864 G. L.
where
8r(B2—3J? J+3E
kT = exp[—~< — )—8< — ) InU
T\E-1.7 E—17
136457
+<_—-~) anJ:I , (6.26)
—y
E=E+ReA;.

Values of w satisfying (6.25) give the approximate
location of the anomalous resonances. We find that in
terms of the new Kondo temperature, Tx’, (6.25) is
identical to (2.14). Hence, in contrast to the results
found in Sec. V for the diagonal exchange coupling where
the anomalous resonances are driven away from the
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Fermi surface, here we find that for J>2V3|E| the
anomalous resonances are returned to the region of the
Fermi surface. In the large J limit, (6.26) may be written
approximately as

U3 12y /oJ
irwzo(-) e - (%)
2J 11/\T

(large U, J limit). (6.27)

The exponents 5/11 and 12/11 have no ready explana-
tion, but otherwise this result is not qualitatively differ-
ent from the one-orbital model. We have thus shown
that despite the vast complications which degeneracy
introduces into the mathematics, the physical results
did not change drastically in the appropriate limit.
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The elastic properties of RbMnF; have been investigated over the temperature range 4.2-300°K with a
continuous-wave transmission technique. The measured values of the three adiabatic elastic constants Cyy,
Cus, and C'=31(C11—C12) at 300°K in units of 102 erg/cm3 are, respectively, 1.174--0.002, 0.3193-0.0008,
and 0.37634-0.0008. The value of the Debye temperature calculated from the low-temperature elastic-
constant data is @p(elastic) =386+1.5°K. For T'>30p, the three elastic constants decrease linearly with
temperature. Attempts at applying the present results to a three-force-constant theory of the cubic perov-
skite structure failed because the secular determinant for the principal oscillation frequencies results in an
unstable solution. It is found that only the longitudinal elastic modes are affected by the onset of long-range
order at the Néel temperature 7. This is consistent with Pytte and Bennett’s recent theory if the dominant
spin-phonon interaction is taken to be the volume magnetostriction. In the antiferromagnetic state, the
elastic constants are found to be sharply dependent on applied magnetic fields. A model is proposed which
explains the magnetic-field dependence and temperature dependence of the elastic constants in this region.
The basis of the model is that the coupling of the ultrasonic waves to the antiferromagnetic resonance modes
in the low-frequency limit is determined by the sublattice magnetization orientation, which in turn is mag-
netic-field-dependent. This model will be described in more detail in a second paper.

10 FEBRUARY 1969

I. INTRODUCTION

HE elastic and magnetoelastic properties of
materials which undergo antiferromagnetic order-
ing transitions have been of considerable interest in
recent years. In sinlge-crystal specimens, interest has

* Research sponsored in part by the National Science Founda-

focused primarily on the temperature dependence of
the elastic constants and/or the ultrasonic attenuation
at or near the antiferromagnetic ordering tempera-

tion under Grant No. GP-7931 and the U. S. Air Force Office of
Scientific Research under Grant No. 68-1412 PR.

T Present address: Laboratory of Atomic and Solid State
Physics, Cornell University, Ithaca, N. Y.
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ture.”2 More recently the changes in the elastic con-
stants and ultrasonic attenuation on application of
magnetic fields large enough to cause significant
reorientation of the magnetic sublattices in the ordered
state have been studied. Shapira’® and Shapira and
Zak'* have demonstrated several interesting effects in
the ultrasonic attenuation for applied fields at or near
the “spin-flop” region in the uniaxial antiferromagnet
MnF,. Similar effects on both the ultrasonic attenua-
tion and velocity were observed by Melcher et al. in the
cubic antiferromagnet RbMnF;.8

In this paper we present an experimental study of the
elastic properties of RbMnF; over the temperature
range 4.2-300°K and in magnetic fields of zero and
7.5 kOe. The adiabatic elastic constants Cii, Cus,
C'= %(Cu—clz), and CL= %(C11+C12+ 2044) have been
calculated from the measured phase velocity of both
longitudinal and transverse 30-MHz ultrasonic waves
propagating along the [1007] or [110] axes of this cubic
material. The bulk modulus, the anisotropy ratio, and
the elastic Debye temperature have been calculated
from the measured values of the elastic constants. A
model is outlined which explains the magnetic-field
dependence of the elastic constants in the antiferro-
magnetic state of RbMnF;.

In a second paper (to be referred to as II) we shall
present a theoretical and experimental study of the
effect of applied magnetic fields on the elastic properties
RbMnF; in the ordered state. The model outlined in
Sec. IV of this paper will be described in detail in IT
and a quantitative comparison to several experimental
cases will be made. A third paper (IIT) will be devoted
to a study of the coupling between the ultrasonic
waves and the fluorine nuclear spin system in RbMnF;
(i.e., nuclear acoustic resonance).!5:16

RbMnF; crystallizes in the ideal cubic perovskite
structure belonging to the O, (m3m) point group and has
five atoms per unit cell. The length of the unit cell at

1J. R. Neighbours, R. W. Oliver, and C. H. Stillwell, Phys.
Rev. Letters 11, 125 (1963).

