat capacity inen by lei iS-il;é-J/inK; The cofreQ vb.-‘

sponding experimental value is 12.5 J/molK.

B. ~ Two-Particle Clusteéer

It is clear from Fig. 1 thét TbES is esséntialiy a system
of rather loosely coupled Ising éhaiﬁé_in the directiQn_of N
the c-axis. Thereforé, it is to Beiexpected that a model which
treats‘some intrachain interactions rigorouély,énd other'in— |
teractions by the MFA wiil_yield~better results thah the ébové
MFA values. Suéh an approach was successfully used by Cooke
eﬁ él.7 to improve the agreement between measured ahd qélcu~
lated susceptibility values of DyES. The.éimplest case “is
that of av"cluster" of two adjacent ions (subscripts 1 and 2)
in a chéin, for which the Hamiltonian is easily obtained from

(1) (we again neglect the hyperfine interactions),

(2)_ _ Ll N ! . o |
H=mT0),05, ¥ FA01y F Opy) * F9B(H, 4 HM)(le *Opp) v
| | (19)
where
(‘8)2 v o .
I-= —g—jf =0.25K , - = v R T
. 2¢ .
¢ = interionic distance along the c-axis,
Hﬁ = moieculaf field due to all ions except the other -

member of the cluster.

For our model to be consistent, the average value of the mag-

netic moment of either ion in the cluster divided by the
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volume V per ion must be‘equal to the»in;ensity of magnétizaf'

tion. Hence, we can write, as in (6),

X T - S
Hy = —5—(p7+ T - D) - - (20)

where p~ is obtained by subtracting from p tﬁe ééntributiondof

the other ion in thevclusfér, p'# 4.21'; 3.385 = 0.825. -
To obtain an eqﬁation for the critical teméeréturebwe_

write the self-consistency condition for (oié).in terﬁs of the

density matrix of the cluster, which depends on (oiz),_

(03, = Txfog ooy, NN] - e

Using perturbation theory to calculate the matrix 04 ,P for

H, 0 and (oiz) + 0 we find, for a domain with D 0,
€
41X (p~+ ~—=-) . € - €1 t € €
: 3 '[cosh——L-eTC-l-——l-.——-f——?-sinh——la:l
€ € kT 2e ., € KT .
2 1 3 c “T173 c
AT (cosh = + cosh = ,
ch ch :

(22)
where e, and e, are energy eigenvalues of (19) in the absence
of H, and Hy, i.e. o S

| 1/2 - |
a2 a2y ~
€1,2 = #(T° * 247) W - (23

The graphical solution of (22) yields ch= 0.53 K, still far

from the experimental value.




C. Three-Particle Cluster

The next model to be ¢onsidered is a cluster of three
consecutive ioné. Wé treat the interadtidn.of the central ion
1 with its nearest heighbours 2 and 3 rigotbuély,_represent theiv
interactions of the ions 2 and-3_with their,outer nearest neigh-
bours by a magnetic field h) and othef'interactiOns by the MFA.
Then the Hamiltonién-for-the ciusterzis 

C

. 4&-.(3) .-_-'--'chl’z(cxz"z f.oBz)' + %—A(cl;{ + Oox + G3x). + A ,

1 o Co R | . o
v = 598(}1_2'# H.M) (Q.lz + ,Q2z‘+ 032) + 2gBh.(022 + 03.2),' (24)

The molecular field H& is given by (20) when p' is-repiaced by
p" = 4.21 - 243;385'= - 2.56. The value of -the parameter h is
- determined by the requiremen£ that_the ions in the chain are

eqﬁivalent,v

<0,,> = <022> = <03, o S ‘25)

which gives h in terms of Hz_+ Hﬁ, The averaging is done within
the density matrix b(ﬁi:h) of the cluster.

We treat ¥ ih (24) és g'perturbation. To find the unpertufbed
energy-eigenvaiues an éighth order seéular equation-heeds to:bé.

solved. If the quantization axis is chosen along the x-axis,

the equation factorizes as follows:
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ge> & 4ac? - (212 + 100%)e T a(1% - 38%) =0. (26)

The resulting energy levels are .

