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The effect of hydrostatic pressures, up to 6 kbar, on the anomalies occurring in the ultrasonic wave

propagation in gadolinium single crystals below the Curie point, is investigated. The elastic softening of the

c 33 elastic constants, and its pressure dependence, is discussed in terms of the molecular-field model of the
magnetic-interaction Hamiltonian, It was shown that the elastic softening in gadolinium is of a
magnetoelastic origin. Within the framework of the model presented in this study, it is shown why the shear
elastic modes c44 and c66 do not exhibit anomalous behavior in the spin-reorientation region of gadolinium.

The reason for the negligible elastic anomaly in c», in this temperature region, is also discussed. The
pressure dependence of the spin-reorientation temperature T& can be explained in terms of the pressure
contribution to the first anisotropy-energy constant E,. This calculated value of the shift in 1& with

pressure is in satisfactory agreement with the experimentally determined one.

I. INTRODUCTION

The behavior of the elastic properties and ultra-
sonic attenuation of gadolinium in single-crystal
and polycrystalline form has been investigated ex-
tensively in the vicinity of the ferromagnetic tran-
sition point (293 'K) and the spin-reorientation re-
gion~ 9 below 220 'K. Gadolinium is considered
to be a "normal" ferromagnet' below its Curie
temperature. The easy direction of magnetization
lies along the hexagonal e axis down to about 220 'K,
or somewhat higher depending on the sample pur-
ity. 6' At lower temperatures, spins begin to de-
viate from the e axis, thus forming a cone of easy
directions of magnetization, the angle of which is
temperature dependent. The temperature variation
of the cone angle was determined by neutron-
diffraction ~' and torque measurements. '3

The anisotropy energy in gadolinium is con-
sidered to be smaller than the isotropie exchange
energy by about two orders of magnitude, 10
erg cm 3 compared with 108 erg cm 3. The anisot-
ropy constants in the magnetically ordered state
of gadolinium have been experimentally deter-
mined, 3'~4'8 and the easy direction of magnetiza-
tion has been established. Below the Curie point
the anisotropy constant K, is positive, coinciding
with "normal" ferromagnetism in which the spins
are aligned parallel to the hexagonal g axis. At
temperatures below about 220 'K, in the spin-re-
orientation region, K& changes sign and the terms
containing the anisotropy constants K2 and K3 de-
scribe the conical structure. The basal anisot-
ropy was found to be very weak, ~v so thai the di-
rections lying on the cone are equivalent.

The magnetoelastic energy in gadolinium is of
the same order of magnitude as the anisotropy.
The magnetoelastic effect is displayed in the tem-
perature variation of the lattice parameters 8 in

the region between 200 and 300 'K of gadolinium.
The coefficient of thermal expansion in the c direc-
tion is large and negative, whereas in the g direc-
tion it is small and positive. Drastic magneto-
elastic effects have also been observed in the be-
havior of the elastic constants and ultrasonic atten-
uation related to longitudinal acoustic waves prop-
agating along the hexagonal c axis of gadolini-
um. ' ' Other pure modes do not exhibit such ef-
fects. It should be added in this context that the
magnetoelastic constants are functions of the mag-
netostriction constants, and have been determined
experimentally. ~9

Several experimental and theoretical investiga-
tions ' ' have been devoted to the study of the ef-
fect of hydrostatic pressure on the magnetization
behavior of gadolinium in order to determine the
dependence of the exchange integral on the inter-
atomic distance and the pressure dependence of
the Curie temperature. Hydrostatic-pressure
measurements are particularly important when
magnetoelastic effects are observed, since the
Ruder man-Kittel-Kasua- Yosida (RKKY) exchange
integral is strain dependent. Magnetization
measurements under uniaxial stresses showed
that the Curie temperature of gadolinium is depen-
dent exclusively on uniaxial stresses along the hex-
agonal e axis. This result is consistent with the
anisotropy of the magnetoelastic constants in gad-
olinium below its Curie point.

The objective of the present study was to investi-
gate the effect of hydrostatic pressure on the lat-
tice-softenirg effect and ultrasonic attenuation
anomalies occurring in the spin-reorientation re-
gion. Experimental results are discussed in terms
of the first magnetoerystalline anisotropy constant
K~ and its pressure dependence. Recently, a theo-
retical model within. the molecular-field approxi-
mation has been presented~9 explaining the experi-
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mentally observed anomalies in the elastic con-
stant c» of gadolinium as a. function of temperature
and applied magnetic field. ' In the present study,
the problem will also be treated in the molecular-
field approximation but using a simpler approach.
It will be demonstrated why magnetoelastic effects
affect only the c33 elastic mode and not c» or any
pure shear modes. This model permits also the
calculation of the magnetoelastic contribution to
K, and the pressure dependence of the spin-reori-
entation temperature in gadolinium, in agreement
with the observed behavior.

