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The magnetostriction in RbMnFs (a cubic low-anisotropy Heisenberg antiferromagnet) was measured at 4.2
K in magnetic fields H up to 137 kOe. Capacitance dilatometers were used. The change hl in the length I
along the [001] direction was measured with A parallel to the [001], [100], or [110]directions. Two 'distinct

phenomena were observed. At low fields, of order 1 kOe, 1 underwent a fractional change of order 1 )( 10
The sign and magnitude of this change depended on the direction of A. This low-field magnetostriction is

related to the 8-induced reorientation of the sublattice magnetizations (analogous to the spin-flop

transition), and is interpreted quantitatively in terms of a model for the magnetoelastic coupling in RbMnF,
which was originally proposed by Eastman et al. The low-field magnetostriction data for 61[001] and

A 1 [100] lead to the values b, = (1.88+0.15) X 10s and (1.77+0.14) X 10s erg/cm', respectively, for the

dominant magnetoelastic coupling constant. These values are in agreement with other determinations of b, .
In fields above several kilo-oersted, l increased linearly with H, with a slope d(hl/I)/d('H )=4 X 10 '

Oe which was the same (within the experimental error) for @1[001]and @~~[100]. This high-6eld

magnetostriction is related to the H-induced canting of the sublattice magnetizations and the concomitant

change in the exchange energy. The high-field magnetostriction arises from the dependence of the dominant

exchange "constant" J on the volume V. Analysis of the data yields a magnetic Griineisen constant

y,g
= —(din J/sin V) = 4.5+0.4. This value corresponds to 8 TN/aP = 0.53+0.05 K/kbar, where

T„ is the Neel temperature and P is the hydrostatic pressure. At zero pressure, T& ——83.03+0.03 K for
our sample. Our value for y,s agrees well with most other data which are related to this parameter, but is

inconsistent with the thermal-expansion data of Teaney et al. Our own thermal-expansion data agree with

the value of y,~ obtained from the magnetostriction data. Detailed calculations of the low- and high-field

magnetostriction are presented. The similarity between the underlying mechanisms responsible for the
magnetostriction of antiferromagnets and ferromagnets is discussed.

I. INTRODUCTION

Magnetostriction is the lattice deformation which
accompanies a change in the state of magnetiza-
tion, and is usually studied experimentally by
measuring the change in the dimensions of the
sample as a function of magnetic field H. The
great majority of experimental studies of the mag-
netostriction have been carried out on ferromag-
nets; only a few experiments were performed on
antiferromagnets. Here, we present a study of
the magnetostriction in the simple antiferromag-
net RbMnF, . Although many features of the mag-
netostriction in RbMnF, are characteristic of the
antiferromagnetic order, the basic interactions
which give rise to this magnetostriction are simi-
lar to those responsible for the magnetostriction
in the more familiar case of ferromagnets. The
interpretation of the experimental results in
RbMnF, will therefore be based on an extension of
treatments of magnetostriction in ferromagnets.

%hen a magnetic field is applied to a ferromag-
net at a temperature T below the Curie tempera-
ture T~, the magnetization M in each domain tends
to align parallel to H. For sufficiently high Z
(often, no more than several kOe), the total mag-
netization of the sample reaches technical satura-

tion and is parallel to H. The magnetostriction
which accompanies domain alignment, and the
dependence of the magnetostriction above technical
saturation on the direction of H relative to the
crystal axes, have been the major topics of the
standard discussions of magnetostriction in ferro-
magnets. ' . These discussions will be extended
here to interpret the magnetostriction associated
with spin reorientation in RbMnF, .

Another cause for the magnetostriction in ferro-
magnets is the g-induced change in the magnitud@
of M (rather than the change in the direction of
M relative to the crystal axes). The change in the
magnitude of M is accompanied by a change in the
exchange energy. The dependence of the exchange
energy on elastic strain then leads to "exchange
magnetostriction. " This type of magnetostriction
was recently studied in the cubic ferromagnet Euo
above T~.' A process which is analogous to the
&-induced exchange magnetostriction is the lattice
deformation which occurs when a ferromagnet is
cooled (at II=0) from a temperature well above

T~ to a temperature well below T~. The develop-
ment of a spontaneous magnetization in each do-
main is then accompanied by a change in the ex-
change energy, and by a corresponding lattice de-
formation. The common physical origin of the
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magnetic thermal expansion and the II-induced ex-
change magnetostriction was emphasized in the
theoretical treatment of Callen and CaUen."A
convincing experimental confirmation of these
theoretical ideas is the work of Argyle eI, al. on
the magnetic thermal expanSion of EuO.

The exchange magnetostriction in ferromagnets
has its counterpart in antiferromagnets such as
BbMnF, . However, the exchange magnetostriction
in antiferromagnets has some distinctive features.
For example, the exchange energy of an antiferro-
magnet at 7 =0 is ~ dependent. This gives rise to
an &-induced exchange magnetostriction at T =0.
In contrast, at T =0 the exchange energy of a siin-
ple ferromagnet with localized spins is saturated,
and is, therefore, ~ independent. For such a

.ferromagnet there is no &-induced exchange mag-
netostriction at 7 =0.

Only a few experimental studies of the magneto-
striction in antiferromagnets have been made. '
The main reason for this is the relatively small
response of many antiferromagnets to an external
magnetic field. That is, very high magnetic fields
are often required to change the orientations of
the sublattice magnetizations of an antiferromag-
net significantly, or to produce a net magnetiza-
tion which is a significant fraction of the satura-
tion magnetization. Callen' quotes several mag-
netostriction studies in which the magnetic field

. was insufficient to cause a complete reorientation
of the sublattice magnetizations (i.e., realignment
of the antiferromagnetic domains). Among these
is the work of Albert and Lee'on NiO, in which
fields up to 21 kOe were used. An example of a
magnetostriction study in which the magnetic field
was sufficiently high to cause a complete reorien-
tation of the sublattice magnetizations (relative to
the crystal axes) is the work of I evitin et af.' on
~-Fe,O,. This study includes the magnetostriction
associated with the spin-flop transition, where the
sublattice magnetizations change their orientations
abruptly from the easy axis to a direction perpen-
dicular to it. The magnetostriction near the spin-
flop transition was also studied in Cr,O, (Refs. 9
and 10) and in CsMnCl, 2H,O (Ref. 11). The spin-
flop transition is of first order. The behavior of
the magnetostgiction near second-order transi-
tions was studied experimentally in a few cases. '
The II-induced exchange magnetostriction was in-
vestigated in MnF, at temperatures near and above
the Neel temperature p„. The magnetic ther-
mal expansion at 8=0 was studied in several anti-
ferromagnets and was interpreted in terms of the
strain dependence of the exchange energy. " In
type-II fcc antiferromagnets, the anisotropic part
of the thermal expansion leads to a change in the
symmetry of the crystal, which occurs. as the

antiferromagnetic order is established.
BbMnF, is acubic antiferromagnetwith T„=83K.