2D. I. Bolef and J. de Klerk, Phys. Rev. 129, 1063 (1963).
( 3 E) J. O’Brien and J. Franklin, J. Appl. Phys. 37, 2809

1966).

4 K. S. Aleksandrov, L. M. Reshchikova, and B. U. Beznosikov,
Phys. Status Solidi 18, K17 (1966).

5 K. S. Aleksandrov, L. M. Reshchikova, and B. U. Beznosikov,
Fiz. Tverd. Tela 8, 3637 (1966) [English transl.: Soviet Phys.—
Solid State 8, 2904 (1967)7].

( 6(?]) G. Brandt and C. T. Walker, Phys. Rev. Letters 18, 11
1967).

7 K. Walther, Solid State Commun. 5, 399 (1967).

8 R. L. Melcher, D. I. Bolef, and R. W. H. Stevenson, Solid
State Commun. 5, 735 (1967).

9L. R. Testardi, H. J. Levinstein, and H. J. Guggenheim,
Phys. Rev. Letters 19, 503 (1967).

10 B, Golding, Phys. Rev. Letters 20, 5 (1968).

11 M. Rosen, Phys. Rev. 165, 357 (1968).

12, G. Brandt and C. T. Walker, Phys. Rev. 170, 528 (1968).

18y, Shapira, Phys. Letters 24A, 361 (1967).

1Y, Shapira and J. Zak, Phys. Rev. 170, 503 (1968).

16 R. L. Melcher, D. I. Bolef, and R. W. H. Stevenson, Phys.
Rev. Letters 20, 453 (1968).

18 R) L. Melcher and D. I. Bolef, Phys. Rev. Letters 20, 1338
(1968).
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room temperature is 4.234-0.001 A,17 and the theoret-
ical room-temperature density is 4.31740.004 g/cm?.
Its cubic symmetry is believed to be maintained at all
temperatures'® and the peak in the thermal expansion
at Néel temperature (Tx=283°K) is anomalously small
when compared to that of other antiferromagnets, thus
indicating a very stable lattice structure.!

Many of the perovskite oxides (e.g., BaTiOs;, SrTiOs,
etc.) are known to undergo ferro- or antiferro-electric
phase transitions which are accompanied by distortion
of the lattice to a lower crystallographic symmetry.?
Many of the alkali—transition-metal—fluorides (e.g.,
KMnF;, NHMnF; RbFeF; KCoF;, etc.) undergo
similar phase transitions which are apparently not
associated with ferroelectric ordering.???2 The dis-
tortion of these fluoride compounds is often, but not
always (e.g., KMnF;2? has a purely crystallographic
phase transition at 7~~180°K and undergoes further
distortion at its magnetic ordering temperature Ty
~88°K), associated with antiferromagnetic ordering.
Associated with the stability of the RbMnF; lattice is
a Goldschmit tolerance ratio of 1.00, whereas for
NaMnF; KMnF; NHMnF; and CsMnF; the
respective ratios are 0.81, 0.94, 0.97, and 1.05.17 Since
the crystallographic phase transitions produce marked
anomalies in the elastic properties of these mate-
rials, %92 it is of considerable interest to carry out a
systematic study of the elastic properties of an ideal
perovskite, i.e., RbMnF; which remains cubic at all
temperatures. The room-temperature elastic constants
have been measured perviously by Eastman.?

In addition to its attractive structural properties,
the low magnetic anistropy'® (H 4~4 Oe) of RbMnF;
(a result of the combination of cubic symmetry and of
the Mn** ion having the 3d° configuration and &S
ground state) has made possible several detailed studies
of the antiferromagnetic resonance properties of
RbMnF; in the conventional microwave bands (e.g.,
X and K).>*7% The low magnetic anisotropy has re-
sulted also in interesting experiments on the coupling
of the antiferromagnetic magnon modes to the Mn®
nuclear spin system.?” Neutron-diffraction work in-
dicates that the magnetic properties of RbMnF; are
well described by a two-sublattice molecular-field model

17 Yu P. Siamanov, L. P. Batsanova, and L. M. Kouba, Zh.
Neorgan. Khim. 2, 2410 (1957).

18 D. T. Teaney, M. J. Freiser, and R. W. H. Stevenson, Phys.
Rev. Letters 9, 212 (1962).

¥D. T. Teaney, V. L. Moruzzi, and B. E. Argyle, J. Appl.
Phys. 37, 1122 (1966).

2 F. P. Jona and G. Shirane, Ferroeleciric Crystals (Pergamon
Press, Inc., New York, 1962), Chap. V.

21 0, Beckman and K. Knox, Phys. Rev. 121, 376 (1961).

2 J. D. Axe and G. D. Pettit, Phys. Rev. 157, 435 (1967).

% R. O. Bell and G. Rupprecht, Phys. Rev. 129, 90 (1963).

24 D, E. Eastman, Phys. Rev. 156, 645 (1967).

% M. J. Freiser, R. J. Joenk, P. E. Seiden, and D. T. Teaney,
in Proceedings of the International Conference on Magnetism,
Nottingham, 1964 (The Institute of Phys. and the Physical Society,
London, 1965), p. 432.