Il. EXPERIMENTAL DETAILS

The high-purity (99.9%) gadolinium single crys-
tals, supplied by Metals Research, Cambridge,
England, has been prepared by the zone-melting tech-
nique. The crystals were in the form of flat disks,
6 mm in diameter and about 5 mm thick. Sample
faces were flat and parallel to better than two parts
in 104. The thickness of each crystal was deter-
mined by means of a calibrated indicator stand to
within + 5 x 10 4 mm.

Determination of the five independent elastic
coefficients in an hexagonal crystal, namely, c»,
egg c$3 c33 and c44, requires measurement of
acoustic wave velocities of plane longitudinal waves
and appropriately polarized transverse waves
propagating along three crystal directions. In the
present work, three single crystals were used
with the following nominal orientations: crystal A

with disk axis Z parallel to the hexagonal c axis,
crystal B with disk axis perpendicular to the c
axis, and crystal C with disk axis at an angle Q

=45 to the hexagonal c axis. X-ray back-reflec-
tion Laue photographs indicated that the actual
crystal orientations were within 2 of the nominal
ones, which was accepted as a satisfactory devia-
tion.

The sound velocities and ultrasonic attenuation
were measured by means of an ultrasonic pulse
technique at the frequency of 10 MHz. Experimen-
tal details and method of data analysis were de-
scribed elsewhere. s'3 The ultrasonic attenuation
as a function of temperature and hydrostatic pres-
sure has been measured in the temperature range
200-300 K, thus covering the spin-reorientation
region and the Curie point of gadolinium. A Matec
(Providence, R.I. ) attenuation comparator model
9000, monitored automatically by a Matec attenua-
tion recorder model 24'70, was employed. Conven-
tional cryogenic and temperature-measuring tech-
niques were used. The temperature of the crystals
was determined to within 0. 1 K.

A low -temperature high-hydrostatic-pressure
system (Basset Co. , Paris) was employed. The
pressure-transmitting medium was high-purity
helium gas. This pressure system permits attain-

ing about 12-kbar hydrostatic pressure at liquid-
helium temperatures. Using a calibrated manganin
gauge, the hydrostatic pressure could be deter-
mined to within 10 bar in the kbar range. The ex-
perimental runs were performed under isobaric
conditions by scanning the variation of the sound
velocities and ultrasonic attenuation within the
temperature range 200-300 K. In this work ex-
perimental data were recorded during heating and
cooling at several constant hydrostatic pressures,
between 1 and 6 kbar.

III. THEORY

A. Hamiltonian

The free energy of a magnetically ordered crys-
tal can be expressed in the following manner28:

H=H~+ H, +H, + H, ,

where H is the term containing the isotropic
RKKY magnetic interaction and H, is the classical
expression for the elastic energy of a paramagnet-
ic crystal, '

1 ~ p

fj

c&& are the elastic constants, and q& and q& are the
lattice strains in an orthogonal system. H, is the
magnetocrystalline anisotropic energy expressed
by the usual macroscopic relation3'

( H, ) = X~ sin 8+ Zz s in48+ Z,
' sin~8 cos 6Q,

where 8 is the angle between the magnetic moment
and. the hexagonal c axis of the crystal. The an-
isotropy constants K„K3, and K3 are tempera-
ture dependent. However, in the range of interest
in the present work K3 is negligible. H, is the
magnetoelastic interaction coupling the spin sys-
tem to the strain. This term includes both the
one-ion and two-ion contributions to the magneto-
elastic Hamiltonian and terms in the first order in
strain and second order in spin components. As
do Callen and Callen, ~ we express the magneto-
elastic Hamiltonian in terms of the one-ion contri-
bution. Thus,

(H..&=-Z Z $», (f)Zs,r 'Sr, '(f), (4)
y r, yg&

where the B&~&.(f) are the phenomenological mag-
netoelastic constants and S, '~ are the spin func-
tions. The summation is over f, which is the in-
dex of the ion site in the crystal lattice.