This mat&rial has many attractive properties
which make it a favorable choice for experimental
tests of theories concerning antiferromagnets.
The magnetic ion in BbMnF, is Mn ', whose
ground state has a zero orbital angular momentum
and spin $ =-', . The Mn'+ ions'form a simple cubic
lattice. In the antiferromagnetic phase each of
these ions is surrounded by six nearest-neighbor
magnetic ions which are on the opposite sublattice.
Thus, a simple two-sublattice model is applicable.
The dominant exchange interaction is between ions
which are nearest neighbors; all other exchange
interactions are considerably weaker. " The cubic
anisotropy favors the (111)equivalent directions,
but is extremely small. At 4.2 K, the anisotropy
field Z„ is approximately 4.5 Oe, compared to an
exchange field g~ =—8x 10' Oe."" These proper-
ties make BbMnF, one of the best examples of the
ideal isatropic Heisenberg antiferromagnet with
nearest-neighbor interactions only. "

In this paper we report an a study of the mag-
netostriction in RbMnF, at 4.2 K and in fields up to
137 kOe. Two magnetostrictive phenomena are
discussed. The first is the magnetostriction as-
sociated with the II-induced reorientation of the
sublattice magnetizations relative to the crystal
axes (without an appreciable change in their anti-
parallel orientation relative to each other). This
reorientation process (or domain alignment) is
campleted in fields of several kOe. The second
phenomenon is the magnetostriction at higher
fields, which is predominantly an exchange mag-
netostriction. Both phenomena are interpreted
in terms of models which are analogous to those
used in ferromagnets. - Ana3ysis of the low-field
magnetostriction yields the strength of the dom-
inant magnetoelastic constant, whereas that of
the high-field magnetostriction yields the magne-
tic Gr6neisen constant (i.e., the volume depen-
dence of, the exchange "constant").

The paper is arranged as follows. After a des-
cription of the experimental techniques in Sec. II,
the two major magnetostrictive phenomena are
discussed qualitatively in Sec. DI. Detailed quan-
titative discussions of the low- and high-field
magnetostrictions are given in Secs. IV and V,
respectively. Each of these two sections contains
a theoretical subsection which is fallowed by ex-
perimental results and an analysis of these re-
sults in terms of the theory.

II. EXPERIMENTAL TECHNIQUES

Magnetostriction measurements were performed
on a BbMnF, single crystal grown by the Crystal
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Physics Group, Center for Materials and Engin-
eering, MIT. The sample was a rectangular para-
llelepiped with faces parallel to the (100] planes.
The linear dimensions of the sample were
5x 5x 7 mm. In the experiments, the linear di-
mension of the sample along the [001] direction
(approximately 7 mm) was measui'ed as a function
of magnetic field H. The Neel temperature of this
sample was 7„' =83.03+ 0.03 K.

The magnetostriction was measured with hvo
capacitance dilatometers, similar to those des-
cribed in Ref. 3. The manner in which the sample
was held in place is of some importance in the
interpretation of the data. In our experimental
setup, the sample was placed between a stationary
brass frame and a spring-loaded movable brass
plate. Thus, the sample was subjected to a small
uniaxial pressure (approximately 14 bar) . . This
pressure was sufficient for holding the sample
firmly against the brass frame. A change in the
length of the sample produced a movement of the
spring-loaded plate. This movement was detected
as a change in the capacitance between the moving
plate and another stationary brass plate which was
mechanically attached to the frame. The hvo plates
of the capacitor were approximately O. l mm apart,
and the capacitance was approximately 8 pF. It is
important to note that no glue of any kind was used
to hold the sample in place, so that there were no
mechanical constraints on the dimensions of the
sample.

The capacitance cell of each dilatometer was
surrounded by a copper can filled with helium '

exchange gas. All the data were taken at 4.2 K
with the copper can immersed in a liquid-helium
bath. The performance of the capacitance dilato-
meters was checked by measuring the magneto-'
striction of a polycrystalline nickel sample and
comparing Re results with known values. In
addition, the background signal for each dilato-
meter was measured in fields up to 137 kQe by
replacing the RbMnF, sample by "nonmagnetic"
samples (copper and glass). For fields below- 4 kOe, the background was negligible compared
with the signal from the RbMnF3 sample. However,
for the high-field data in RbMnF, it was necessary
to apply a background correction. The high-field
background had. roughly the same Il dependence as
that of the signal from the RbMnF, sample. The.
magnitude of the background correction was - 4%
for data obtained with one dilatometer, and - 7%
for data obtained with the other.

The magnetostriction measurements for each of
several experimental configurations were repeated
several times. Below, each quoted magnitude of
the magnetostriction for a given experimental con-
figuration is an average over all runs for this

configuration. Based on the reproducibility of the
data, the reproducibility of the backgroun'd, and
the checks with the nickel sample, we estimate
that the uncertainty in the quoted magnitudes of
the various magnetostrictive effects was 8%.

Two magnets were used in the present work:
a high-field Bitter magnet with a maximum field
of 140 kOe, and a 9-in. Varian electromagnet
with a maximum field of 12 kOe. The applied
magnetic field was known with an accuracy of
0.3%. The magnitude of the demagnetizing field
was between 0.1% and 0.2%%uo of the applied magne-
tic field, depending on the orientation of H rela-
tive to the sample. %e chose to ignore this small
demagnetizing field, i.e., the internal magnetic
field was assumed to be equal to the applied field.

A nonuniform magnetic field produces a force
on the sample. Such a force may move the sam-
ple slightly, thereby changing the signal from a
capacitance dilatometer used to measure the
magnetostriction of the sample. As a check, the
measurements in the Bitter magnet were repeated
with the sample (and the dilatometer) displaced
from the nominal magnetic center by up to 1.5 cm.
Such a displacement should have increased the
field gradient, and hence the magnetic force. No
noticeable effect of the displacement on the mag-
netostriction data was observed. A similar check
was not carried out in the case of the high-homo-
geneity Varian magnet. The data in the Varian
magnet were taken only below 9 kOe, and were in
very good agreement with those obtained in the
Bitter magnet for the same range of magnetic fields.

We have also considered the possibility of a
magnetic torque on the sample, which might have
given rise to a spurious signal. The effect of
such a torque was expected to be small, for two
reasons: (i) All measurements were made with
H along a symmetry axis, for which the torque
should vanish. Thus, a torque could have occur-
red only due to a small unintentional field mis-
alignment. (ii) For fields above the spin-flop
field (of order 2.5 kOe, as discussed later) the
magnetic susceptibility of HbMnF, should be very
nearly independent of the direction of H. There-
fore, at these fields the torque is expected to be
small for any direction of H. Thus, even if H is
not along a symmetry direction, all data above
-2.5 kOe (and also the measured change in length
between ff =0 and any field above - 2.5 kOe) should
not be significantly affected by the torque. Ex-
perimentally, we have checked the possible effect
of a magnetic torque on our data by purposely
tilting the magnetic field away from the symmetry
direction by - 3'. No effect of this purposeful field
misalignment on the magnetostriction data was
observed.
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III. QUALITATIVE FEATURES OF THE
MAGNETOSTRICTION

At temperatures below T„, the ~agnetostriction
in RbMnF, exhibits two distinct effects which are
caused by different physical mechanisms. The
purpose of the present section is to introduce
these two effects and to discuss the mechanisms
responsible for them in qualitative terms. De-
tailed quantitative discussions are given in Secs.
IV and V.

