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The ultrasonic attenuation in MnF; was measured at 4.2°K in steady magnetic fields up to 150 kG.
These measurements were performed with 8 to 310-Mc/sec longitudinal and shear sound waves propagating
along the [100], [110], and [001] crystallographic axes. The most prominent features of the data are:
(1) For several acoustical modes, a sharp peak in the attenuation occurs near the spin-flop transition at
93 kG. This peak is observed only if H is within a few tenths of a degree from the [001] axis. (2) For
two acoustical modes, a large absorption edge, as a function of magnetic field, exists near the spin-flop
transition. The edge is observed only if H is within ~2° from the [001] axis. Supplementary antiferro-
magnetic-resonance experiments, at X band, were performed on the same single crystal of MnF,. Several
mechanisms which may be responsible for the observed magnetic field variation of the ultrasonic attenuation

are discussed.

I. INTRODUCTION

N the last two decades there has been a number of
investigations of the ultrasonic behavior of anti-
ferromagnets. These investigations dealt for the most
part with the temperature variation of the ultrasonic
velocity (or Young’s modulus) and attenuation (or
internal friction) at zero magnetic field. Particular
attention was paid to changes in the ultrasonic prop-
erties which occur at or near the Néel temperature, 4
or, in some substances, at a temperature where the mag-
netic structure changes from one antiferromagnetic
phase to another.5®1.15 Recently, there have been
several investigations of the ultrasonic behavior of anti-
ferromagnets near magnetic phase transitions which
occur, at a fixed temperature, as the external magnetic
field is varied. Thus, an absorption peak for ultrasonic
waves was observed by Shapira!® near the spin-flop
transition of the two uniaxial antiferromagnets MnF,
and (Cry03)0.04(AlO3)0.06. An ultrasonic absorption
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peak and a change in Young’s modulus near the spin-
flop transition of chromium were later reported by
Street et al.'! The magnetic field variation of the ultra-
sonic velocity and attenuation in RbMnF; was recently
investigated by Melcher et al.1?

In the present paper we report the results of ultrasonic
attenuation measurements in MnF,, carried out at 4.2°K
and in steady magnetic fields up to 150 kG. Some pre-
liminary results of this study, for ultrasonic waves
propagating along the tetragonal crystallographic axis,
[0017, were briefly mentioned earlier.® Here, we present
a more complete set of results for longitudinal and shear
ultrasonic waves propagating along the [100], [110],
and [001] axes.

MnF, is antiferromagnetic below the Néel tempera-
ture Ty=67°K. The magnetic behavior of MnF, at
T< Ty is, in many cases, well approximated by that of
an ideal uniaxial antiferromagnet composed of two
interpenetrating identical sublattices.”” This fact makes
MnF, a favorite candidate for experimental tests of
various aspects of the theory of antiferromagnetism. At
zero magnetic field, the two sublattices of MnF, have
equal and opposing magnetic moments which are
directed along the tetragonal axis. If a strong magnetic
field H is applied along the tetragonal axis, then the sub-
lattice magnetizations rotate to a direction which is
nearly perpendicular to H. The rotation of the sublattice
magnetizations takes place at a certain magnetic field
H; which depends on temperature. This sudden re-
alignment of the sublattice magnetizations is known as
the spin-flop transition.® For MnF,, H=93 kG at
4.2°K.71% When the external magnetic field is not
directed exactly along the tetragonal axis but makes a
small angle § with it, the rotation of the sublattice mag-
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netizations takes place over a finite magnetic field inter-
val which increases with 6, i.e., the spin-flop transition
is broadened as 6 increases. Neighbours et al.’ studied
the ultrasonic attenuation in MnF, near the Néel tem-
perature and at zero (or low) magnetic field. The present
high-field experiments, on the other hand, were under-
taken for the purpose of studying the ultrasonic
attenuation near and above the spin-flop transition of
Man.