B. Magnetoelastic Energy

The magnetoelastic energy term [Eq. (4)] of the
total Hamiltonian can be determined by means of
the molecular-field approximation. ~ In the case
of gadolinium, the quantitative evaluation of the
magnetoelastic coupling constants which will be
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presented in this paper can be made more straight-
forward by using Cartesian coordinates. The mag-

netoelastic energy expressed in terms of Cartesian
strains is therefore the following:

( H, ) = —(s„„+e») Z (B„'„[(S;)'——.'S(S+ 1)]+ B„'„[(Sf)' —(S,')'] j—s,.Z B„[(S;)'——,
' S(S+ 1)]

f

ZBgg(sf Sf+Sf Sf) —fgg „g( f f+Sf Sf) -egg gg(sf Sf+Sf Sf), ( )

where the symmetric strains are given in terms
of the Cartesian strains~~

@,1 = &ax+ &yy+ &sz ~

s '=-.'~3[la„-2(s +s„)];
&g=&~~ p

E gg
&2= &ex ~

The magnetoelastic coupling coefficients can
also be defined in Cartesian coordinates in the fol-
lowing manner:

(Sf Sff )=—0 .
Using these approximations and by substitution

in Eq. (10), one obtains

((S,')') =(1-sin'8)((S; )),
((Sfsf)) = ((SfSf))=((SfSf))=0 .

(11)

(12)

of the spin from its equilibrium direction is small,
several approximations can be made:

((s,"')'-(s,')')=-0, 2 (s,")' =Z((s )'),
f

B„„=Bgg
= 2 &3 B~2

—g B22,

~W

B~.=B-=2B' ~

(7)

In the case of the magnetic structure of gado-
linium the only nonvanishing term is

Z [((s;)')- -.'s(s+1)]
f

An alternative way22 of expressing (H, ) based
on the isomorphism between the spin functions and
the magnetization functions is by using the compo-
nents of the net magnetization n", n', and o,".

&H .) =-Bf~s"'2 ~~[(o")'- 2]

Ba ~a, 2 1 ~g [(+g)2 1]

—B"(~12 [(&) —(o") ]+&2(«')]
B' [&2(o.'-o.')+ &2(of'of')] . (3)

=Z [((Sf )2) —2S(s+1)]—sin'8((Sf )') . (13)

For the equilibrium direction of the spin,
$f [((S )') - -,'S(S+ 1)] is a temperature-dependent
constant. The term gf ((Sf~) ) is proportional to
the reduced saturation magnetization.

Defining Bje&, as g-dependent magnetoelastic
constants in the following manner:

Similarly, substituting the Cartesian strains
[Eq. (6)] and the Cartesian magnetoelastic coupling
coefficients [Eq. (7)], the expression for (H, )
[Eq. (8)] becomes

B =B = (2 ~3822 ——B22)Z((s' ) )
f

(14)

(H, ) = —(e„„+ s»)( B„'„[(n')'--,'] +B„'„[(u")'—(o.')']]
—~„B„[(n;)'- —',] —~„, B(2 n" o.')

—s„B„(2n'o.') —s,„B (2of'n") . (9)

The standard procedure for solving the spin func-
tion is to transform the spin components to local
coordinates at each spin site. ' The new Z' axis
is directed parallel to the equilibrium direction of
the spin, and X' and F' are orthogonal to Z', so
that X' and Z' remain in the XZ plane:

S&=S& cosg+S& sing, S&=S&

S& = —S& sing+S& cosg .
It was shown ~ that the anisotropy in the basal

plane is very weak. Assuming that the deviation

and

Bgg ——(2 v 3Bq~+ 2B22)Z [((Sf ) ) —2 S(S+1)],
f

(15)

and substituting Eqs. (14) and (15) into Eq. (5),
the magnetoelastic term of the total Hamiltonian
becomes

(H, ) = &„„(B„g„sin8 —Bo„)

+ &»(Bg„sin 8 —B„)
+ 2„(B,', sin'8 —B,',) . (15)

and defining 9&& as g-independent magnetoelastic
constants such as

B„'„=B'„,= (l~» -lB:)~ [((Sf)') --'S(S+1)]
f'
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The B&~J are important in the spin-reorientation
region of gadolinium, whereas the 8&& magneto-
elastic constants are of importance in the proximi-
ty of the Curie temperature. The proportionality
between these two sets of constants holds at all
temperatures.