Let l be the length of the sample along the direc-
tion of the unit vector /. The isothermal magneto-
striction (b, l/I) is the fractional change in I caused
by the application of a magnetic field H at a con-
stant temperature, i.e.,

sl/I =[I(e) —l(0)]/l(0) ~

In general, al/I depends on the direction of l, on
the magnitude and direction of H, and on the temp-
erature T. In the present paper we report only on
experiments at 7 =4.2 K, so that the 7' dependence
of the magnetostriction need not be considered.
Also, in the present work / was always parallel
to the [001] direction.

Figure 1 shows the magnetostriction as a func-
tion of B for the "longitudinal" configuration,
with both l and H parallel to the [001] direction.
These data exhibit two distinct effects: (i) a rapid
change of l(if) in fields of order 1 kOe, and (ii) a
monotonic change of l with increasing II at higher
fields. Other data show that the sign of the B-in-
duced change of ) in fields of ™1 kOe depends on
the direction of H. For fields well above 1 kOe,
l always increases with increasing II. The two
magnetostrictive effects are related to the 11-in-

duced changes in the orientations of the sublattice
magnetizations M, and M,. The first effect (at
low fields) is related to the reorientation-of M,
and M, relative to the crystal axes, which occurs
without an appreciable change in the angle between
M, and M2. The second effect (at high fields) is
related to the change in the angle between M, and

M2.
Ata=0, Mx and Ms are equal in magnitude but

opposite in direction, and are directed along one
of the equivalent (111)directions. Because there
are four equivalent(111) directions, there are
four types of antiferromagnetic domains. We
consider the effect of a magnetic field, applied
along [001], on the orientations of M, and M,.
For this direction of H the behavior of all the do-
mains is similar, so that it is sufficient to con-
sjder one domain wit& sublattice magnetizations
initially along the [111]direction. Figure 2

schematically shows the dependence of the orien-
tation of M, aM M, onII. At low fields, M, re-
mains very nearly antiparallel to M„but the or-
ientations of M, and M, relative to the crystallo-
graphic axes change. This low-field reorientation
of the sublattice magnetizations is ana3.ogous to
the spin-flop transition in uniaxial antiferromag-
nets, and is completed at a fieldB'„whichisequal
approximately to 2.5 kOe at 4.2 K. At&„, the
sublattice magnetizations are parallel to the [110]
axis, which is perpendicular to H. The rapid
change of l, in fields of ™1kOe, is caused by the
low-field reorientation of the antiparallel sub-
lattice magnetizations. The physical interaction
which links the length E to the orientations of M,
and M~ is the magnetoelastic coupling. An analo-
gous situation exists in ferromagnets, where the
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FIG. 1. Longitudinal magnetostriction of RbMnF3 at 4.2
K. 4l/l =[l(II) -l (0))/l (0) is the fractional change in tQe
length l caused by a magnetic field H. These data are for
the configurationl IIHII f001], where l is a unit vector
which specifies the crystallographic direction along
which the length is measured.
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FIG. 2. Schematic illustration of the orientations of tbe
sublattice magnetizations M~ and M2 at various values of
H. This schematic is for a [111)domain, with H paranel
to the [001] direction.
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magnetoelastic coupling is responsible for the
magnetostriction associated with alignment of
ferromagnetic domains by an external magnetic
field '2

In fields above 8„, the sublattice magnetiza-
tions are canted relative to each other. The cant-
ing angle 2g increases with increasing &. Ulti-
mately, when 0 reaches 2H~ the sublattice mag-
netizations become parallel to each other and a
phase transition from the antiferromagnetic to
the paramagnetic phase takes place. 2' For RbMnF,
at 4.2 K, 2&~= 1600 kQe, which is well above the
fields used in the present experiments. The in-
crease of the canting angle with increasing g is
accompanied by an increase of /, i.e., the high-
field magnetostriction in Fig. I is caused by the
gradual change in the canting angle. The coupling
mechanism responsible for this magnetostriction
arises from the dependence of the exchange "con-
stant" on elastic strain. The equilibrium elastic
strain is determined by the minimum of the free
energy, which contains contributions from the ex-
change energy and from the purely elastic energy.
With increasing canting angle, the exchange energy
(proportional to M, ~ MJ changes, which, in turn,
leads to a change in the equilibrium strain.

&,-=~(r;~2+~2rs+~s~l). (3)

Equation (3) is similar to the standard expression
for the anisotropy in a cubic ferromagnet, ' except
that the staggered magnetization L plays the role
of the magnetization M in a ferromagnet.

tropic part of the Qibbs-like free energy at zero
stress2) is assumed to have the form

&„=&[(a',a,'+a~', +o.~,')
QX P:P: Pl~l)], (2)

where a, and p, are the direction cosines of M,
and M„respectively, relative to the cubic crys-
tallographic axes. The fact that the (111)axes
are the easy axes implies that E& 0. The aniso-
tropy field If„ is related to K as Z„=- 4K/3M, ,
mhere M, is the magnitude of M, or M,.

For fields below - 4 kOe, M, is very nearly
antiparallel to M,. (The angle 28 between M,
and —M, is less than 0.3'for && 4 koe. ) Thus,
for these low fields, p, =——o, To a good approx-
imation, the orientations of M, and M, are then
specified by the orientation of the staggered mag-
netization L =M, —M,. If y, are the direction
cosines of L, then o., =y, and p&=—-y, . The aniso-
tropy can then be approximated as

IV. MAGNETOSTRICTION AT LOW FIELDS

In this section we consider the rnagnetostriction
of RbMnF, at low&, i.e., bebveen&=0 and

H= 4 kOe. This magnetostriction is related to the
&-induced reorientation of the sublattice magne-
tizations, and is interpreted in terms of the
mqgnetoelastic interaction in RbMnF, which was
first considered by Eastman et al.2 '

A. Equilibrium orientations of the sublattice magnetizations

In the ordered phase and at 11=0, M, and M, are
antiparallel to each other and at e directed along
one of the (111)axes. As & is increased from zero,
the sublattice rnagnetizations rotate towards the
plane perpendicular to H. The 8 dependence of
the equilibrium orientations of M, and M, was
treated by several authors. '~ " The following
'discussion is based largely on these treatments.
Although this discussion applies to all tempera-
tures below 7~, the numerical values which are
quoted below are for T =4.2 K, which is the temp-
erature at which the present experiments were
performed.

1. Anisotropy energy

Consider a RbMnF, sample at zero external
mechanical stress and with a volume of 1 cm'.
The anisotropy energy E„( efdi enads the aniso-

2. Antiferromagnetic domains

At~=0, L is parallel to one of the equivalent
(111)directions. Because all the (111)directions
are energetically equivalent, the staggered mag-
netizations in different regions of the sample may
be parallel to different (111)directions, i.e., the
sample may contain different domains. There are
four types of such domains, with L parallel to
[ill], [ill], [ill], and [111]. Here we chose to
ignore the distinction between a domain mith L
)[ [111]and a domain with L () [111],because the
latter is obtained from the former by interchang-
ing the labels 1 and 2 for the two sublattices.