26 P, H. Cole and W. J. Ince, Phys. Rev. 150, 377 (1966).

27 A, J. Heeger and D. T. Teaney, J. Appl. Phys. 35, 846 (1964).
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in which the easy axes are the four equivalent [111]
directions.?8

An additional result of the low magnetic anisotropy
is the dependence of the equilibrium sublattice magneti-
zation orientation on applied magnetic fields of magni-
tudes available from conventional laboratory magnets
[the reorientation field, H,~ (2H gH 4)2, is of the order
of 2.5 kOe in RbMnF;].26 As will be discussed briefly
in Sec. IV and more completely in II this reorientation
results in rather large effects on the elastic properties
of the medium.8:%»

In Sec. IT the samples, their preparation, and the
experimental techniques used to measure the ultrasonic
velocity are described. The experimental results are
presented in Sec. III. Discussion of the three main
temperature regions of interest, i.e., paramagnetic,
critical, and the antiferromagnetic regions, is given in
Sec. IV. Finally, in Sec. V, a summary of the conclu-
sions drawn from this study is given.

II. EXPERIMENTAL
A. Samples and Their Preparation

Two single-crystal specimens of RbMnF; (designated
S$34 and S3B), both cut from the same boule, were
used in the present study. The ultrasonic propagation
direction in S34 was the [100] axis and in S3B the
[110] axis; the respective path lengths were 0.7950
and 0.8235 cm. The approximately rectangular cross
sections of the samples were large enough to accom-
modate %-in. quartz transducers. The crystals were
optically clear (pink in color) with the exception of a
few very small bubbles visible only after polishing and
under a microscope. Chemical analysis of pieces from
the same boule yielded 10-100 ppm of silicon and 1-10
ppm each of the following metallic elements: Mg, Cr,
Fe, Al, Ca, Na, and K. The crystals were oriented to
within 2+-1° by Laue back-reflection x-ray photographs.
After cutting specimens of the desired size and orienta-
tion from the original boule with a diamond-impreg-
nated cutting wheel, opposite surfaces of the samples
were ground flat (<2X 1075 cm) and parallel (<5X10~°
cm) with AL,O; (9.0, 5.0, 3.0, 1.0, and 0.3 y grit) on cast
iron and lead laps.

B. Cryogenics

The sample was mounted in a large copper holder, the
temperature of which was maintained constant to
within +0.1°K for each measurement by means of a
servoregulated temperature controller (Artronix Model
6601). In the neighborhood of the critical region the
temperature was maintained to =0.01°K stability.
The absolute accuracy of the temperature measurements

28 S, J. Pickart, H. A. Alperin, and R. Nathans, J. Phys. (Paris)
25, 565 (1964).

#® R. L. Melcher, Ph.D. thesis, Washington University, 1968
(unpublished).
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made with platinum (Rosemount #118MC) and
germanium (Cryocal #S/N285) resistance thermom-
eters was ==0.5°K and the relative accuracy =0.1°K.
No thermal gradients greater than 0.005°K were
detected between sensors and sample.

C. Velocity Measurements

A transmission-type continuous-wave technique
similar to that described by Melcher ef al.* was used to
measure the ultrasonic phase velocity. This technique
involves the accurate measurement of the frequency of
the #th mechanical resonance, i.e., the #th harmonic of
elastic vibration of the composite resonator consisting
of the sample and the two (transmitting and receiving)
quartz transducers. This angular frequency w, can then
be related to the ultrasonic phase velocity v in the

sample:
l,,wn pTl 7 fOT— Wy
v= [1-— 2 ( )] , 1)
nw pals \  Wwn
where the number # of the harmonic involved is given by
Wn prl
n=——<1—2 ”). @)
A Psls

The length and density, respectively, of the sample are
I, and p, and of the transducers are Iy and pr. wr is the
resonant angular frequency of the transducer and A
is the angular frequency between the nth and (z-1)th
mechanical resonances. The factor of 2 in the mass
correction terms of Egs. (1) and (2) is a consequence of
the transmission system in which two transducers are
used. Conditions under which the above equations are
valid are discussed by Bolef and Menes® and by Bolef
and de Klerk® for the equivalent reflection (single
transducer) system.

Under ideal circumstances the shape of a mechanical
resonance closely approximates a Lorentzian curve, its
quality factor being easily related to the acoustic losses
in the sample. Careless sample preparation, misorienta-
tion of the crystallographic axes, or poor transducer-
sample bonds often results in “‘structure’” on the
mechanical resonances. Physical processes in the sample
can produce similar effects. Magnetoelastic coupling
in magnetic materials causes, in the weak-coupling
limit, a relatively small shift in the frequency of a
mechanical resonance (i.e., in the phase velocity) and
no significant effect on the mechanical resonance shape.
In the case of stronger coupling, however, the resonance
modes of the sample are no longer describable as elastic
or magnetic but must be considered to be magneto-
elastic modes. This can cause severe distortion of the

3 R. L. Melcher, D. I. Bolef, and J. B. Merry, Rev. Sci. Instr.
39, 1618 (1968).

31D, I. Bolef and M. Menes, J. Appl. Phys. 31, 1010 (1960).