A brief discussion of the experimental techniques is
given in Sec. II. The results of ultrasonic attenuation
measurements for several acoustical modes of propaga-
tion are presented in Sec. III. In Sec. IV the experimental
results are discussed and are compared to predictions
based on several theoretical models.

In addition to the ultrasonic work, a brief account is
given in this paper of conventional (not acoustical)
antiferromagnetic-resonance experiments, at X band,
which were carried out on the same crystal of MnF; as
used in the ultrasonic experiments. The purpose of the
antiferromagnetic-resonance (AFMR) experiments was
to provide supplementary information, independent of
the ultrasonic measurements, about the behavior of this
particular sample at fields near Hy;. AFMR experiments
in MnF, were performed earlier by Foner” and by
Johnson and Nethercot.20

II. EXPERIMENTAL TECHNIQUE

Ultrasonic-attenuation measurements were performed
on several single crystals of MnF, at 4.2°K and in
magnetic fields up to 150 kG. All the specimens used in
the present experiments were cut from one large single
crystal of MnFs, oriented by x rays, and their end faces
were lapped for ultrasonic work. The specimens were
approximately cubic with an edge which varied from
6 to 15 mm. Longitudinal and shear ultrasonic waves,
with frequencies from 8 to 310 Mc/sec, were generated
with X-cut and Y-cut quartz transducers operating at
their fundamental frequency (8-12 Mc/sec) or in one
of the overtones. Acoustical bonds were made with Dow
Corning 200 silicon oil having a viscosity of 25 000
centistoke at 25°C. Standard ultrasonic-pulse tech-
niques were used. The magnetic field variation of the
attenuation was measured by gating one of the acous-
tical echoes, integrating it, and recording the output as
a function of H. The time separation between successive
ultrasonic echoes was used to determine the sound
velocity V,, at H=0, with an estimated accuracy of
429, Steady magnetic fields up to 150 kG were pro-
duced by a water-cooled Bitter-type solenoid.

As we shall see below, the magnitude of the attenua-
tion changes near the spin-flop transition is very
sensitive to the angle 6 between H and the [001]
crystallographic axis. Thus, a change of a fraction of a
degree in 6 can cause a drastic change in the attenuation.
Since the absolute orientation of the sample was not

N F, M. Johnson and A. H. Nethercot, Phys. Rev. 104, 847
(1956) ; 114, 705 (1959).
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known to within a fraction of a degree, the following
procedure was used: The sample was mounted with its
[001] axis oriented to within ~1° of the magnetic
field direction. The orientation of the sample was then
adjusted until the largest change in attenuation was
observed near the spin-flop transition. It was then
assumed that the latter orientation was H||[001].

Conventional (not acoustical) AFMR experiments
were carried out at 4.2°K using 8-12-kMc/sec radiation.
The samples, which were mounted on the shorting end
wall of an X-band waveguide, were immersed in liquid
helium. Resonance absorption was observed as a change
in the reflected power, monitored with a crystal detector,
as a function of H. The magnetic field in these experi-
ments was aligned to within ~1° of the [001] crys-
tallographic axis.

III. EXPERIMENTAL RESULTS

A. Ultrasonic Attenuation

The magnetic field variation of the acoustical attenua-
tion of longitudinal and shear ultrasonic waves prop-
agating along the [100], [110], and [001] crystal-
lographic axes was measured at 4.2°K in magnetic
fields up to 150 kG. The zero-field ultrasonic velocities
at 4.2°K for the various acoustical modes which were
excited in these experiments are listed in Table I. Each
mode is characterized by the direction of its propagation
vector ¢, and the direction of ion displacement & The
results of the attenuation measurements are given
separately for each mode.

1. q||&|L001]. Longitudinal Wave

Attenuation measurements were carried out with
8-220-Mc/sec waves. With H||[001] axis, a sharp ab-
sorption peak was observed in all cases at 92.44-0.5 kG.
This field value is equal, within experimental error, to
the value Hgs= 932 kG for the spin-flop field as deter-
mined by magnetization measurements.”® No hysteresis
was observed in the ultrasonic absorption peak. Figure 1
shows some typical recorded data.