For a nonzero ~, the staggered magnetization
(in a given domain) usually is not parallel to a
(ill) direction. Nevertheless, in order to dis-
tinguish between the four types of domains, they
will be labelled in terms of the orientation of L
atH=O Thus, .a domain with L) [111]atIf=0
will be referred to as a [111]domain, etc.

For a given domain in a field H, the equilibrium
orientation of L is determined by the competition
between two mechanisms: the anisotropy which
tends to orient L parallel to a (111)axis, and the
field H which favors configurations with L per-
pendicular to H. To interpret the present experi-
ments it is sufficient to consider the theoretical
results' -~ for only two orientations of H, namely,
H II [001] and H(( [110].
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3. 0 II fOOI J

In this case, H makes equal angles with all the
(111)equivalent directions. Therefore, the behav-
ior of all four types of doinains is similar. We
focus first on the [111]domain. As ~ is increased
from zero, L rotates towards the [110]direction,
which is a direction with minimum anisotropy
energy in the plane perpendicular to H. Detailed
calculations~-~ show that L becomes parallel to
[110]when H reaches the characteristic field
II„=(1.5H„Ifs)'~2 =2.3 kOe. (Our experimental
value is II„=2.5 kOe. ) This characteristic field
is analogous to the spin-flop field in a uniaxial
antiferromagnet, "but in contrast to the uniaxial
case there is no abrupt change in the orientation
of L atrl„, i.e., RbMnF, does not exhibit a first-
order transition at&„. For & above&„, L re-
mains parallel to the [110]direction.

For a [111]domain, the orientation of L in
fields above If„ is the same as for a [111]domain,
namely, L~~ [110]. For the [111]and [111]domains,
the staggered magnetization in fields above II„ is
parallel to the [110]direction.

4. H Il(j/OJ

In this case H is perpendicular to the [111]and

[111]directions, but not to the [111]and [111]di-
rections. As a result, the behavior of the $11]
and [111]domains is different from that of the
[111]and [111]domains.

Consider first the [111]and [111]domains. Be-
cause the [111]and [111]directions are perpen-
dicular to H and, . at the same time, are directions
of minimum anisotropy energy, the orientation of
L will not be affected by K. These domains are,
therefore, stable and mill persist to high fields.

In contrast, the [111]and [111]domains become
unstable when a sufficiently high field is applied,
i.e., the direction of L in these regions of the
sample will switch to one of the two (111) direc-
tions which are perpendicular to H. Theoretical
calculations24 show that the [111]and [111]domains
cannot exist above 2.0 kOe. Some experimental
data'~ suggest that these domains disappear in
fields as low as several hundred Oe.

In summary, for fields above 2.0 kOe (and pos-
sibly even at lower fields) the staggered magne-
tj.zation in all regions of the sample is parallel to
either the [111]or [lTI] directions.

B. Magnetoelastic coupling
I

Magnetostriction is caused by the coupling be-
tween the magnetic and elastic degrees of free-
dom. A theory for the magnetoelastic interaction
in RbMnF3 was presented by Eastman et al.""
who studied the dependence of the antiferromag-
netic resonance (AFMB) on uniaxial pressure.
Their approach was used and extended by Melcher
and Bolef who investigated the effects of the
magnetoelastic interaction on the sound velocities.
The same theory wH. l be used in the present sec-
tion to interpret the observed magnetostriction in
fields below - 4 kOe.

The volume deperidence of the exchange inter-
action, which leads to exchange .magnetostriction,
was justifiably ignored by Eastman et al. Because
the exchange magnetostriction is unimportant in
fields below - 4 kOe, it will not be considered in
the present section. "

According to Eastman, '2 the energy g~ due to
the magnetoelastic coupling in RbMnF3 can be
written'

EMp, 1[(+1+Pl)~ll (o2 PS)~22 (+ 3 ~633] 2[(l21+2 ~lPs) ~12 (+2+3 I 2 PS) 23 (+3+1 PSP1)~31]

++3(+1P1~11 cl2~2~22 ++ SPS 33) +4[(+1P2 +™SP1)~12(+SPS +SP2)~23 (+SPx +1PS)e311 & (4)

where &&& are the strain coefficients. It is noteworthy that Eastman et al. use the engineering strain co-
efficients &„., whereas some treatments of the magnetostriction in ferromagnets employ the strain tensor
whose shear components are one-half the engineers' shear components.

Equation (4) is simplified considerably if one uses the low-If approximation in which M, is antipara-
llel to MS. In this approximation, o., =- p, =y, so that

&M2 =-'&1(r,e,1 +rSe22+rSeSJ+2&2(rlrSe12+rg Se23+rSrl~»),/ 2 2

where g, =@,--,'gg, and g& =gg, -gy, .
(5)

C. Predicted magnetostriction

1. General expressiori

Equation (5) for magnetoelastic coupling at low

II has the same form as the usual expression for
the magnetoelastic coupling in cubic ferromag-
nets, "except that the direction cosines y, of the

staggered magnetization L play the role of the
direction cosines of the magnetization M in a
ferromagnet. Owing to this formal similarity,
one can apply the theoretical results for a cubic
ferromagnet to the present case. This leads to
the following expression for the fractional change
in length 5l/I measured along the direction of the
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~100 " ~1/ (C11 C12) t

~111»2/+44 t

(7)

(6)

and g,z are the usual elastic constants.
Several-comments should be made in connection

with Eq. (6): (i) This equation gives the fractional
change in length 5l/I 1elative to the so-called
"demagnetized state. "' To calculate the fractional
change in length caused by a given physical opera-
tion (such as a change in the magnitude or direc-
tion of H) one should calculate the change in bl/I
caused by this operation. (ii) Equation (6) applies
to a single domain in which y„ the direction co-
sines of L, are uniquely determined. (iii) In con-
trast to the case of a ferromagnet at high fields
(for which M II H), y, are not the direction cosines
of H. In fact, whenII»B„, L is perpendicular
to H. (iv) Apart from constant terms w'hich do

'

not depend on the direction of L, Eq. (6) is iden-
'tical with Eq. (20) of Melcher and Boief.23 (v)
Equation (6) involves only two constantS, A.M0 and
A.»„and is adequate for the present purposes.
A similar "two-constant approximation" is us-
ually adequate for cubic ferromagnets. A more
complete treatment'" involves more than two
constants. (vi) In the two-constant approxima-
tion, the volume of the sample does not depend
on the orientation of the magnetization (or stag-
gered magnetization in the case of an antiferro-
magnet). If one goes beyond this approximation,
one obtains a volume change with a change in the
y„but an estimate shows that this volume change
is very small in the present case (see Sec. V A).

Equation (6) will be used to calculate the mag-
netostriction associated with the B-induced re-
orientation of L at low &. Qnly the configurations
of 8 and $ which were studied experimentally in
the present work will be considered. For all
these configurations, l is parallel to the [001] axis
so that only the change in the term 2Xyppy3g3 in
Eq. (6) is relevant.