32(D. I.) Bolef and J. de Klerk, IEEE Trans. Ultrasonics Eng. 10,
19 (1963).
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mechanical resonance pattern (and, equivalently, non-
exponential echo decay when using pulse techniques).
The purely elastic stress wave (which in the absence
of magnetolastic effects is not coupled to other modes,
elastic or magnetic) generated at one surface of the
sample is now coupled to other essentially elastic, as
well as to magnetic, modes through the magnetoelastic
interaction. The disortion of the mechanical resonances
is accompanied by increased attenuation if additional
loss mechanisms exist (i.e., magnon damping).

Shown in Fig. 1 are three continuous-wave (cw)
mechanical response patterns in RbMnF; In Figs.
1(a) and 1(b) longitudinal waves were propagated
along the [110] axis at T'="77.4 and 54.6°K, respec-
tively. In Fig. 1(c) transverse waves were propgated
along [110] with &|[110] at 77.4°K. Figure 1(a)
demonstrates weak magnetoelastic coupling (no dis-
tortion of the pattern); Fig. 1(b) demonstrates strong
coupling (splitting of the individual mechanical reso-
nances into two or more peaks); Fig. 1(c) shows very
strong coupling resulting in almost complete destruc-
tion of the mechanical resonance pattern making elastic
velocity measurements almost meaningless. The re-
ceiver gain in Fig. 1(c) has been increased by 28 dB
over that in Figs. 1(a) and 1(b).

The measurements reported in the following section
were all made at 30 MHz using the “dc” cw technique
as described in Ref. 30. X- and 4 T-cut resonant quartz
transducers were used to generate longitudinal and
transverse waves, respectively. Either silicone grease
or Non-aq stopcock grease were used as transducer
specimen bonds. The absolute accuracy in the values of
the elastic constants is 4=0.29, and the relative accuracy
is #0.004%. In the temperature region near 60°K the
errors are considerably larger due to the strong magneto-
elastic coupling resulting in the effects discussed above.
The data of Ref. 19 were used to correct for thermal
expansion.

III. EXPERIMENTAL RESULTS

The measured values of the adiabatic elastic constants
of RbMnF; over the temperature range 4.2-300°K are
shown in Figs. 2-5. Also shown in these figures are the
effects on the elastic constants of applying magnetic
fields of magnitude 7.5 kOe and with the indicated
orientations. Consistency checks for the three indepen-
dent elastic constants obtained from these four sets of
data indicate agreement well within the quoted ab-
solute error of +0.2%, for temperatures 7> Ty. For
T<Txy magnetoelastic effects lower the effective
elastic symmetry and consistency (assuming cubic
symmetry) is not expected. Measurements of Css (not
shown here) obtained from transverse propagation
along [1007] in sample S34 agree both absolutely and
relatively with the data of Fig. 4 to the stated accuracy,
thus providing a further check. A final consistency
check was made by measuring Cy; in a third sample of

ULTRASONIC PROPAGATION

867

IN RbMnFs;. I

C —

Fi1c. 1. Mechanical response patterns for 30 MHz ultrasonic
waves in RbMnF; No. S3B 0. (a) longitudinal waves,
k|[[110], T=77.4°K; (b) lon tudxnal wayes, k|[[110], T'=54.6°K;
and (c) transverse waves, leEllO], e][[llO] T'=77.4°K. Receiver
gain increased in (c) by 28 dB over that inj(a)’andj(b).

RbMnF; cut from a different boule; the results (not
shown here) agree with the data of Fig. 2.

No ambiguity in the data exists for 7> Ty ; however,
for T<Txy some explanation is necessary. In most
cases the magnetic-field dependence of the elastic
constants can be treated in the weak-coupling limit of
the appropriate magnetoelastic theory as outlined in
Sec. IV. However, in the region near 60°K the weak-
coupling limit is found to be no longer valid,® consider-
able scatter exists in the data due to the structured

3 For the case of Cs the weak-coupling limit is valid at all
temperatures because the magnetoelastic coupling constant,
which is a measure of the strength of the coupling to this mode, is
a factor of 10 less (hence the effect is 102 weaker) than the couplmg
constants for each of the other modes (see Fig. 4). This result
will be derived in II,
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TasLE I. Elastic properties of RbMnF;.
4.2°K
Ho=17.5kOe 300°K
Hy=0 Ho|k Independent of H, Athermal

C11(10%2 erg/cm?) 1.266 +0.002 1.275 40.002 1.174 40.002 1.307 +0.004
Temp. coef. of Cy; at 34948

300°K (ppm/°K)
C14(10™ erg/cm?) 0.3281+0.0008 0.32814-0.0008 0.31934-0.0008 0.3278+:0.001
Temp. coef. of Css at 88.7 x1.5

300°K (ppm/°K)

=%(Cuu~Cr) 0.4253-0.0008 0.4266--0.0008 0.37634-0.0008 0.442 -£0.001

(102 erg/cm?®)
Temp. coef. of C’ at 585410

300°K (ppm/°K)

