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ESect of a Uniaxial Stress on the Curie Temperature of a Single Crystal of Gtl
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{Received 12 May 1969)

The variation of the Curie temperature of a single crystal of Gd when subjected to a uniaxial stress
up to 130 bar applied along the c axis of the crystal, is {—1.55&0.05) X10 ' deg bar '. The rate of change
with a stress applied along the a or b axis is {0~0.05) X10 ' deg bar '. The variations of the exchange inter-
action with the a, b, and e crystallographic parameters are deduced, together with the variation of the
Curie temperature with hydrostatic pressure, the magnetic length anomaly along the various crystal-
lographic axes, and the anisotropic forced magnetostriction. The calculated values are in good agreement
with the experimental values.

INTRODUCTION

E have measured the variation of the Curie tern-
perature of a single crystal of Gd when a uniaxial

stress up to 130bar is applied along the a, b, or c crystal-
lographic axis (Fig. 1). In previous work' ' we studied
the effect of hydrostatic pressure on the magnetic
ordering temperatures of rare-earth single crystals
(Gd, Tb, Dy). In order to interpret the experimental
results, we used a one-dimensional model in which only
the variation of exchange energy with the c parameter
of the crystallographic lattice was considered. This
model was justifred by the fact that the variation of the
Curie temperature of polycrystalline gadolinium is
higher than the variation of the Curie temperature of a
single crystal. This arises because the value of the linear
compressibility Efl measured para11el to the c axis
at 298'K is less than the average compressibility
3(K,~+2K,).' This model allowed for the calculation
of the magnetic contribution to the thermal expansion
of the c parameter of Gd, Tb, and Dy. The calculated
values were in good agreement with those determined
experimentally for Dy. The agreement was not as
satisfactory for Gd and Tb. Consequently, we thought
that it would be necessary to determine the variation of
exchange energy along the a, b, and c crystallographic
axes. The results of this investigation are reported
herein. The Gd sample was a single crystal with a
specified purity of 99.9%, purchased from Metals
Research, Cambridge. It was cut into a 4-mm cube
with the a, b, and c crystallographic axes perpendicular
to the cubic faces (Fig. 1) within 2'.

placing known weights on the plate (a) (Fig. 2). The
total weight is applied to a face of the sample by means
of a mechanical system having one degree of freedom.
The mechanical part which transmits the force from
the plate to the sample is restrained by a ball bearing
arrangement (b). The sample (c) is mounted on a ball
and socket joint (d). The applied force can be deter-
mined to within 1%. The sample is surrounded by a
mutual inductance Mo (e) whose value is proportional
to the susceptibility of the sample. The temperature
was measured by means of a Cu-constantan thermo-
couple (f) whose junction is in thermal contact with
the Be-Cu sample holder. The experimental cell (g) is
insulated from its support (h) with epoxy glass (i).
The temperature of the sample can be varied by means
of cooling ~ater flowing in the heat exchanger. The
whole system is insulated with quartz wool (k).

c

I. APPARATUS

The Curie temperature of Gd was determined from
the temperature variation of the susceptibility of the
sample placed in a weak alternating held whose fre-
quency was 495 cps. ' The pressure was generated by

*This work forms part of the Ph. D. thesis of H. B., C. N. R. S,
Report No. A. 0.-1776 {unpublished).' H. Bartholin and D. Bloch, Compt. Rend. Acad. Sci. Paris
264, 1135 (1967).' H. Bartholin and D. Bloch, J. Appl. Phys. 39, 889 (1968).' H. Bartholin and D. Bloch, J. Phys. Chem. Solids 29, 1063
(1968).
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l'IG. 1. Crystallographic orientation of the cube
used in the experiment.



II. HA I&'I'HOI. 1X A.'i I) I). 8 LOC II 188

FPW//8/1/!' "'.:(';
xc"~'
iin /,

'

~'/
I',

g .V 't/Ili &Jill r'r Z1 i

The experimental value given in Ref. 3 is

88/Bp= —(1.40&0.02) X10-' deg bar '

for hydrostatic pressure.