= e =1
€q = 55 = 2A P
- e = 1 4 cosd
€2 = 66 = 6A + a_cos3 ’ |
. (27)
I § o, 21, |
83 = "Eq = 6A + a.cos(3 + 3) ’
. =1, a _ 27,
4= Eg T tacesiz-F) o
where “

_ 1,2 16,2,1/2
a—7§(1+3a)-

A (g2 - 64,2,1/2

cosa = =~ (1 .
3a3 .9
The numerical values_are,

The first-order perturbed wave functidhs,{iu
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a o — - (28)
| B#a €y ~ €3 B

are then used to calculate the average value of"-(ciz) ro
(o, ) =2 1 (oo, 108 AT o)
iz/ %2 oy Va iz'%a ' o ; “

where
8 _e /kT |

2= I e e ' o . - . (30)
a=1 o : ' N S B .

We not; here that the condition (olz):= <922> | givgs_f?{ h
a linear dependence on H, + H" in a formh = g(T) (H, + Hp),

_ , M ‘ _
where g(0) = 0. It means that magnetic ordering within one

chain is possible only at T = O.

For the small-field susceptibility

_ 1im (M) _ gp 2 4¢935)

H-0 H -3V di lu=o0 (31
we find, by using (26),
9 (QZZ> 9 <°lz> '-_a <01,Z> ) (022)
T oH ?h 9N L
x = . : d -z (32)
2V 2 (o, - 01 ) | .
22 1z
oh '

where all derivatives are to be taken at H.z = 0. When (olz)
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and (022) from (29) are inserted,_an expression for the
longitudinal paramagnétic'suscéptibility'fbf”é'éamﬁleiéf TBES

with a demagnetization factor D is obtained,

Xu = & S & X
w o, 4T _ o
1 - xo(p + 3 )D)
where
- _ZAR2+QS' -
Xo = 7 R+ 0 ¢
€y | €3 . €4
= A —— - ——— - e
_R 4.6461 cosh T 4.2957 cosh T .9.3504 cosh KT
Q = -4.4104 sinh T 3.1642 slnh 5T + 0.8062 sinh kT
S = 3.565 sinh KT + 6.387 sinh %7 * 5-324 sinh =t
€4
+ 24.086 sinh T .

The critical tenperature for a domain with D = O is given by

the equation

A graphical solution gives Tc = 0.39 K.
The longitudinal susceptibility, calculated from (33)

 for a spherical sample, is plotted in Fig. 3.




B. High Temperature Expansion

In general, the magnetic susceptibility of a system with
Hamiltonian ¢ can be expressed in termSYOf.the free energy

F = —kT 1n Tre %/%T

as x = - azF/aHZ. At high temperatures,
a truncated series expansion can be used to approximate ¥

(we use the notation Teg® = Trxn/Trl),

oH | 3kT 12(kT)° '

- 1 3 [Tr&fs - .l'OTrécz Tra€3] ) ‘ B . (35)
60 (kT) - , 4

+ —2—[rrat® - 10(Tr®)? + 30(Trx?) P - 157r® Tra]).

360(kT) "

The coefficients of the powers of T-; depend'bn‘the shape of the

sample in a system with dipolar interactions. In'this case it is

' convenient to use an expansionzo'21 fo: x-l instead of x, ~—
: B B, B, : : ’
X 1 =_% (1 - @, —% + —% + —% + ..) . - (36)
T T T T

becéuse then only the céefficient e is shépe—dependent. The
coefficients B, can be derived by comparing (35) with (36).
Neglecting again the hyperfine interactions in the Hamiltonian

(1) we obtéin



__1 . ik
O=-x LIy~ D=3
j oo+ y
1 2 1 .2
B, = (I I%. + = A
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By using the lattice parameters of DyES and results from Refs.:'

- 6 and 15 we can evaluate the coefficients in (37);

© = 0.35 K, B, = 0.2 K, By = - 0,0095 K>, B, = -0.03 K".
The calculated curve'x"(T_l) is shown in Fig. 3;-Because of our
'superconducting magnetometer measurements could not be carried out
. much above 4 K, and this'prevents us from accurately'determining

the initial splitting A. Moreover, inspection of the values of

the coefficients B shows that our third-order expansion (36)

begins to lose its accuracy already at about 5 Tc.~Also; because

the coefficients do not decrease monotonically in magnitude, an'
attempt to estimate the transltlon temperature by analyzlng the
~asymptotic behav1our of the expans10n (36) does not appear. .
meaningful. |

The specific heat curve can also yield information on A.