The height A of the absorption peak, for H||[001],
was large in all cases. For example, in the case of the
30-Mc/sec wave whose attenuation is shown in Fig. 1,
Aa 24 dB/cm. The height of the absorption peak de-
creased very rapidly as the angle 6 between H and the
[0017] axis was increased from zero. As a result, the
absorption peak could be observed only when 6 was less
than a few tenths of a degree. In many cases the
absorption peak for H|I[[0017] was so large that no ultra-
sonic echoes could be observed at the spin-flop transition.
For this reason, and because of the strong dependence
of A on 0, no accurate results concerning the height of
the absorption peak or its frequency dependence can be
given.

2. ql|&|[110]. Longitudinal Wave

Measurements were performed with 30-130-Mc/sec
waves. With H|[[001] axis, a sharp absorption peak was
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TaBLE I. The velocity of sound, V,, at 4.2°K for several modes
of propagation.

q 3 Type of mode V,(105cm/sec)
[001] [001] longitudinal 6.6
[001] in (001) plane shear 2.84
[100] [100] longitudinal 5.2
[100] [o10] shear 4.4
[100] [001] shear 2.84
[110] [110] longitudinal 6.6
[110] [110] shear 1.67
[110] [001] shear 2.84

observed at 92.440.5 kG. The width of the peak was,
in some samples, as narrow as 300 G. The peak could be
observed only when 6 did not exceed a few tenths of a
degree. When the magnetic field was aligned as close as
possible to the [0017] axis, the height of the absorption
peak for a 30-Mc/sec wave was Aa 24 dB/cm. In some
runs with 30- and 50-Mc/sec waves, a small increase in
the attenuation, of about 0.1 to 0.2 dB/cm, was ob-
served above H,:. Figure 2 shows an example of these
results.

3. q||&]|[100]. Longitudinal W ave

Attenuation measurements were made with 30-310-
Mc/sec waves. With H near the [001] axis, two distinct
features of the attenuation were observed. First, the
attenuation increased at the spin-flop transition and
remained high at H> H;. With H as close as possible to
the [001] axis, the increase in attenuation was abrupt
and its magnitude was so large that in most runs no
acoustical echoes could be seen at H>Hy. Figure 3
shows the results obtained with a 30-Mc/sec wave for
which the attenuation increase at the spin-flop transi-
tion was greater than 10 dB/cm. When H was not
directed exactly along [001], but rather made a small
angle (0 $2°) with this axis, a gradual increase in the

MnF,
30 Mc LONGITUDINAL
qiHI [0 T=4.2°K

CHANGE IN ATTENUATION

—

| | | |
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F16. 1. Recorder tracing of the attenuation of a 30-Mc/sec
longitudinal wave with q || H || [001].
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MnF, T=4.2°K
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Fi16. 2. Recorder tracing of the attenuation of a 50-Mc/sec
longitudinal wave with q ﬁ[llO] and H || [001]. The recorder
response to the attenuation is nonlinear.

absorption was observed at H> Hy, i.e., the absorption
edge was broadened and moved to higher fields. For
6 > 2° the attenuation did not depend strongly on H in
the range 0-150 kG.

A second feature, which was observed only when the
angle # did not exceed a few tenths of a degree, was a
sharp spike in the ultrasonic attenuation which occurred
near the spin-flop transition. This spike was not distinct
when H was exactly along the [001] axis because it was
masked by the absorption edge (see Fig. 3). However,
for an angle 6 of the order of a few tenths of a degree,
the absorption edge moved to slightly higher fields and
the spike could be seen clearly. This is illustrated in Fig.
4., which shows a recorder tracing of the attenuation of
a 190-Mc/sec wave for H near the [001] axis. In this
trace the attenuation at H> H,; passed through a broad
maximum at fields just above Hys and then started to