=3(Cuu+2Cyy) 0.701 =0.002 0.708 +0.002 0.675 +0.002 0.755 +0.004

(102 erg/cm?®)
A=2Cy/(C11—C12) 0.77154:0.002 0.76954-0.002 0.84904-0.002 0.741 +0.004
Op(elastic) (°K) 3864 x1.5 386.0 £1.5 375.0 *x1.5 389.2  £2.0
ps(g/cm®) 4.356 +0.01 4.317 +0.005 4.391 +-0.008»

» Athermal value of ps was obtained by extrapolation of the linear high-temperature variation of the lattice constant to absolute zero. This gives the

length of the unit cell to be ¢(athermal) =4.209 40.004 A

mechanical resonances, and in some cases [Figs. 1(c)
and 3] it was impossible to make measurements, over
a narrow temperature range about 60°K, because of the
high attenuation and structure. In this strong-coupling
region the meaning of ultrasonic velocity measurements
is obscure due to the magnetoelastic nature of the
resonant modes.

The temperature region 4.2-100°K is shown in more
detail in Figs. 6 and 7. Perhaps Fig. 7 illustrates most

clearly the experimental situation. At 4.2°K the
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mechanical resonances were essentially Lorentzian and
showed no structure. On increasing the temperature to
about 45°K structure began to develop in the form of
a “subsidiary peak’ on each mechanical resonance. On
further increasing the temperature the subsidiary peak
increased in magnitude, the original peak decreasing
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until at 7~60°K only the subsidiary peak could be
observed. This peak then fitted smoothly to the high-
temperature data. The elastic constant Cy, calculated
using both peaks over the temperature range 45-
60°K, is shown in Fig. 7. This behavior was repro-
ducible from run to run, showed no hysteresis, was
independent of whether the temperature was being in-
creased or decreased during a given run, and could
always be removed by application of a 7.5-kOe mag-
netic field in the appropriate direction.

For each elastic mode there is at least one orientation
of the applied field for which the strong magnetoelastic
effects at 60°K are absent, and for which the transition
from the paramagnetic to antiferromagnetic state is
smooth (with the exception, in some cases, of some
effects of critical scattering at and near Ty, to be
discussed in Sec. IV). At this orientation of H,, the
elastic behavior is that expected of diamagnetic media.
The data represented by the solid squares (except for
Fig. 6, in which case these data are represented by
triangles) will be referred to as the “pure” elastic
constants and the remaining data points will be referred
to as the “effective” elastic constants as modified by
inclusion of magnetoelastic coupling, This notation
will be justified in Sec. IV. There is no amibiguity in the
pure-elastic-constant behavior at any temperature.

The Debye temperature as calculated from the elastic
constants is plotted in Fig. 8 as a function of tempera-
ture. The value of ©p(elastic) was obtained from the

relation By 3N \U3 /12
@D(elastic)=—(~———> (——> g, 3)
kE\drwV Ps

where % is Planck’s constant, k is Boltzmann’s constant,
N/V is the number density of atoms, and g is a number
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obtained by interpolation from graphs due originally
to P. M. Marcus and reproduced in a review article by
Alers.® The absolute accuracy of this determination of
the Debye temperature is of the order of +0.5%,; the
relative accuracy is somewhat better. Thus no signifi-
cance can be attached to the difference in @p (elastic)
at T=4.2°K for Hoy=0 and H,=7.5 kOe. However,
the relative difference in their behavior with tem-
perature is significant.

A summary of the elastic properties of RbMnF;
at T=4.2°K and T=300°K is given in Table I. In-
cluded in the table are the so-called “athermal’” values
of the elastic constants. These are obtained by extrap-
olation of the linear high-temperature curve to absolute
zero. It is these values of the elastic constants which
are to be compared to a theory of the interatomic
forces in the static, harmonic approximation, i.e., this
extrapolation procedure eliminates anharmonic effects.?
Also listed in Table I are the values of the bulk modulus
B=3%(C11+2C12), the density p,, and the value of the
temperature coefficient at 300°K of C;;(7),

—(3/8T)[InCs;].

34 G. A. Alers, Physical Acoustics, edited by W. P. Mason
(Academic Press Inc., New York, 1965), Vol. III B.

% For a complete discussion of anharmonic effects in crystal
lattice, see G. Leibfried and W. Ludwig, in Solid State Physics,
edited by F. Seitz and D. Turnbull (Academic Press Inc., New
York, 1961), Vol. 12.
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Fic. 6. Elastic constants Cii, Cus, and C' of RbMnF; versus
temperature in the antiferromagnetic state. The vertical scale
is in units of 102 erg/cm3.