For that purpose we calculate a high temperature expansion

for the specific heat,

Ci N W
aT™ - kT

'I'ra"3 +

2(kT)
By using the Hamiltonian (1) we obtain

b b

c _ P2 3 4
R™ 23— 3* N
xm? . xm? (km
where
N | 2 .12 .1, .2 . 5.2
BRI RIS S R
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- SA° L IV, ==L I .+ 3 L I..I..1I
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For H, = 0 and A = 0.56 K, the numerical values of the coeffi--
cients are
_ 2 3 - 4
b2 = 0.195 K, b3 = 0.0176 K7, b4 = - 0.0412 K .
The solid curve in Fig. 4 is a plot of the sum of Eq. (39)

for these values of the coefficients and the lattice heat

capacity. It does not well agree with the experimental

5 B
-—-———-—E'I'ret -3(Tré.’) 2. (38)

(39)

(40)
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points. By adjusting the parameter A,‘qf which bz'and b4 are
functions, so that (39Y'agrees with the experimental points -
between 1 and 2 K, an.estimate of 0.67 K for A is obtained.

1. DISCUSSION

A. Transition temperature

The transition temperaturés giveh by the trénsverse suscep-—-
tibility (Fig.vZ) and the specific heat (Fig)v4).are in'good A
agreement with eachfother. our calculation-of Tc:within the
different models yieided results which consistently exceed the

experimental value 0.24 K, but show a trend towards it as the

models become more realistic. The results of the calculations

vdepend.on the value of the initial.splitting A, for which we

have used the value 0.56 K derived from measurements with the
magnetically dilute crystal YES:Tb. The splitiing‘can be-aifferent‘
in the conCentratedvcryétal, and this is.avpossible reason for
the discrepancy between the calculated and experimental values'of'
c . . . . e . o . -
We have extracted a value A = 0.67 K from the specific heat-
data on the basis of a fourth—order high temperature expan$ién; |
However, given the.siow convergence of the expansioh this'valué'
can hardly be considered reliable. Moreover, using’A = 0.67 K
instead of 0.56 K would only slightly reduce the'calculated

values of T_.
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B. Specific heat

The anal&Sis of our specific heat data'is'cemplicated_
by the strength of “the hyperfine interactien relative to the
crystal.field splittiﬁ§. In faét;vthe transition shouldrbe .
thought of as that of a:compqund eleetron;nucleus syetem.

This is reflected in the behaviour Of-the entropy, whieh we
obtain by'eeparéting ﬁhe lattice cohtributien to the speEific
heat. The entfopy.decfeese from T =® to T = 0.24 K is.alfeady
- 1.03 Rln2; to T = 6,20 K, just belowvthe sharp peak, it is
l,37eRIn2.‘Ciearlyefhe'hgelear epin'entropy begins to decrease
.already'aboVe 0.24 K. o | | .

Because'our-expefimentaiv3§ecific heat data ehow no maximum-
~above T_, the moieculer field'caIEulatiehefer zero hy?egfiné_
interectién, whieh yields a pﬁre Schettkyecurve aboﬁe—Té, cannot -
be made tp‘agree‘with_ﬁhe measuiemehts.'Since the MFA does not_
yield the correet value for'Tc, even a mote acéurate.ealculetionv
including the hyperfine'interaction is not expected te result
in a curve thchvagrees with the experimental date. For the.same
reason we did not caiculate the epecific_heat in the cluster
models discussed abeve. Such caleulaﬁions are not likely to_giVe”"

additional information’on_the properties of TbES.

C. Susceptibility

~Although EPR measurements have shown that g, is approxi-

mately zero, we have observed a finite susceptibility in the‘
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transverse direction (Fig. 2). Thedresultsdshownrinﬁrig‘mg j;;f[
were obtained'mith a trapped field of 4.5 G. Ancther ‘measurement
in a trapped fleld of 9 G gave the same slope for the approx1—'
mately linear part of x. both above and below T as the meas-.
urement with 4.5 G. However, the magnltude of the abrupt changei
in )(‘L at T was not the same in these two measurements,vnor was
it proportlonal to the trapped fl€ld | |
According to our estlmate the temperature 1ndependent
van Vleck susceptlblllty, due to the exc1ted electronlc states

of the Tb3? 1on, is apprOX1mately 3-10° -2

cm /mole in TbES. This
'.value is of the same order of magnltude as the transverse )
susceptlblllty. However, because the SQUID magnetometer usea in
the measurements only indicates changes in magnetlzatron, the
van Vleck contrlbutlon is presumably not included in our exper-
imental data.