MnF, T=42°K

30 Mc LONGITUDINAL r}
qifioo] Hifool]

CHANGE IN ATTENUATION
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Fic. 3. Recorder tracing of the attenuation of a 30-Mc/sec
longitudinal wave with q |[{{100] and H || [001]. The recorder
response to the attenuation is nonlinear. The straight line at fields
well above Hg corresponds to,theYabsence of any detectable
acoustical echoes.
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F16. 4. Recorder tracing of the attenuation of a 190-Mc/sec
longitudinal wave with q%] [100] and H near the [001] axis.
The recorder response to the attenuation is nonlinear.

decrease with increasing H. Similar traces were obtained
in the same experimental run with 270- and 310-Mc/sec
waves.

4. q||[[001], € in (001) Plane. Shear Wave

Measurements were made with 8-230-Mc/sec waves.
The most prominent feature in the attenuation-versus-
H curve was a large sharp spike in the attenuation which
occurred at 92.440.5 kG, i.e., near the spin-flop transi-
tion. As in the cases described earlier, the height of the
spike was very sensitive to the angle . In addition to
the spike, an increase in the absorption at fields above
H; was usually observed when the angle between H and
[0017] was small. This increase in absorption was very
sensitive to the angle f and disappeared at 8 >2°. In most
of the experiments the orientation of the vector £ in the
(001) plane was not controlled. However, in two experi-
mental runs £ was oriented along the [100] and along
the [1107] axes. The results in these cases were similar
to those obtained when the direction of £ was not
controlled.

5. qll[ 1107, ¥||[001]. Skear W ave

Measurements were carried out with 10-, 30-, and 50-
Mc/sec waves. In one run a very small increase
(~0.1 dB/cm) in the attenuation of a 30-Mc/sec wave
was observed near the spin-flop transition when H was
near the [001] axis. This small increase might have been
fortuitous. In two other runs with 30-Mc/sec waves no
change in attenuation was observed at Hg to an
accuracy of ~0.1 dB/cm. A single run was performed
with 10- and 50-Mc/sec waves. No change in the
attenuation greater than ~0.3 dB/cm was observed
with these two frequencies in the field interval 0-140
kG.

6. q||[110], &||[110]. Shear Wave

Measurements were made with 10-230-Mc/sec waves.
With H directed along the [001] axis, the absorption
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increased abruptly at H; and no acoustical echoes could
be seen at H> Hy;. For 30 and 50-Mc/sec waves the
increase of the attenuation at the spin-flop transition
was larger than 20 dB/cm. Figure 5 shows some of the
results obtained with a 50-Mc/sec wave.

The dependence of the absorption edge on the angle
6 between H and the [0017] axis was measured. As § was
increased from zero, the absorption edge moved to
higher fields and the increase in the absorption took
place over a wider field interval. In order to observe the
absorption edge in fields up to 150 kG it was necessary
for 6 to be less than ~1.5°. For @ very close to zero a
sharp peak in the absorption was sometimes observed
at Hys, superposed on the absorption edge. It is note-
worthy that the results for shear waves with ql|[110],
£|[1107] resemble those for longitudinal waves with

q/[[100].
7. q||[1007], ¥|[001]. Shear Wave

Attenuation measurements were carried out with 30-
and 50-Mc/sec waves. For H||[[001] the attenuation
increased slightly at the spin-flop transition and re-
mained at the new (higher) level at H> Hy:. The mag-
nitude of this absorption edge for 50-Mc/sec waves was
~0.2 dB/cm.

8. q||[[100], €|[010]. Shear W ave

Measurements were made with 30- and 50-Mc/sec
waves. With H||[[0017], a small absorption edge was
observed near the spin-flop transition. The magnitude
of the absorption edge was ~0.3 dB/cm for 30-Mc/sec
waves. The edge was not observed for angles § >2°.