IV. DISCUSSION OF RESULTS

The discussion of three somewhat overlapping tem-
perature regions will be given separately.
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A. Paramagnetic Region

For all temperatures T>Ty the adiabatic elastic
constants were independent of magnetic field to within
+0.002%. Over the temperature range 180-300°K, the
variation with temperature of each of the elastic
constants is quite well described by a straight line of
negative slope. Such behavior can be quite generally
predicted from the thermodynamic theory of crystal
lattices for temperatures 7> ®p. The free energy of
the lattice may be written3®

F=o(V,ei))+Fo(w:,T), 4)

where ¢(V,e;;) is the static potential energy which is
dependent only on the static coordinates of the nuclei
(i.e., the strain e;) and the volume V of the sample,
and F,(w;T) is the quantum-mechanical thermal free
energy of the thermally excited lattice vibration modes
of frequency w;. In the harmonic approximation w; is
independent of e; and ¢(V,e) is independent of T.
Thus the elastic constants are temperature-independent.
Anharmonic forces can be included by retaining higher
than quadratic terms in e;; in ¢(V,e;;) and by making
w; strain-dependent. On taking the appropriate second
derivatives with respect to strain to obtain the elastic
constant, the contribution from F,(wi(e;;),T) is found
to be proportional to E(T), the average vibrational
energy per mode which has the value 27" at high tem-
peratures and 34w at low temperatures. The effect of
the thermal term F, is eliminated by the extrapolation
procedure described in Sec. ITI. In RbMnF; the linear
behavior of C;; with temperature appears to extend
down to T~%0p.

As expected, the athermal values of Cy and

'=1(C11—C}y2) are larger than the measured values at
low temperatures due to anharmonic effects associated
with the zero point motion. However, Cy has the
opposite behavior, the athermal value being slightly
less than the measured low-temperature value. This
anomalous result is not understood at the present time.
The experimental situation is the same regardless of
whether Cy4 is measured by propagation of transverse
waves along the [100] axis or the [110] axis. It is
possible, but seems unlikely, that the true high-
temperature linear behavior has not been reached at
300°K and that higher-temperature measurements
would show linear behavior with a sharper slope. In the
temperature range 75<7<130°K the Cu(T) curve
shows a slight concavity upward (Fig. 4) which is not
observed in the behavior of the other elastic constants
(Figs. 2, 3, and 5).

The pure elastic value of Cy, as calculated from Ciy
and C’ or from Cy, Cr, and Cy remains essentially
constant over the entire range of temperature 4.2<T
<300°K with the value of 0.422:4-0.004X 10 erg/cm?
(note that 1 erg/cm®=1 dyn/cm?), except for a small
decrease just discernible in the scatter near I'=Ty.
In zero magnetic field, some uncertainty exists in the
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neighborhood of 60°K, but there appears to be a 1-2%,
peak in this region. The Cauchy ratio Css/Ci2 decreases
monotonically from 0.77840.008 at 4.2°K to 0.755
+0.008 at 300°K, its temperature dependence being
almost entirely due to that of Css. The anisotropy ratio
A=2C4/(C11—Cis) increases monotonically from its
value of 0.769520.002 at 4.2°K to a value of 0.8490
=£0.002 at 300°K. In zero magnetic field the anisotropy
ratio shows an anomalous peak at T~60°K; it varies
quite linearly with temperature for 180< 7'<300°K.

In their treatment of the lattice dynamics of crystals
with the cubic perovskite structure, Rajagopal and
Srinivasan® considered only nearest-neighbor forces and
neglected Coulomb forces. By making simplifying
assumptions the number of independent force constants
was reduced from the 10 deduced from symmetry
considerations to three. In terms of the elastic constants
of RbMnF; at 300°K, these force constants are

a=2aC4=27.024-0.05X10? dyn/cm,
=a(3Cu—C1)=—9.15-£0.1X 10* dyn/cm, (5)
=20(Cu—C")=—1.2140.02X 10 dyn/cm.
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Fic. 7. Elastic constant Cr of RbMnF; (on expanded scale)
versus temperature in the antiferromagnetic state.

3 A. K. Rajagopal and R. Srinivasan, J. Phys. Chem. Solids
23, 633 (1962).

ULTRASONIC PROPAGATION

IN RbMnF3. I

-387 + .

385 | © e .

384 |-

*H,=0 . .
* H,=75 kOe .

374 - .

0 30 60 9 120 150 180 210 240 270 300
TEMPERATURE (°K)

F16. 8. Debye temperature ®p (elastic) as calculated from the
elastic constants of Figs. 2-4 using Eq. (3).

When these values are used in the secular determinant
to determine the long-wavelength optical mode fre-
quencies,®® one finds that one mode is unstable (i.e.,
has an imaginary frequency). Thus this three-constant
model is not a satisfactory description of the lattice
dynamics of RbMnF;. Cowley®” has presented a more
comprehensive treatment of the lattice dynamics of the
perovskite structure involving more than three param-
eters. Axe and Pettit?®? have given the experimental
infrared reflectivity spectrum in several perovskite
fluorides.

It is well established that in the limit of very low
temperatures ('S @p/50)%38 the value of the Debye
temperature ®p calculated from specific-heat measure-
ments agrees, in most cases, with the value obtained
from elastic-constant measurements. At higher tem-
peratures the two values deviate from one another
considerably because the specific heat is affected by the
thermally excited high-frequency modes which show
considerable deviation from the Debye density of
states. On this basis one might expect that the value of
Op (elastic) would be independent of temperature since
ultrasonic velocity measurements are typically made in
the very-low-frequency end of the vibration spectrum.