2. i II H II I001I
For this configuration, the fractional change of

length al/I induced by the magnetic field is the
same for all four types of domains. At If=0, L
is parallel to one of the (111}axes, so that y2 =—', .
For fields above rl... L is perpendicular to the
[001] axis, so that y2 =0. The fractional change in
length Q, l/&)„which occurs between H =0 and

is therefore given by

csh

unit vector l'
6l/l =2XM0(y1n. +y2n2+ y31I3 3)3 2 2 2" 2 2 2 1

+ 3 ~111(YO 2 91112+y2y3 g2g 3 Y3Yl 9301) (6)

where g, are the direction cosines of l,

( &/I)„=-(1/2)&, =»,/3( „-,g.
Because the experimental value of 5, in RbMnF3
is positive, ""as is (c»-c,g, the predicted
(b, l/I)„ is positive, i.e., the If-induced reorien-
tation of L should lead to an elongation. Since
this elongation is the same for all domains, the
change in the length of the sample as a whole
should also be given by Eq. (9).

3. i III001), H Il(100J

For this configuration also, all the domains ex-
hibit the same magnetostriction. Ata=0, y3=3.
For fields above &„, L is parallel to the [011]
direction or to the [Oli] direction, so that y23

=—,'.
The fractional change in length between &=0 and

is given by

(~I/I)„=-,'~„,= —b,/3(c„-c,J. (10)

In this case (al/I)„ is negative, i.e., the ff-in-
duced reorientation of L leads to a contraction.
The magnitude of this contraction is equal to half
the elongation which occurs in the configuration
I"

II H II [001].

4. i III001), Hll f110j'

For this field direction, the four types of do-
mains do.not behave in a similar way. However,
in all regions of the sample the staggered magne-
tization above 2.0 koe is parallel to either the
[111]direction or to the [111]direction. For both
of these directions, y', = —,', i.e., the same value as
at~=0. This implies that the sample's length
along the [001] direction for fields above 2.0 kOe
is the same as at II= 0.

The conclusion that the length above 2.0 kQe is
the same as at11=0 does not necessarily imply
that the length is constant between II=0 and 2 kOe.
However, if the unstable domains disappear in
fields of several hundred Oe, as suggested, ~ then
no change in length is expected above several
hundred Oe. Of course, at very high fields (p
» 10 kOe), an appreciable exchange magnetostric-
tion will occur.

5. Effect of uniaxial compression

In the preceding calculations of the magneto-
striction it was assumed that the sample was not
subjected to external mechanical stresses. How-
ever, as noted in Sec. II, the measurements in
the present work were performed with the sample
subjected to a uniaxial pressure of approximately
14 bar along the [001] direction. This pressure
along the direction of l was exerted by three cop-
per-beryllium springs which held the sample
firmly in the capacitance cells used in the mea-
surements. Although the uniaxial pressure was

I
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y', =—'[1—2h, p/&(c7$ cj,g)] ~ (13)

In RbMnF„K «and b,& 0, so that y', increases
with increasing p, i.e., with increasing compres-
sion the staggered magnetization rotates from the
[111]direction toward the [001] direction (or the
equivalent for the other three types of domains).
Ultimately, L becomes parallel to the [001] direc-

relatively small, apparently it produced mea-
surable changes in the magnetostriction. The
effects of the uniaxial compression on the ob-
served magnetostriction were calculated using the
expressions given earlier for the anisotropy and
magnetoelastic energies [Eqs. (3) and (5)]."

The effect of an external stress on the low-field
magnetostriction can be explained qualitatively as
follows. When a compressional stress is applied
along the [001] direction, it produces a uniaxial
anisotropy, in addition to the zero-stress cubic
anisotropy which is given by Eq. (3). Experin"en-
tally, "the sign of the stress-induced anisoQopy
is such that a compression along [001] tends to
align L parallel to the [001] direction (or to the
[001] direction). Owing to this additional aniso-
tropy, the equilibrium orientation of L, both at
II=0 and at finite Il, depends on the uniaxial
pressure p. This dependence is relatively strong
in RbMnP, because the intrinsic cubic anisotropy
is very weak so that the stress-induced anisotropy
is very effective in changing the orientation of L.
Because the magnetostriction depends on the B-in-
duced change in the orientation of L, and because
this change is p dependent, the results for (n. l jl),„
are p dependent.

The magnetostrictive strain under a constant
external stress is still given by the same formal
expression as at zero stress, ' which is Eq. (6)
in the "two-constant approximation" used in the
present work. However, the y, which appear in
Eq. (6) are now stress dependent. For the experi
mental conf igurations in the present study, only the

p dependence of y', need be considered. This de-
pendence j.s calculated by adding a stress-induced
anisotropy Z„(p) to the intrinsic cubic anisotropy
E„which is given by Eq. (3), i.e., the effective
anisotropy E„" is given by

E~ =E~ +&~(P) .
Using the expressions for the stress-induced ani-
sotropy, "and specializing to the case of a uniaxial
compression along the [001] direction, one obtains

&g(p) = 25 spy'/(c„-c„) . - (12)

The equilibrium orientation of L at &=0 is cal-
culated by minimizing the effective anisotropy
energy [which is given by Eqs. (3), (ll), and (12)]
with respect to y, . At the minimum,

tion at a uniaxial pressure p, which is given by

p, =-K(c —c )jb . (14)

Comparison with Eq. (9) indicates that the uniaxial
pressure increases the magnitude of (n, l/l)„by a
factor (1+2m), which is approximately equal to
1.06V for the present experiments. Note that
(hl/l)„ is positive for this experimental configura-
tion, so that the uniaxial pressure makes a posi-
tive contribution to (b, l/l)„.

When H is parallel to [100], and K & K,„, the min-
imization of E„'"' in the (100) plane gives

y', =-,'(1 +x). (18)

Combining Eqs. (6), (16), and (18), one obtains

(n l/l)„= —,') „,(1-x) . (19)

Comparison of Eq. (19) with Eq. (10) indicates that
the uniaxial pressure changes (n, l/l)„by a factor
(1-x), which is approximately equal to 0.96V for
the present experiments. Note that (al/f), , is
negative for this experimental configuration, so
that also in this case the uniaxial pressure makes
a positive contribution to (b.l/f)„.

When f is parallel to the [110]direction and K
is above 2 kOe, y', is given by the same expression
as in the case K=O, namely, Eq. (16). Since the
change in length along the [001] direction is pro-
portional to the change in y„ it follows that above
2 kOe this length is the same as at11=0. The.
same result was derived earlier for the special
case p =0.

The data of Eastman" indicate that p, =420 bar.
The reduced uniaxial pressure x is defined as

x=p/p, =-pb, /Z(c„-c„). (15)

In the present experiments p was approximately
14 bar, so that @=3.3x 10 2. Equation (13) for the
equilibrium orientation of L at 8=0 may be re-
written

y', =-', (1+2&) .
For fields well above H„, the equilibrium orien-

tation of L is determined by minimizing the effec-
tive anisotropy energy in the plane perpendicular
to H." We consider the three orientations of H

used in the present work separately, and calculate
the p dependence of Q, l/l)„ in each case.