B. Antiferromagnetic Resonance

F'AFMR experiments were carried out at X-band fre-
quencies, at 4.2°K, and with the magnetic field aligned

—

MnFp

50 Mc SHEAR
qi[10] ¢Nfito]
HI[0O]] T=4.2°

CHANGE IN ATTENUATION .

I

] ] |
50 70 90 {10 130
H(KILOGAUSS)

Fic. 5. Recorder tracing of the attenuation of a 50-Mc/sec
shear wave with q || [110], £ || [110], and H || [001]. The re-
corder response to the attenuation is nonlinear. The straight line
at fields well above H g corresponds to the absence of any detect-
able acoustical echoes.
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to within ~1° of the [001] axis. The aim of these experi-
ments was twofold. First, to determine the field H; at
which w=0 for the low-frequency spin mode” when
H||[001]. Second, to obtain an estimate of the width of
the AFMR line in our sample.

The field Hy is very close to the spin-flop transition
field Hy; (see Sec. IV Al below). It can be obtained
from the field H,(w) at which AFMR occurs for the
frequency w by using the relation”

w=gup[ Hi—H,(w)], (1

where up is the Bohr magneton and g is the g factor. The
g factor for MnF,, in the antiferromagnetic state and
when H||[001], is known only to an accuracy of several
percent.? However, in the present experiments w is
sufficiently small that no significant error in H; will
arise if we let g=2.0.

Two experimental runs with two different samples
were performed. In the first run the sample was about
6 mm thick and the frequency was 9.36 kMc/sec. A
resonance was observed at 90.3+0.3 kG, which gives
H,=93.64+0.3 kG. The full width at half-height of the
resonance was about 500 G. In the second run a thinner
sample, about 1 mm thick, was used. From the reso-
nance fields for the frequencies 8.36, 10.75, and 11.64
kMc/sec we obtained H;=93.34-0.3 kG. The full width
at half-height of the resonance was about 100 G. Thus,
the values of H; for both samples were in good agree-
ment with each other although the linewidths differed
considerably. The latter difference is probably related
to the difference in the thickness of the two samples.

In deriving H, from the values of H,(w) we assumed
that in the AFMR experiments the magnetic field was
exactly parallel to the [001] axis. However, since H,(w)
increases as the angle 6 increases from zero,"” and since
in practice 0 is never exactly zero, the above values for
H, are systematically higher than the true value of H;.
It is estimated that this systematic error did not exceed
19, in the present experiments. Our results for H; are in
good agreement with the value H;=93.4 kG extrap-
olated from the data of Johnson and Nethercot®
assuming, as these authors did, that g=2.00.

IV. DISCUSSION

The ultrasonic results presented in the preceding
section indicate the existence of two, apparently distinct,
phenomena. First there is a sharp absorption peak which
occurs at, or near, the spin-flop transition when H is
within a few tenths of a degree of the [001] axis.
Second, an absorption edge for ultrasonic waves exists
at the spin-flop transition when H||[001]. The mag-
nitude of either the absorption peak or the absorption
edge varies considerably from one ultrasonic mode
(characterized by q and &) to another. For some modes
the absorption peak and/or absorption edge either do

21 S, V. Peletminskii, Zh. Eksperim. i Teor. Fiz. 37, 452 (1959)
[English transl.: Soviet Phys.—JETP 10, 321 (1960) .
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not exist or are very small, whereas for other modes the
magnitude of either or both of these phenomena is so
large that no acoustical echoes are seen. In the following
paragraphs several physical mechanisms which may be
responsible for the experimental results are discussed.

A. Absorption Peak near the Spin-Flop Transition

We first consider mechanisms which may be respon-
sible for the sharp absorption peak which occurs at, or
near, the spin-flop transition.