Finally, the general expression of the total
Hamiltonian [Eq. (1)] for gadolinium in the molec-
ular-field approximation and in the Cartesian
representation is

(H) = H +-,' Z c'„s,s, + Hj (T) sin'8+ Z, (T) sin'8

+ (&„„+s»)(Be„sin 8 —B„„)+s„(Be,sin 8 —Bc,) .
(17)

In the spin-reorientation region the effect of hy-
drostatic pressure on the total Hamiltonian as ex-
pressed in Eq. (1V) is therefore to make an addi-
tional contribution to the first anisotropy term
If&(T). The contribution is in the form of the

&&&B&~& terms, since both the first anisotropy and
the magnetoelastic contributions have an identical
8 dependence.

Equation (1V) will be used in the next section to
show why the experimentally observed lattice soft-
ening in the spin-reorientation region is exhibited
mainly in the F33 elastic constant. Furthermore,
by means of this expression the pressure depen-
dence of the elastic anomalies in gadolinium will
be discussed.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Lattice Softening in Spin-Reorientation Region

Several authors have reported the temperature
dependence of the elastic constants of gadolinium
in single crystals ' '4' and polycrystals. In the
present study the single-crystal elastic constants
of gadolinium egg, c33, c44, cg2, and cd have been
redetermined from liquid helium to room tempera-
ture. Our results confirm the previously pub-
lished ones 8 to within the reported experimental
errors, and therefore will not be presented here.

The elastic constants and ultrasonic attenuation
display characteristic anomalies at the Curie point
of gadolinium (T, =291 K). At the beginning of the
spin-reorientation region (7& =231 K) only longi-
tudinal waves propagating along the c axis (i.e. ,
em& elastic constant) and its ultrasonic attenuation
exhibit anomalies. The elastic constants and the
attenuation of the shear modes, c«and cez, and
those of the longitudinal waves propagating along
the a direction of the hexagonal gadolinium, cgj,
do not display any anomalies in the vicinity of the
spin-reorientation temperature T&. This behavior
is in agreement with the theoretical model pre-
sented in Sec. III and will subsequently be applied
to gadolinium.

The elastic anomaly of gadolinium in the spin-

dH 8H 8H 88 8H)
dg] 8q) g 88 8g] 8q)

(20)

since SH/88 =0 under equilibrium conditions.
Therefore, by substitution of the Hamiltonian ex-
pressed in Eq. (17) into Eq. (20),

dH ~ 0=Zsgcgg+ (Hm~)
d&] Bq]

(21)

Treating separately each mode, e.g. , z», we
obtain by differentiating Eq. (21) with respect to
strain&

reorientation region was considered to be of mag-
netoelastic origin and treated by Levinson and
Shtrikman3' in terms of the variation of the cone
angle 8 of the easy direction of magnetization as a
function of strain. The lattice-softening phenome-
non was treated in a manner similar to the treat-
ment of the proximity of the displacive magnetic
phase transition in erbium orthoferrite. 34

The elastic constants are defined as the second
derivatives of the lattice energy with respect to
strain, c,&

=d H/ds, ds&. In the spin-reorientation
region the spin easy direction is strain dependent
[Eq. (17)]. Therefore, the equilibrium 8 value for
any strain can be evaluated by the derivative of the
Hamiltonian in Eq. (1V) with respect to 8:

8H =0 = 2 [K,+ (s„„+s„)B + s„B„]sin8 cos8
6]g

+ 4X~ sin~8 cos8 . (lii)

Solutions of Eq. (18) are with 8=0 for the nor-
mal ferromagnetic region of gadolinium, 8= —,'g for
the maximum 8 in the spin-reorientation region,
and for any value of 8 in this region

sin 8=—2 &t+ (&xx+ &~»)B~x+ &ssB s~

2

The meaning of Eq. (19) is that the angle 8 not
only depends on E& but also is strain dependent,
or pressure dependent. Since the second anisot-
ropy-energy constant of gadolinium K, is positive
over the whole temperature range, '4 the spin-re-
orientation region should begin where the numera-
tor of Eq. (19) becomes negative. ~' On cooling
gadolinium below its To (291 'K), 8 is zero until
the right-hand side of Eq. (19) becomes negative,
i.e. , at T& (231 'K). Equation (19) also indicates
that hydrostatic strains should decrease T&, as is
indeed borne out by experiment (Figs. 1 and 2).
Without any applied strains (&,z =0) the spin-reori-
entation region and the value of 8 in this region are
defined by E, only.