When H is parallel to [001], the equilibrium or-
ientation of L atII»„ is not affected by the
stress-induced anisotropy (although the value of
K,f does depend on p). Thus, y3=0 for K&K„.
Combining Eqs. (6) and (16) one then obtains
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D. Experimental results

The length I of the sample along the [001] direc-
tion was measured as a function of ~. The field
H was parallel to the [001], [100], or [110]direc-
tions. The low-field magnetostriction for the
longitudinal configuration I (( H (( [001] is shown in
Fig. 3. In accordance mith the theoretical predic-
tion, the length l in fields above &„=-2.5 kOe is
larger than at&=0. The magnitude of the frac-
tional change in length is (b, ljl)„=(1.57~ 0.13)
x10-'. This value, and the one below, exclude
the exchange magnetostriction which is discussed
in Sec. V. The exchange-magnetostriction
correction for (nl/I)„amounts to a mere 0 007.
x10 ' at 4 kOe. (Some of the low-field data, how-
ever, mere taken in fields up to S kOe where the
correction is 0.03x 10 '.)

Figure 4 shows the low-~ magnetostriction for
the two transverse configurations: (i) l (( [001]
with H II [100] and (ii) ~ II [001] with H II [110]
the first configuration, the length decreases as
the field is changed from zero to a value above

f For the second conf iguration there is no
detectable change in length in fields up to 4 kOe.
These results are in agreement with the theore-
tical predictions. The observed change in length
when H is parallel to the [100] direction is (al/I)„
= —(0.67+ 0.05) x 10-'. Thus, the experimental
ratio between (al/l)„with H (( [100] and that with

H(( [001] is -0.43. The theoretically-predicted
ratio (with the uniaxial pressure of 14 bar along
[001] taken into account) is —0.45.

The magnetostriction data, such as those shown
in Figs. 3 and 4, shomed no hysteresis, i.e., they
mere the same for increasing and decreasing&.
Also, there was no change in the results when the
direction of H was reversed. From the theoretical
discussion it folloms that for all the experimental
configurations which were studied, (zl/I)„should
not have depended on the relative populations of
the four types of (111)domains atff =0 'Ihus, . the
absence of hysteresis does not necessarily imply
that a magnetic field cycle had no effect on the
distribution of domains. For example, it is not
possible to say whether the [111]and [111]domains,
which were unstable at high fields when H mas

o 2 RbMnFg

Slll000
T= 4.2 K

Hii IIO

~~ -0.2
CI

O
-0.4

parallel to the [110]direction, reappeared when
& was subsequently reduced to zero.

E. Magnetoelastic coupling constant
'

Previous investigations""' have established
that the magnetoelastic coupling constant 5, in
HbMnF, is an order of magnitude larger than h.
In the present work, the values of (al/l), were
used to determine b, at 4.2 K. Here, use was
made of Egs. (7), (17), and (19), the value @=3.33
x10-' for the present experiments, and the mea-
sured elastic constants. " The value of (b, //l)„ for
the longitudinal configuration, I (( H (( [001], gave
5, =(1.88+ 0.15)x 10' erg/cm'. 'Ihe value of (b, l/I), „
for the transverse configuration, l (( [001] with
H(( [100], gave 5, =(1.77+ 0.14)x10' erg/cm'.

Eastman's original determination of 5, from
AFMH measurements under stress gave g~
=(1.5+ 0.15)x 106 erg/cma. However, as pointed
out by Melcher and Bolef, ' the elastic constants
used by Eastman were inaccurate. Correcting
for this, Eastman's value is 5, =(1.8+ 0.18)x10'
erg/cm3. From the H dependence of the sound
velocities, Melcher and Bolef ' obtained Q~
= (1,95+ 0.15)x 10' erg/cm' All thes. e values are
for T =4.2 K. It is apparent that the values of 5,
obtained from the magnetostriction measurements
in the present work are in good agreement with
previous determinations of the same parameter.

I

H {kOe)

FIG. 4. I.ow-field transverse magnetostriction of
RbMnF3 at 4.2 K. The two traces correspond to the con-
figurations: (i) 7 II [001) with Hll [100], and (ii) g. il [001] with
H II [110).

l.5

&3 I.O

O
0.5

Rb MnF~

g ii H ii [OO I]
T=4.2 K

I I I I

0 I 2 5 4
H (kOe)

FIG. 3. Recorder trace of
the low-field magnetostric-
tion of RbMnF3 at 4.2 K.
These data are for the lon-
gitudinal configuration,
i IIH II[001).

V. MAGNETOSTRICTION AT HIGH FIEI.DS

Section IV was devoted to the magnetostriction
associated mith the reorientation- of L, mhich is
completed in fields of several kOe. In the present
section the magnetostriction at higher fields is
discussed. It can be shomn that apart from the
change (gl/I)„which occurs at low fields, the
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Ks =-Q 2ZS, ~ S~, (20)

where J is the exchange "constant" between near-
est neighbors i and y, and the sum is over all
pairs of nearest neighbors. The strain dependence
of the exchange interaction arises from the de-
pendence of J on interatomic distances.

Two alternative methods of calculating the mag-
netostriction above B„are presented below. Each
of these methods has advantages.

,1. Relations between the magnetostriction and the magnetic
Gruneisen constant

Consider a RbMnF, sample at zero external
mechanical stress. Let the volume at II=0 be
V(0). The II dependence of the volume V can be
calculated from a Maxwell relation which is
obtained from the thermodynamic potential C (T, p,
II), namely, :

(21)

where I is the component of the total magnetic
moment of the sample along the direction of H,
and P is the hydrostatic pressure (Note th.at the
total magnetic moment is the product of the mag-
netization and V.) Let I =yv(0)II, then Eq. (21)
may be written

(22)

It should be noted that whereas the symbol X is
often reserved for the susceptibility per unit
volume, its meaning here is somewhat different,
because in the definition y =I/V(0)II the denomina-
tor contains V(0) = V(II=0,p =0) rather than V.
Thus, y is the susceptibility per unit V(0), rather
than per unit P.

For fields II„&11«2~~= 1600 kOe, the suscepti-
bility y(T, P,II) is very nearly independent of II.
Therefore, above g, but below our maximum
field of 137 kOe, sy/sp is independent of II and
(for a given T and p) can be taken as a constant.

magnetostriction at high fields, and for a given
magnitude of II, is very nearly independent of the
directions of H and l. However, in what follows
we shall consider explicitly only the magneto-
striction above B~. when H is parallel to one of
the (100) directions and when I is parallel to [001].

A. Theory

It will be shown that the magnetostriction in
fields above &„arises from the strain dependence
of the exchange interaction. In RbMnF„ the only
significant exchange interaction is between near-
est-neighbor spins. Thus, the Hamiltonian for the
exchange interaction may be written

The susceptibility above II„. is designated as y~,
because at these fields L is perpendicular to H.
Integrating Eq. (22) between II„and II, one ob-
tains

[V(H) —V(II„)]/V(0) =--,'(eq, /ep)(V'-II'„),
(23)

where it is understood that the temperature is
fixed.