1. Acoustical Antiferromagnetic Resonance at H SHgs

The existence of an absorption peak near the spin-flop
transition was predicted by Peletminskii*® and by
Savchenko.” These authors discussed the interaction of
acoustical phonons with low-frequency magnons in a
uniaxial antiferromagnet. The magnetoacoustic coupling
at H<H,; is due to the modulation of the anisotropy
energy by the elastic strain. According to Peletminskii
and Savchenko this coupling should lead to a strong
interaction between the acoustical mode and the low-
frequency magnon mode when the frequencies and wave
vectors of the two modes coincide. The process which
gives rise to this strong interaction is one in which a
single phonon is annihilated and a single magnon is
created. One may view this process as an ‘“‘acoustical
antiferromagnetic resonance” (hereafter AAFMR). In
order to conserve energy and momentum in such a
process, the frequencies and wave vectors of the phonon
must coincide with those of the magnon. An analogous
situation in ferromagnets was considered earlier by
Kittel.2

The dispersion relation for the low-frequency magnon
mode of a uniaxial antiferromagnet, at 7’=0°K and
when H is directed along the preferred axis, is?

w=y(2HgHs+ H2+bHpd@) 2—vH,  (2)

where w is the frequency, v is the gyromagnetic ratio,
Hp is the exchange field, H, is the anisotropy field, ¢ is
the magnon wave number, 4 is the lattice constant, and
b is a constant of order unity. The appropriate values for
MnF, are’” Hg=5.6X10° G, Hy=7.8X10® G, and
d~4X10"% cm. Note that Hg>H,. AAFMR for a
sound wave with frequency w should occur at the field
Hgr(w), which is given by

Hp(w) =[2HpHa+Hs*+bHp*d*(o?/ V) I~ (/7),
3)

where V, is the sound velocity. The resonance field
H,(w) for conventional AFMR (with microwaves) can
be obtained from Eq. (3) by deleting the third term in
the brackets, on the right-hand side of this equation. In

22 M. A. Savchenko, Fiz. Tverd. Tela 6, 864 (1964) [English
transl.: Soviet Phys.—Solid State 6, 666 (1964)].

28 C, Kittel, Phys. Rev. 110, 836 (1958).

# . Keffer, H. Kaplan, and Y. Yafet, Am. J. Phys. 21, 250
(1953).
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the present ultrasonic experiments w $2X10° rad/sec,
which is a very small frequency compared to
v(2HgH )12 Tt is easy to show that in this case Hg(w)
is close to the spin-flop transition field Hyy, which is
given approximately by"

Ho 2 (2HgH )M, (4)

From the theory of conventional AFMRY one expects,
by analogy, that AAFMR may be observed only when
H makes a very small angle with the [001] axis.
Physically, the frequency of the low-frequency spin
mode does not go to zero at any field unless 8 is zero.
Instead, for any finite ¢ there exists a minimum value
wmin for the frequency of this spin mode in the range
H<Hg. In order to observe acoustical (or ordinary)
AFMR at a given frequency, it is necessary that w not
be lower than wmin by an amount exceeding the recip-
rocal of the lifetime of the magnon, i.e., energy must be
conserved within the uncertainty in the energy of the
magnon. In the present case the uncertainty in the
energy of the magnon, estimated from the AFMR line-
width of several hundred gauss, is larger than the
sound frequency. Using this fact and charts which are
given in Ref. 17 it was estimated that AAFMR with rf
sound waves can be observed only if 6 is less than a few
tenths of a degree.

Although the theory for AAFMR seems to account
for the observed ultrasonic absorption peak near Hi,
and the extreme sensitivity of this peak to the angle 9,
there are reasons to doubt the validity of this explana-
tion. According to the theory,2?22 AAFMR at H<Hg
should not be observed with longitudinal waves prop-
agating along the [001] axis.® This conclusion disagrees
with the experimental results (see Fig. 1).