37 R. A. Cowley, Phys. Rev. 134, A981 (1964).
38T, H. K. Barron and M. L. Klein, Phys. Rev. 127, 1997
(1962).
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However, the low-frequency modes interact anhar-
monically with the thermally excited high-frequency
modes from the non-Debye part of the spectrum. These
anharmonic interactions result in the ~39%, decrease in
the value of Op (elastic) as the temperature is raised to
300°K as shown in Fig. 8. The magnetoelastic coupling
(see Sec. IV C) results in the anomalously sharp de-
crease in Op(elastic) with temperature for 7'<60°K
and H,=0.

B. Critical Region T~Ty

Although no attempt has been made here to study
quantitatively the critical behavior of the elastic
properties of RbMnF; near Ty, several conclusions
can be drawn from Figs. 6 and 7. For T<Ty the ap-
parent critical behavior is sharply magnetic-field-
dependent. Care must be taken in interpreting critical
behavior in this region to differentiate between true
critical scattering effects and the magnetoelastic effects
discussed in Sec. IV C. Thus we consider only the pure
elastic constants in the following discussion. Examina-
tion of Figs. 6 and 7 (see also Refs. 8 and 10) reveals
that the elastic constants obtained from longitudinal
wave propagation (C1; and Cr) both show sharp minima
at the Néel temperature Ty (AC11/C11)~~2.3X 1072 and
ACp/C1~2.7X 1073, However, neither of the elastic
constants derived from transverse wave propagation
(C’ and C44) shows any effect of the magnetic ordering
to within the accuracy of 2 parts in 10°. Thus one can
conclude that in RbMnF; if these transverse modes are
coupled to the critical fluctuations near 7~Ty at all,
the coupling is some two orders of magnitude smaller
than for the longitudinal modes. In a recent theoretical
investigation of a Heisenberg paramagnet near the
antiferromagnetic ordering temperature (72 T'w), Pytte
and Bennett® showed that the ultrasonic attenuation
due to spin-phonon interactions has different effective
coupling constants depending on the type of elastic
mode being propagated and on the type of spin-phonon
interaction considered, i.e., either volume magneto-
striction or single-ion magnetostriction.®* They find
that for volume magnetostriction the effective coupling
to the two longitudinal modes Cy; and Cy, is the same
and the coupling to the C’ and Cu4 transverse modes is
zero. On the other hand, for the case of single-ion
magnetostriction, although the coupling to the two
longtudinal modes is of the same order of magnitude,
the coupling to the two transverse modes Ci and

’=1(C1—C1.) is not zero. In fact, the coupling to C’
is predicted to be of the same order of magnitude as

3 E. Pytte and H. S. Bennett, Phys. Rev. 164, 712 (1967).

4 See Table I of Ref. 39. Note that for RbMnFs, Gu=~25Gu
(Ref. 24). The effective coupling constant for single-ion magneto-
striction for Cy1, Cr, and C’ is ~G1;? while for Cy4 it is Ga?. The
conclusion drawn in the text that the volume magnetostriction
is dominant is based primarily on the facts that C’ and Cas show
no anomaly near Ty [Figs. 6(b) and 6(c)] and that

AC11/Cu~ACL/Cr.
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that for the longitudinal modes. Assuming that these
same coupling coefficients would enter into the corre-
sponding expressions for the change in the elastic
constants derived from the four modes considered above,
our experimental data (Figs. 6 and 7) are consistent
only with the conclusion that the critical scattering of
ultrasonic waves in RbMnF; is a result of the volume
magnetostriction interaction and not the single-ion
magnetostriction.

Neighbours and Moss* have independently reached
the conclusion that the volume magnetostriction is
the dominant interaction causing the increase in the
ultrasonic attenuation in MnF, near the Néel
temperature.

C. Antiferromagnetic Region—Magnetoelastic
Coupling

The phenomenological form of the magnetoelastic
interaction® in a two sublattice model of a cubic
antiferromagnet is written

B, Bs
Exp=—"7 3 Mifet— X MyuMyes;
Mg i=12 Mi=x9s
J=%,02

B,
+— > (MuMyeq+cp.)
M02i=1,2

+ (B4/M02)[(M12M2y+MlyM21)ezy+c'p'] ’ (6)

where the By, k=1, 2, 3, 4 are the coupling constants,
only two of which are independent, M,; is the jth
(==, ¥, 2) component of the ith (=1, 2) sublattice
magnetization, M, is the saturation value of the sub-
lattice magnetization, and e;; are the strains defined by

eij= (1—30.;) (dui/ dx;+ du;/ 9%.) . @)

c.p. denotes cyclic permutation. The interaction (6)
serves to couple the dispersionless pure elastic modes of
the system to the antiferromagnetic resonance modes.
The solution (as shown in IT) to the coupled equations
of motion in the weak-coupling limit for the case of
quasielastic longitudinal waves propagating along the
[001] axis is given in the form of an effective elastic
constant Cyr*:

Yyogr sin?20
C11*=C11“"4b1 C0520+4‘——b12
Mo Wy
3K Hy HoMsin2¢
x(1~——[1—% sin%]— ) )
b1 4HE b1 sin20

In the derivation of this expression we have assumed
frequencies much less than the Mn® nuclear Larmor

47, R. Neighbours and R. W. Moss, Phys. Rev. 173, 542 (1968).
2 We consider here both single-ion magnetostriction and
dipolar magnetostriction, but exclude volume magnetostriction.
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frequency (~680 MHz) at 4.2°K. Cy, is the pure elastic
constant, by=B;—1Bs;, and the other symbols are as
defined by Cole and Ince.?® Using the fact that bKK
(anisotropy constant) for RbMnF; and considering the
case of Ho|/k||[001], Eq. (8) reduces to

Cu—4%b:¥/K: Ho< (3HgH4)V?
Cn*= (9)
Cu 1 Ho> (3HgH )2,

On increasing the magnetic field through the value
(3HgH 4)'?, Eq. (9) predicts an increase in the measured
value of the elastic constant C1* by the amount 45,2/3K.
This is the observed behavior (Figs. 2 and 6). Since for
Ho> (3H gH 4)'2, C11*=C1, we are justified in denoting
the upper data points in Figs. 2 (solid squares) and 6
(solid triangles) as the pure elastic constants; the lower
curves represent the effective elastic constants
(Cu*s#£Ch).

The physical process which causes this rather large
difference between the effective and pure elastic con-
stants is in some ways unique. In the low-frequency
limit the change C1,*—C1y, is frequency-independent and
does not result from tuning the antiferromagnetic
resonance modes with the magnetic field to the ultra-
sonic frequency as is the case in most ultrasonic ex-
periments in ferrimagnets.® In the present situation,
the change in Cy* is due to the fact that as H, is in-
creased, the static equilibrium orientation of the
sublattice magnetizations changes?® with respect to Hy
and k, thus causing the effective coupling constant
between the ultrasonic wave and the antiferromagnetic
resonance modes to be magnetic-field-dependent.

The temperature dependence of Cy*—Cy; is given
by the ratio

b2 (T)/K(T).

The experimental values of 4;(T) and K (T') in RbMnF;
have been measured, respectively, by Eastman? and by
Freiser et al.?® The qualitative behavior of the ratio
b2(T)/K(T) is to increase from zero at T=Tx to a
maximum a few degrees below Ty and slowly decrease
to its limiting low-temperature value. C17*—C1y1 shows
this type of behavior as seen from the data of Figs. 2
and 6(a). In the region of the maximum in 52(7T)/K (T),
the experimental behavior shows that the weak-

4 R. C. LeCraw and R. L. Comstock, Physical Acoustics,
edited by W. P. Mason (Academic Press Inc., New York, 1965),
Vol. III B.
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coupling limit in which Eq. (8) was derived is no longer
valid. As discussed in Secs. IT and III, the strong mag-
netoelastic coupling in this region (I'~~60°K) manifests
itself as structure on the cw mechanical resonances and
a nonexponentially decaying pulse-echo pattern.

The model of magnetoelastic coupling outlined here
will be discussed in some detail and quantitatively
compared with experiment in II.

V. CONCLUSIONS

The elastic properties of RbMnF; have been measured
over the temperature range 4.2-300°K using a cw
transmission technique. The values of the elastic con-
stants at 300°K do not agree with those reported pre-
viously by Eastman?* In the paramagnetic region
(T>Tx=83°K) the elastic constants Ci3, Cs3, and C’
all decrease smoothly with increasing temperature, the
decrease being quite linear for 7> $®p. The constant
Cy; is independent of temperature in this region. The
athermal values of Cy; and C’ are greater than the
measured low-temperature values, but for Cu the
measured value is higher. A three-force-constant model
of the cubic perovskite structure was found to be not
applicable to RbMnFj.

Only the longitudinal elastic modes show the effect
of critical scattering for T~Ty. To within the experi-
mental accuracy, Css and C” are not affected by the onset
of long-range order. This is consistent with the theory
of Pytte and Bennett if the dominant spin-phonon
interaction is taken to be the volume magnetostriction.

The very strong magnetic-field dependence of the
effective elastic constants in the antiferromagnetically
ordered state of RbMnFj is a result of the dependence
of the equilibrium orientation of the magnetic sub-
lattices on the magnitude and orientation of applied
magnetic fields. In a forthcoming paper (II) the theory
of magnetoelastic effects in RbMnF; will be presented
and a quantitative comparison to experiment will be
made.
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F1c. 1. Mechanical response patterns for 30 MHz ultrasonic
waves in RbMnF; No. S3B, Hy=0. (a) longitudinal waves,
k||[1107, T="77.4°K; (b) longitudinal waves, k||[110], T'=54.6°K;
and (c) transverse waves, le[]HO], 2||[110], T=77.4°K. Receiver
gain increased in (c) by 28 dB over that inj(a) and3(b).