It is now possible to evaluate the elastic con-
stants in the spin-reorientation region, where the
variation of 8 is strain dependent. First,
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FIG. 1. Temperature dependence
of the elastic constant c&3 of gado-
linum at different hydrostatic pres-
sures.
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1In the region where 8 is constant (8=0 or 8= —ap),
In the spin-reorientation region, where 8~g ~

is given by Eq. (19), the elastic constants will take
the following form:

can = css (B„„)/2' ~

css=css.-(B'.)'/ Ifa i

csa = cia —(B„'„)'/2' ~

ss = ss
—(B„„B,g)/2&~,

(22)0 0
44 C44 & C66 —CSS ~

Equations (22) indicate that lattice-softening ef-
fects are to be expected in the spin-reorientation
region in the pure longitudinal modes c&i and c33
but not in the pure shear modes c44 and css. This
is a consequence of the statement in Eq. (1V),
where no magnetoelastic terms of the form &„,I3„,
and q,„B,„appear. The reason is that the corre-
sponding spin correlation functions vanish.

In order to be able to evaluate quantitatively the
lattice-softening effect in ci, and c33 elastic con-
stants, the magnetoelastic coupling coefficients

20

l
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5.75 K bar

E

10

l

+

FIG. 2. Temperature dependence
of the longitudinal-wave ultrasonic
attenuation at different hydrostatic
pressures.
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B„,and B„should be determined. The procedure
of Callen and Callen~s was adopted using the pub-
lished magnetostriction data of gadolinium. ~' Since
magnetostriction is defined as the equilibrium
strain of magnetoelastic origin, one can derive it
by differentiation of the magnetoelastic Hamilto-
nian [Eq. (8)] with respect to strain. The equi-
librium condition yields

E

l3 3
h

C)

The strains g ' and q ' are the equilibrium
strains. These strains and the elastic constants
are expressed in Eq. (24) in terms of the sym-
metric representation. 6 For the hexagonal symme-
try they are defined as

Cll = 3 (2C11+2C12+ 4C13+ C33) i

C12 = (2/3V 3 ) (- Cll C12+ C13+ C33) ~

C22 2 (Cll+ C12 —4C13+ 2C32)

(25)
180 220 260 300 340

The equilibrium strains can be equated to the
magnetostriction constants by applying saturation
magnetic fields. Results of such treatment are

(28)

Consequently, the magnetoelastic coupling coef-
ficients are

B12= —(2/WS) (XZ+ Xs+ XC) Cll+ 2(XZ+ Xs —2XC)C12 ~

(2V)

B22 —(2/W3) (Xg+ ps+ gc) c12+ 3(4+ ~B 2~c)c22 ~

Finally, substitution into Eq. (7) permits deter-
mination of the magnetoelastic coupling coefficients
B„„and B„ofgadolinium. Their temperature de-
pendence is shown in Fig. 3. The behavior of the
magnetoelastic coupling coeff icients of gadolinium
explains why at T& lattice softening occurs only in
the @33 elastic constant, and not in g». At T&,
1B„„I« IB„I. It is expected that the ratio of the
dips in the elastic constants at T&, b cll /b c33

-(B„„/B„),is according to Eq. (23), and there-
fore the lattice softening in e» should be negligible
compared to that in the c~3 elastic constant. To
summarize, the theoretical model presented here
indicates that anomalous behavior of the pure
elastic modes in gadolinium at T& should be limited
to F3 only. Experimental results obtained in the
present investigation confirm the validity of this
statement.

Figures 1 and 2 show, respectively, the temper-
ature dependence of the c3~ elastic constant and ul-
trasonic attenuation at different hydrostatic pres-
sures, up to 6 kbar. Two main pressure-depen-
dent features are displayed. The first is a linear
increase in the absolute values of c33 by a rate of
5.47x10 dyncm kbar at temperatures in the

TEMPERATURE ('K)

FIG. 3. Temperature dependence of the magneto-
elastic coupling coefficients B„„and B~ of gadolinium.

„arsmagnetic iegion and at 4.09x10 dyncm
kbar below T~, e.g. , at 273'K. The second
pressure-dependent effect exhibited in Figs. 1 and
2 is the shift in both T~ and 7& as a function of hy-
drostatic pressure. The significance of this be-
havior will be discussed in Sec. IVB.

At any hydrostatic pressure, the temperature
variation of F33 in gadolinium is the sum of two
components, Eqs. (22) and (23): c333 of the para-
magnetic lattice with a normal temperature depen-
dence and a magnetoelastic contribution including
the e-dependent and 8-independent parts.

The magnetoelastic contribution is not directly
pressure dependent. It depends on the magnetic
ordering which is in turn affected by the corre-
sponding shifts in T~ and T& with hydrostatic pres-
sure (Fig. 4).