Another difficulty with the AAFMR explanation
arises when one examines the spin-flop transition in
detail. An approximate expression for the spin-flop
field Hs was given above [Eq. (4)]. More careful
considerations of the spin-flop phenomenon®-# indicate,
however, that there are three physically important mag-
netic fields H;> H3> H,. First there is the field Hj,
which is given by

Hy= (2HgH s+ H )12, ©)

At this field the frequency of the spin mode, which is
given by Eq. (2), vanishes for ¢g=0. H; represents an
upper limit for the field at which the spins can be
oriented, at equilibrium, along (and opposite to) the
[0017] axis. A second field H,, which is given by

Hy=2HgHs+H42)2(2Hg—Ha4) /(2Hg+Hy) (6)
represents a lower limit for the field at which the spins

% A similar situation exists for the magnetoacoustic resonance
in ferromagnets (see Ref. 23).

2 F, Keffer, in Handbuch der Physik, edited by S. Fliigge and
H. P. J. Wign (Springer—Verlag, Berlin, 1966), Vol. XVIII/2, p. 1.

27 A. I. Akhiezer, V. G. Bar’yakhtar, and M. I. Kaganov, Usp.
Fiz. Nauk 71, 533 (1960) [English transl.: Soviet Phys.—Usp. 3,
567 (1961) 7.
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at equilibrium can be nearly normal to the [001] axis.
A third field H;, which is given by
Q)

Hy= (2HgHa— H )2

represents the field at which the free energies of the two
spin configurations (parallel and nearly normal to the
[001] axis) are equal to each other. In an increasing
magnetic field, an ideal sample of MnF, should undergo
a spin-flop transition at H,, whereas in a decreasing
field the transition should occur at the lower field
H,. Thus, the spin-flop transition in an ideal sample
should show a hysteresis. A real sample of MnF; may
undergo a spin-flop transition at Hj both for an increas-
ing and a decreasing magnetic field, i.e., it may not show
“supercooling” and “superheating” effects. For MnF,
the field difference Hi—H, is 1.3 kG, approximately,
and Hj; is the geometric mean of H; and H,. The field
Hg(w) at which AAFMR should occur for »$10°
rad/sec satisfies the relations H;> Hg(w)> H;> H,.
There are now two possibilities. First, there may be a
hysteresis in the spin-flop transition. In this case
AAFMR should be observed only in an increasing
magnetic field, but not in a decreasing field. Second, the
spin-flop transition may occur at Hj for both increasing
and decreasing fields. The AAFMR should not be
observed then in either an increasing or a decreasing
magnetic field. Either conclusion disagrees with ob-
servation.

The preceding argument is weakened when one takes
into account the finite linewidth of the AAFMR. If the
AAFMR linewidth is comparable to or larger than
Hp(w)—H;, and if the sample undergoes a transition
at Hj for both an increasing and a decreasing magnetic
field, then AAFMR may be observed near H;. In the
present experiments Hg(w) —H3=2600 G. The AAFMR
linewidth is estimated, from the ordinary AFMR line-
width at 8-12 Gc, to be equal to 100 G to within an
order of magnitude. Thus, the AAFMR linewidth may
be comparable to Hg(w)— Hs.

In principle one should be able to determine H;
exactly from experiment and then one can calculate
Hg(w), H,, and Hj. Thus one should be able to find out
at which of these fields does the ultrasonic absorption
peak occur. In the present experiments, however, the
experimental uncertainties in the value of Hi, and in
the value at which the ultrasonic absorption peak occurs,
are comparable to the small differences between H;, Hs,
Hj;, and Hg(w). Thus, one cannot say with certainty at
which of these fields the ultrasonic peak occurs.

In order to ascertain whether the absorption peak is
due to a resonance phenomenon one must be able to
distinguish between effects due to the resonance and
effects due to the phase transition. Had the frequency
w of the ultrasonic wave been in the microwave range,
the resonance field Hr(w) would have been several kG
lower than Hy, H, and Hj, and this question could be
settled. On the basis of the present data on rf ultrasonic
waves, however, this question cannot, in the opinion
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of the authors, be answered with certainty. [ Note added
in proof. The theories of Peletminskii and Savchenko
concentrate on a process in which a phonon is absorbed
and a magnon is created. Near the spin-flop transition.
however, higher-order processes, which involve more
than one magnon, may become important. This was
recently considered by K. Tani, Phys. Letters 26A,
419 (1968) 7.