III. VARIATION OF CURIE TEMPERATURE WITH
PRESSURE AND VARIATION OF EXCHANGE
INTERACTIONS WITH LATTICE PARAMETERS

Within the molecular field model, the Curie tempera-
ture 8 of Gd is given by the relation4

k8 = -', S(S+1)I,

I'io. 2. Apparatus for the application of uniaxial stress and
measurement of the Curie temperature: (a) plate; (b) ball-bearing
arrangement; (c) sample; (d) ball and socket joint; (e) coils for the
measurement of the susceptibility; (f) Cu-constantan thermo-
couple junction; (g) experimental cell; (h) support of the experi-
mental cell; (i) epoxy glass; (j) heat exchanger; and (k) quartz
wool.

where S= ~. I is the exchange interaction between a
magnetic ion and the neighboring ions; it can be de-

veloped as a function of the variations e„,e~~, and e„
of the la, ttice parameters. As a first-order approxima-
tion, we write

I (a,b,c) =I(a„b„,c,)+ (8I/Ba),a,e„
+ (BI/Bb),boeqq+ (BI/Bc)ocoe„. (2)

Then we have

k 8= -', S(5+1)LI (a„b,,co)+ (BI/Ba) oaoe„,

+ (BI/Bb) Oboeb~+ (BI/Bc) rc,e„j.(3).
The variation of the Curie temperature with stress can
therefore be written as a function of the variations of
the lattice parameters:

88/Bp = -', S(S+1)pTr (1/ao) Ba/8 p
+T2 (1/bo) 8b/8 p+ Tq (1/co) 8c/Bp j, (4)

II. EXPERIMENTAL RESULTS 4 000

The temperature dependence of the Curie point was
determined from the temperature dependence of the
susceptibility of the sample for a given stress. When the
magnetic field generated by the coil and the applied
stress are directed along the c axis (Fig. 3), initially
with increasing temperature, the susceptibility shows a
slight decrease, then remains constant over a range of a
few tenths of a degree, and finally decreases around the
Curie temperature. Thus, the temperature dependence
of the susceptibility can be represented by two straight
lines D1 and D2. At different pressures, the relative
susceptibility curves can be deduced by parallel transla-
tions. In order to determine the variation of the Curie
temperature as a function of the stress applied along
the c axis, we have drawn the straight line D2' parallel
to Di, which intersects D~ in the neighborhood of the
inHection point of the susceptibility curve A'. We
assume that the variation of the temperature associated
to A' is equal to the variation of the Curie temperature.
When the stress is applied along the a or b axis, no
varia, tion of the Curie temperature is observed up to
130 bar (Fig. 4). Thus, we obtain

(88/BP), = —(1.55&0.05)X 10 ' deg bar ',
(88/8P) = (88/BP)~= (0&0.05)X 10 ' deg bar '.
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I' iG. 3. Thermal variation of the mutual inductance of the
measuring coils—stress and magnetic field are applied along the
c axis.

4 R. J. Elliott, in Magnetis»i, edited by Ci. T. Rado and H. Suhl
(Academic Press Inc. , New York, 1965), Vol. IIA.
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magnetization. The relation (7) is justi6ed from the
experimental point of view since one cannot separate
the magnetic length anomalies e„ande~~. In expression
(7) the elastic and the magnetic energies have been
taken into account. By minimizing G, one obtains

kNS'M'-
e, =— (C~~T, —Ci;iT3),

Cg;) (Cii+C&g) —2C&;&'

kNS'M"-
ecr. = [(Cgg+Cgp) T3—2C)3Tgj.

C33 (C11+C12)—2C1~'
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Fto. 4. Variation with uniaxial stress of the Curie temperature
of a single crystal of Gd.

with

8 I k 8 I k 8 Iq'k

From the experimental results and the values of the
elastic moduli, ' we obtain

10.5X 10 '(0.3757T&+0.3757T~
—1.614T,) = —1.55X10 ",

—1.833Ti+0.566T2+0.3757Tg =0,
0.566Ti —1.833Tg+0.3757Tg =0.

10.5X10 "(—0.8917Ti+0.8917Ts
—0.8624T3) = —1.40X 10 '

(5)

Ke have taken, as a first approximation, the isothermal
elastic moduli equal to the adiabatic coeScients. Then,
we have

T i ——Tg ——25'K; T3 ——103'k . (6)

These values can be compared to those previously ob-
tained with the one-dimensional modeP:

2(/(A r/k)
Tl, ——T2=0'K; T3 ——— =150'K.

i/ inc

IU. MAGNETIC LENGTH ANOMALIES

The magnetocrystalline anisotropy of Gd is weak.
Thus the free energy per unit volume, G, can be
written' "

The thermal variation of the magnetic length anomaly
along the a and c axes has been calculated from the
values of Ti and T2 and the elastic moduli has been
determined between 4 and 300'K [Eq. (5) (and Fig. 5)j.
The thermal variation of the magnetization has been
calculated from the Brillouin function 23q (Z) relative to
the quantum number J. The experimental curves for
the thermal variation of e.„ande„were deduced froni
the measurements of Bozorth and Kakiyama"; these
curves have been corrected for the thernial dilatation of
the nonmagnetic lattice. This contribution has been
determined by a linear extrapolation down to 100'K of
the nonmagnetic high-temperature curve. ' This ex-
trapolation is justified by the low value of the Debye
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C;, designates the elastic moduli" and M the relative
' E. S. Fisher and D. Dever, Trans. AIME 239, 48 (1967);

(private communication).' T. Tonegawa, J. Phys. Soc. Japan 19, 1168 (1964).