Misalignment of the sample'is a possible source of error

in the'transverse'susceptibility. If the c—axis'is not exactly

perpendicular to the trapped field, the longitudinal susceptibil-

ity will contribute to the measured value of'xL .LHowever; this
would only happen in a region where'x"“varies with’temperature,“”
and therefore cannot account for:the_behaviour of x, at and
below T.-

Another p0551ble source of error is the presence of para—

magnetlc 1mpur1ty ions, such as Gd3_ or Er3+ Thelr contributlon :

to x, would be llnearvln T—l. The amount of e.qg. Er3+_ions needed'

to account for the slope of x, below Tc is aboutvO.OBIat. $. The

presence of such small amounts of impurities in our specimens
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‘The magnetization of the sample as a whole is then

O U 043 0-24820

‘cannot be ruled out. We therefore cohsider, if a jump like the one

observed in'xl'at'Té”could’be’éauSed by ‘paramagnetic impurities. 7"
- Above Tc the magnetic moment per unit volume due to the

impurities is
M, (T > Tc) = x;H - S (41).

where x; is the susceptibility of the impurities (assumed iso-

tropic) and H is the trapped field. Below Tc»the sample is made

'up of long and thin domains along the c-axis. A strong molecular

field H,, parallel to the c-axis, appears within these domains.

M
If the trapped field were exactly perpendicular to the c-axis,

Hy, would give no contribution to the magnetization along H. On

the other hand, if H makes an angle © with the c-axis, then the

magnetization due to the impurities below T, is

M= xy (H + Hﬁ cos0) for "+" -domains, and

_(42)

=
I

. - o) u__.n - :
= X3 (H _HM cosQ) for dqma;ns.
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My (T < Tc) = a MI + (l - a)MI o, - , S (43)

where a is the fraction of "+" —domains..At-Té there is avjump'_zf

in the magnetization,




AMy = My (T < T.) -.M_L(T >‘Tc;' = (2a - 1)xy HM.cosQ. B (§4)

On the other hand, the longitudinal magnetization of the sample "

below Tc is

1 Hocoso = (2a- LM, 45)

M“ = Xn H COS@ = B

where M0 is the magnetization Within the domains. Therefore,.'

: H 2 v » )
. _Mcos0 _ : ; ) 46
AM.L"'M D inHI v _ ' - ( )
o : : .
and because for a long and thin domain’ Hy = 8.4 M_ we’obtain
finally
8.4 cos’0 | R : ' _ - - (47)
R | |

We see that the jump at Tc should be independent of the trapped
field and very small for small misalignments (0 close to_90°).

Hence it seems unlikely that the observed behaviour of x, is due

to paramagnetic impurities.

After considering some possible sources for the transverse,~'

susceptibility in TbES we Stlll lack a satlsfactory explanatlon
for it. A study of the transverse susceptlblllty of TbES 31ngle
crystals doped w1th controlled amounts of paramagnetlc 1mpur1t1es
could be helpful in flndlng out the possible role of 1mpur1t1es

in causing the observed results.
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5. ~CONCLUSION

1. A ferromagnetic ordering has been observed in TbES
. at 0.24 K. The transition is most dlearly indicated by the

specific heat.

2. The ﬁemperaturé dependence of the longitudinél
:susceptibility of TbES agrees with Caicﬁlaﬁions based on
a model of long and thin domains alongvﬁhe c-axis of the

crystal.

3. Among the'models'considéred, the three-particle
cluster combined with the molecular field approximation
gives the best agreement with experimental resultsvfbr fhe

transition temperature and the longitudinal susceptibiligy

in the paramagnetic region.

4. An anomalous temperature dependence of the trans-

verse susceptibility of TbES has been observed.
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

1.

2..

3.

4.

- theses indicate the relative strengths of the magnetic .

The arrangement of the magnetic ions in the rare

earth ethyl sulphate lattice. The'numbers in paren-

dipole—dipole interaction with the central ion when
both spins are orlented parallel to the c-axis. The
unit of energy is the nearest neighbour interaction

energy, equal to about 0.25 K.

The'transverse molar sueceptibilityiof TbES versus
inverse temperature, measured with a SQUID magneto-

meter. The trapped field was 4 5 G. The arrow indicates

approx1mate1y the point where the direction of curvature

changes.

The: longitudinal susceptibility of TbES versus inverse

,

temperature, measured With the earth s field trapped.
The solid curve is a plot of the modified MFA expres—
sion (7), and the dashed curve is the result of a

"three-particle cluster" calculation (Eg. (33)).

' The heat capacity of powdered TBES as a function of B

temperature. The temperature scale is logarithmic.
The solid curve is the plot of a fourth—ordervhigh

temperature expansion (39) .
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LEGAL NOTICE

This report-was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
-responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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