The volume magnetostriction (a V/V) is defined
as

~ v/v = [V(II) —v(o)]/v(o) . (24)

Equation (23) therefore indicates that above II, ,
L V/V varies linearly with II', and

d(g V/V) 1 6Xi
d(II ) 2 BP

(25)

In mean-field theory, the perpendicular suscep-
tibility for all T & T„ is given by

~MF = ~2~2/4zgv(0) (26)

where z is the compressibility. The magnetic
Gruneisen constant y (not to be confused with

mag

the direction cosines y, ) is defined as

y = —(8 lnJ'/s lnV) . (29)

From Eqs. (25), (28), and (29) it follows that for
H&Hf p

where g is the number of magnetic ions in the
sample, g is the g factor, p~ is the Bohr magne-
ton, and g is the number of nearest neighbors.
In Eq. (26), a term of orderII„/Ifs-10 'was
neglected in comparison with unity. M Going be-
yond the mean-field approximation, the perpen-
dicular susceptibility at T =0 is given by

x, (T =0) =x","(1-f» (27)

where f is a correction due to zero-paint spin
deviations (see Hefs. 35 and 36). For HbMnF„
f=0 05 It .is s. ignificant that f does not depend on
the hydrostatic pressure P. Because the present

' experiments were performed at T«gN, X was
practically identical with y (T =0), so that Eq. (27)
may be applied.

Assuming that the pressure dependence of the

g factor is negligible in comparison with the pres-
sure dependence of g (which is expected to be true
for HbMnFJ, the P dependence of lt„arises solely
from the p dependence of J'. Because X cc 1/J', it
follows that
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d(A v/v),
d(p&) 2 Xg ~mag ' (30)

We now show that the volume change above II„
is associated with equal frac.tional changes in all
linear dimensions of the sample. The Il-induced
change in any linear dimension of the sample at
fields above H„can be calculated along similar
lines as those used to calculate the change in V.
The essential difference is that the derivative of

X with respect to the hydrostatic pressure & is
replaced by the derivative with respect to the
uniaxial pressure p applied along /. Thus, the
analog of Eq. (23) is

1(p) -l(p, ) 1 Bx
l(0) 2 Bp sf (31)

In HbMnF» each Mn++ ion is surrounded by six
nearest neighbors on the opposite sublattice. Two
of these neighbors are situated along the [001]
direction, while the other four are situated along
the [100] and [010] directions. When a uniaxial
pressure p is applied along the [001] direction, the
distances to the first two neighbors are shortened,
whereas the distances to the other four neighbors
become longer. Thus, the exchange "constant"
t which characterizes the interaction with each of
the two ions along [001] is changed by an amount

j,(p), while the exchange "constant" for the inter-
action with the other four neighbors is changed
by j,(p). In principle, a uniaxial pressure along
[001] changes the symmetry of the crystal from
cubic to tetragonal, so that 2, and 22 may be sec-
ond-rank tensors rather than scalars. However,
for BbMnF, we expect that the exchange inter-
action is very nearly isotropic even when a uni-
axial pressure is applied. " We, therefore,
assume thatg, andy, are scalars, i.e., the ex-
change interactions are isotropic even for pg 0.
Because the susceptibility X above p'„depends
almost entirely on the exchange interactions (and
only very weakly on the anisotropy, whether in-
trinsic or stress induced), it follows that x (p)
is isotropic, i.e., it does not depend on the direc-
tion of H. Thus, the derivative Bg /Bp remains
unchanged when the direction of H is changed
from [001] to [100]while the direction of the uni-
axial pressure is kept fixed along the [001] direc-
tion. It then follows from Eq. (31) that for a
given magnitude of 11, the change in the length /

along the [001] direction, measured relative to
l(p„), is the same for both H [[ [001$ and H)) [100].
An equivalent statement is that if H is parallel to
[001], then the fractional change in length above .

H„ is the same for both l [( [001] and l )) [100].
Because the fractional changes in length above

If„are the same for all three (100) directions, it
foDows that each fractional change in length is
equal to one third of the fractional change in vol-
ume. Thus, for both the longitudinal configura-
tion, l [( H () [001], and the transverse configuration,
I II [0011 with H II [100], one obtains from Eqs. (23),
(25), and (30),

l(p) -l(rr„) 1 Bx,
l(0) 6 BP

d(al/l) 1 BX,
d(P2) 6 BP 6 XS mag

' (33)

The interpretation of the high-field magneto-
striction data will be based primarily on Eqs. (32)
and (33) which are vabd only for H&11„. For com-
pleteness, we have also calculated the magneto-
striction betweenII=O andII=II, by means of Eq.
(21) and its analog for the derivative Bl/BIf. A
zero external mechanical stress was assumed.
We quote the results, but omit the derivations.

With H parallel to [001], the volume change be-
tweenlI=O andri=&„ is given by

v(p„) —v(0) 1 Bx,)
V(0) 2 BP) " 6 BP

(34)

~ v v(H) —v(0)
V(0) 2 XJ. mag

(35)

where the small term involving B K/BP was omit-
ted. Equation (35) is valid only for H&H„.

The change in length between@ =0 and II=H„

Both terms on the right-hand side of Eq. (34) are
quite small. Using the experimental results be-
low, the first term is equal to 8x10 '. The se-
cond term was estimated by assuming that
—(B lnK/B lnV) is of order 5, which gave a con-
tribution of ™1x 10-' to the fractional change in
volume. As noted earlier, Eq. (6) in Sec. IV
gives a zero volume change betweenII =0 and

The discrepancy between Eq. (6) and (34)
is due to two reasons. First, in the derivation of
Eq. (6), the exchange magnetostriction [which

gives rise to the first term on the right-hand side
of Eq. (34)] was neglected. Second, Eq. (6) repre-
sents the "bvo-constant approximation" to the low-
field magnetostriction (which is quite adequate for
the present purposes). A more complete treat-
ment (see Refs. 1 or 2) leads to a formula with

five constants which, in turn, leads to the term
—,'-(BK/BP). By combining Eqs. (23), (25), (30),
and (34), one obtains



1436 Y. SHAPIRA AND N. F. OLIVKIRA, JR. 18

was calculated for the longitudinal configuration,
I II

~~ [001], and for the transverse configuration,
l [001] with H ~~ [100]. Omitting a small term in-
volving sK/sP, one obtains for either configura-
tion

l(H, ) l(0) al 1 eXi
l(Q} l, ~

6 8P (36)

a/ 1 (H) —l (0) el
+6 X ~& 8 ~

I (Q) I 6 J. mag

where (b, l/l)„depends on the configuration and is
given by Eqs. (9) and (10) of Sec. IV. The second
term in Eq. (36) represents a (small) correction
due to the exchange magnetostriction. Combining
Eqs. (32), (33), and (36), one obtains for H&H, „

experiments on the ferromagnet Euo. '
Consider the change in the sample's length l

which occurs as the sample is cooled from a
temperature T» T~ to T =0, while keepingII=O.
The integrated fractional change in length (61/l)0
associated with this cooling process is related to
the change in (S,~ S&). The correlation function
(S, S&).is proportional to the exchange energy.
Therefore, for an antiferromagnet at 7 =g =0,
this correlation function is given by