FiG. 5. Thermal variation of the magnetic length anomalies
along the c and a axes of a Gd single crystal calculated from
values from (8). Experimental values from Bozorth and Waki-
yama (B.W.) corrected for the thermal dilatation of the non-
magnetic lat tice.

' R. M. Bozorth and T. %aki&.ama, J. Phys. Soc. Japan 18, 97
(1963).' I'. J. Darnell, Phys. Rev. 130, 1825 (1963).
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temperature of Gd (approximatively 180'K).3 '3 The
calculated values for e, and e„arein good agreement
with experimental ones. The magnetic length anomaly
along the c axis, when extrapolated to O'K, is equal to
6.SX10 ', compared to 3&10 ' obtained by Darnell'
and Ergin" and to 6.5X10 ' deduced from the experi-
mental results of Bozorth and Wakiyama. '

V. ANISOTROPIC FORCED MAGNETOSTRICTION

One can use the relationships (8) in order to deter-
mine the anisotropic magnetostriction coefIicients along
the a (X3) and c p ii) crystallographic axes. The relative
magnetization M is a function of the applied mag-
netic field:
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where M' is the derivative of the relative magnetization
with respect to Z. The value X~~/X, is a function of the
elastic moduli and of the coefficients T;. It is practically
independent of the temperature, a result which is in
good agreement with the experiment described in Ref. 7.
In Fig. 6, the experimental results by Bozorth and
%akiyama' for magnetic fields between 10 and 20 koe,
are given, together with the experimental results of
Coleman and Pavlovic" for magnetic fields between
11 and 14 koe. The calculated values of Ail and X,
(Fig. 6) have been determined from Eq. (10) for 15 kOe.
It can be seen that the forced magnetostriction coeffi-
cients are approximatively independent of the value of
the applied field (9), which is in good agreement with
the experiments mentioned above. Figure 6 shows that
there is satisfactory agreement between the experi-
mental and the calculated values of the forced magneto-
striction coefficients. The use of a one-dimensional
modeP which considers only the variation of exchange

' M. Rosen, Phys. Rev. Letters 19, 695 (1967).' M. Rosen, Phys. Rev. 174, 504 (1968}.' Yu V. Ergin, Zh. Eksperim. i Teor. Fiz. 48, 1062 (1965)
/English transl. : Soviet Phys. —JETP 21, 709 (1965}j."W. E. Coleman and A. S. Pavlovic, J. Phys. Chem. Solids 26,
691 (1965).

FrG. 6. Thermal variation of the forced magnetostriction along
the c and a axes of a Gd single crystal calculated from values from
(10). Experimental values from Bozorth and Wakiyama (B. W.)
and Coleman and Pavlovic (C. P.).

interactions with the c parameter is a good approxima-
tion for the determination of magnetic length anomaly
and forced magnetostriction along the c axis. In fact,
the relationship giving these quantities (8) and (10),
a,re characterized by a term,

2C»T3/(Cgr+ Cg3) T3,

which is 0.12 and is thus practically negligible com-
pared to 1. Relationships (8) and (10) show that the
one-dimensional model is not satisfactory for the deter-
mination of the magnetic length anomaly and the forced
magnetostriction coefFicients along directions which are
perpendicular to the c axis.

VI. CONCLUSION

The analysis of our experimental results shows that
the study of the eHect of uniaxial stress on the magnetic
ordering temperature of a single crystal constitutes a
new and useful technique. It allows the interpretation
of the e6ect of hydrostatic pressure on magnetic order-
ing temperatures, as well as the interpretation of spon-
taneous and forced anisotropic magnetostriction. Mag-
netostriction phenomena play an important role in the
magnetic properties of rare-earth metals. Studies of the
variation of magnetic ordering temperatures, mag-
netization, threshold field, and magnetocrystalline
anisotropy of rare-earth metals with hydrostatic pres-
sure and uniaxial stress will allow a better understand-
ing of their magnetic properties.