The increase in c33 with pressure (Fig. l) is due
to the variation of F33 with hydrostatic pressure
through the elastic constants of higher order,
which are temperature independent. The differ-
ence in the rate of change with pressure dc33/dP
of 5.47 x 10 dyn cm kbar ' compared with 4. 09
x10' dyn cm- kbar-' for the paramagnetic and fer-
romagnetic regions, respectively, can be attributed
to the increased stiffness of the gadolinium lattice
in the ferromagnetic region.

B. Pressure Dependence of Tp and Tf

The anomalies in the temperature dependence of
the elastic constant c33 and ultrasonic attenuation
of gadolinium at T~ and T& shift to lower tempera-
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FIG. 4. Effect of hydrostatic
pressure on the shift of the cri-
tical points T~ (Curie point) and
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tures upon application of hydrostatic pressure.
This behavior is exhibited in Figs. 1, 2, and 4.
The Curie temperature T~ and the spin-reorienta-
tion temperature T& are found to decrease linearly
with increasing pressure (Fig. 4), although with
differing slopes of (- l. 3+ 0. 1) and (- 4. 3 + 0. 2) 'K
kbar ', respectively. The shift of T~ with pres-
sure as determined in the present paper compares
satisfactorily with high-pressure magnetization 8

and magnetoresistance 3 measurements —1.55 and
—1.4 'K kbar ', respectively. However, Fleming
and Liu" report a theoretical value of 8Tc /BP
= —2. 3 Kkbar ~. The magnetization measure-
ments were performed under uniaxial stresses and
the reported values'8 were 8Tc/BP„= 1.55 Kkbar
and BTc/BP„=0 Kkbar '. This behavior is in ac-
cord with the pressure dependence of T~ as deter-
mined from the elasticity data in the present paper.
Moreover, this behavior is also expected from the
temperature variation of the corresponding mag-
netoelastic constants (Fig. 3). Near the Curie
point, B„is —0. 1 erg cm 3 compared with —Q. 7
ergcm 3 for B„. Therefore, it is expected that
(BTc/BP„I & IBTc/BP„I, as is indeed experimen-
tally observed from the shift in the anomalies of
cqq and c33 at T~ in gadolinium.

Figure 4 shows a linear shift of the spin-reori-
entation temperature T& with hydrostatic pressure
as determined from the measurements of the
elastic constants and ultrasonic attenuation. The
slope of dT&/dP is (—4. 3+0.2) "Kkbar '. It was
shown in Sec. IVA that the spin-reorientation re-
gion, and consequently the lattice softening, is
correlated to the temperature T& where the first
anisotropy-energy constant Ãl changes sign. This
consideration is valid if the sample is strain free.
Upon application of hydrostatic pressure the spin-
reorientation region occurs at temperatures where

Rz" changes sign. E&" is the numerator of the
right-hand side of Eq. (19) and is expressed as

Kg ——Kg+ EKg(s) = K&+ (s»+ s»)B„„+s«B„.
The magnetoelastic contribution to E~ is

&K,(s) = (e„„+c») B„'„+e„B'„.

(2S)

It was shown in Eq. (19) that the magnetoelastic
contribution bK, (s) is of the same 8-functional de-
pendence as the first ani. sotropy-energy constant
Ej.

The uniaxial strains induced by a hydrostatic
pressure P can be expressed in terms of the linear
compressibilities:

&..=&„=—p. p ~ e„= piip— (29)

where P, and P„are the linear compressibilities
perpendicular and parallel, respectively, to the
hexagonal c axis of gadolinium. P„and P„are ex-
perimentally determined quantities, derived from
elasticity measurements.

From Egs. (2S) and (29) the hydrostatic-pres-
sure derivative of the first anisotropy-energy con-
stant can be determined:

'= —(2p, B„'„+p„B',,) .

d Ty dK) /dP
(dK, /dT), , '

where dKj/dP can be determined by Eq. (30). The
calculated value for d Tf/dP was found to be —4. 9 ' K

The pressure contribution causes the K,"to change
sign at lower temperatures when hydrostatic pres-
sure is increased. The pressure dependence of the
spin-reorientation temperature T& can therefore
be calculated from
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kbar '. In this calculation the contribution from
the anomalous thermal expansion in the c axis of
gadolinium'8 in this temperature region was taken
into account. The calculated value of dT&/dP is
therefore in satisfactory agreement with the ex-
perimental one, (- 4.3 a 0. 2) Kkbar, as shown
in Fig. 4.
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