(f, S,) =-S'(I+e,/zS), (39)

where So/zS is a correction term for the ground-
state energy of an antiferromagnet and is equal to
0.04 in HbMnF, .~ For T» Tz, (f, f&) is negligible.
Therefore, from Eqs. (38) and (39), (61/l)0 is
given by

2. Relation between the magnetostriction and the two-spin

correlation function
I 6V ~zsJ~,P'(I+e,/zs)l, 3.V, V(0)

(40)

An alternative approach to the calculation of the
magnetostrictiori above g„. is based on the work of
Callen and Callen. ' In this approach the magneto-
striction is expressed in terms of certain spin
correlation functions, and coupling terms which
are strain-derivatives of the anisotropy and ex-
change "constants. " This method leads to par-
ticularly simple results when the following con-
ditions are met: (i) the exchange interactions are
between nearest neighbors only, and are described
by the Hamiltonian in Eq. (20) with a strain-depen-
dent scalar J', (ii) the anisotropy is zero, and (iii)
the material is cubic. Under these assumptions
the fractional change in volume, 6V/V, due to the
magnetic interaction is related to the accompany-
ing'change 6(S,~

S&) in the static two-spiri correla-
tion function (S,~

S&) between nearest neighbors.
The relation is [see Eq. (5) of Ref. 3]

6 V/V = sz eely 6-(S S,) /V(0) . (38)

Equation (38) is not restricted to isothermal
changes in V. Thus, a change in (S, ~ S~) which is
caused by a variation of either T and/or H leads
to a change in V which is given by Eq. (38). In the
special case of a fixed T, Eq. (38) relates the
magnetostriction to the H-induced change in (S,~ S&).

It has been shown' that in this special case, the
magnetostriction as given by Eq. (38) is the same
as the one calculated from Eq. (21}.

Another special ease is a variation of T at~=0.
The magnetic part of the change in volume be-
tween the temperatures T, and T, is then propor-
tional to the change in the exchange energy be-
tween these two temperatures. Thus, the mag-
netic part of the thermal expansion coefficient at
II=0 is proportional to the magnetic peart of the
specific heat. This prediction was verified in

Equation (40) is expected to hold in the case of
RbMnF, because the assumptions leading to this
equation are well satisfied in this material. Also,
the magnetostriction above II„ in RbMnF, is ex-
pected to obey Eq. (38).

B. Experimental results

High-field magnetostriction measurements, up
to 137 kQe, were performed at 4.2 K. The mag-
netostriction was measured for two configurations:
(i) the parallel (longitudinal) configuration, with
l (( H ( [001], and (ii) a transverse configuration,
with l ( [001] and H () [100]. For either configuration,
the magnetostr iction a l/l above H„= 2.5 kOe
varied linearly with II'. The results for both con-
figurations are shown in Fig. 5. The slope
d(b, l/I)/d(H') for the parallel configuration was

=(4.20+ 0.34) x10 Oe 2.
~ ~

For the transverse configuration, the slope was

(
d(61/I) (3 94+ 0 32)x10 8 Oe '
d(H')

C. Magnetic Griineisen constant

The theory in Sec. VA shows that the slope
d(hl/l)/d(H') for the parallel configuration should
be eq'ual to that for the perpendicular configura-
tion, and should be related to the magnetic Grun-
eisen constant y by Eq. (33). Experimentally,
the two slopes agree with each other within the
experimental error. To obtain y, we use the
average of the two slopes, namely, 4.07x10-"
Oe '. Substituting the measured susceptibility"
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and the compressibility, "Eq. (33) then gives

y, =4.5+0.4.
The pressure dependence of the Neel temperature
calculated from this value is dT„/dP=0. 53+0.05
K/kbar. Our value for y „will now be compared
to other data which are related to this parameter.

The first attempt to determine y in RbMnF,
was made by Golding~ mho measured the linear
thermal expansion coefficient near 7„. From Eg.
(38), the ratio c(„gg between the magnetic
part of the thermal expansion coefficient and the
magnetic specific heat per unit volume should be
a constant equal to —,'zy . Experimentally, Golding
found that the ratio between his y and the Q,
obtained by Teaney et a/. "was temperature de-
pendent. Nevertheless, the asymptotic ratio for

. temperatures near T„was used to obtain y
=3.14+ 0.3. This value is in disagreement with
the present determination of y

de Jongh and Breed" measured X~ between 6
and 295 K. Analysis of the data for T& T„ in
terms of high-temperature series expansions for
X indicated that the exchange "constant" J mas
temperature dependent. This temperature depen-
dence was attributed to the temperature depen-
dence of the lattice constant a(T), which had' been
previously measured by Teaney et al. A com-
parison between J(T) and a(T) gave dZ/da = 12

+ 4 K/A. Using the measured exch'ange constarit" "
J=-3.4'K and the lattice parameter a =4.23 A, this
gives y = 5.0+ j..v. This value is consistent with
the present determination of y

de Jongh and Block analyzed the variation of
the exchange "constant" J between nearest neigh-
bors with bond length R. A series of insulating
antiferromagnetic compounds XMnF, and XMnF4,
in which the superexchange paths connecting near-
est magnetic neighbors mere identical collinear
(180$ Mn-F-Mn bonds, was considered in this
analysis. Assuming that [J'~ varied asR ", they
obtained m=12, mhich corresponds to y,„=-4.
Another study of J as a function of the lattice
parameter ' gave dJ/da = 11 K/A, corresponding
to y —- 4.6. These results are consistent with
the value of y, obtained in the present study.

Equation (40) relates y,„ to the change in the
lattice parameter (due to the magnetic interaction
only) which occurs as the sample is cooled from
T» T„ to T =0 in the absence of a magnetic field.
Our result, y .=4.5+ 0.4, leads to (5l/l)c =- (5.1
+ 0.5)x 10 4, where the minus sign indicates a
con-traction due to the antiferromagnetic order.
Homever, the x-ray data of Teaney et al."show
no apparent magnetic lattice contraction, within

an experimental resolution of - 3x 10 ~. To re-
solve this. discrepancy, we have measured the
thermal expansion of RbMnF, from 4.2 K to room
temperature. A capacitance dilatometer made of
copper was used, so that the measured quantity
mas the thermal expansion of RbMnF, relative to
that of copper. The results indicated that (5l/l),
=- (4.7+ 0.8)x 10 ~, which is consistent with the
value obtained from our y, , but is inconsistent
with the data of Teaney et al. We note that the
magnitude of (51/l), in RbMnF» observed here, is
of the same order of magnitude as that in the
antiferromagnets MnO and MnS (Ref. 15) and in
the ferromagnets EuO and EuS (Refs. 3, 8, and42).
Our determination of y from the high-field mag-
netostriction data is believed to be more accurate
than that from our thermal-expansion data.
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