2. Domains near Hs

With the magnetic field directed along the [001] axis,
the orientation of the spins changes abruptly at Hg.
At H<Hj: the spins are oriented along [001], whereas
at H> H,; the spins are nearly perpendicular to [001].
At H=Hg; the orientation of the spins relative to the
[001] axis is not uniquely determined. It is then possi-
ble for the sample to break into domains with different
spin directions.?® If an applied elastic stress favors a
particular spin orientation, then it will cause domains
having this spin orientation to grow at the expense of
others. Changes in the relative size of the domains may
be accomplished by a displacement of domain walls.
The alternating elastic stress which is associated with
the ultrasonic wave may then lead to a periodic motion
of the domain walls which will result in an increase in
the ultrasonic absorption. Ultrasonic absorption due to
motion of domain walls in antiferromagnets has been

repeatedly suggested in the literature (see, for example,
Ref. 1).

B. Absorption at H> Hj¢

With H directed along the [001] axis, an absorption
edge is observed near H,s for certain ultrasonic modes
of propagation. This effect is particularly large for
longitudinal waves propagating along the [100] axis,
and for shear waves with q||[110] and #||[1107]. In the
following paragraphs we shall consider several mecha-
nisms which may be responsible for the ultrasonic
absorption at H> H;.

1. Spin Waves at H> Hys

In a uniaxial antiferromagnet, with H directed along
its preferred axis, there exist two spin modes at H> H,.
Unless H is just above H,, one of these spin modes has a
very high frequency (compared to radio frequencies)
for all values of ¢g. This so-called spin-flop mode can
interact with microwaves,” but is not expected to inter-
act strongly with rf sound waves except, possibly, near
H,. The second spin mode has the following dispersion
relation for small wave numbers?:2':

w=V(H)g, (8)

where V (H) varies with H according to the relation
V(H)=V[1— (H/2Hg)*]M". 9)
mreview of domains in antiferromagnets see M. M.

Farztdinov, Usp. Fiz. Nauk, 84, 611 (1964) [English transl.:
Soviet Phys.—Usp. 7, 855 (1965)].
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The velocity V, depends on the direction of q but is
independent of the magnitude of ¢. Since w=10 for ¢=0,
the spin mode described by Eq. (8) cannot be excited
with microwaves as long as H is parallel to the pre-
ferred axis. This mode is sometimes referred to as the
“nonactivated” mode.

The interaction of the nonactivated spin waves with
ultrasonic waves was investigated theoretically by
Bar’yakhtar et al.® According to these authors, longi-
tudinal sound waves couple strongly to the nonactivated
spin waves because of the modulation of the exchange
interaction by the strains associated with the sound
wave. Bar’yakhtar ef al. considered the process in which
one phonon is annihilated and one magnon is created.
They predicted that a magnetoacoustic resonance will
occur when the sound velocity V, is equal to the spin-
wave velocity V(H). This condition follows from the
conservation of energy and momentum. Since neither
Ve nor V(H) depend on the magnitude of g, the condi-
tion V=V (H) is fulfilled simultaneously for all values
of ¢. If the magnetic field H is tilted away from the pre-
ferred axis, then Eq. (8) is no longer valid. Instead, the
frequency w for a wave with ¢=0 becomes finite, i.e.,
there exists an energy gap. For sufficiently large 6 this
energy gap is large enough to exclude the possibility of a
resonance absorption of rf phonons by the nonactivated
spin mode. Thus, strong magnetoacoustic coupling may
be observed only when H is near the preferred axis.

In order to compare the experimental results with
the theory of Bar’yakhtar et al., it is necessary to know
the velocity V(H) of the nonactivated spin waves. In
the present experiments H/2Hg<0.14, so that the
difference between V(H) and V, is less than 19. We
shall therefore neglect the field dependence of V' (H) and
let V(H)="V,. The velocity V, is calculated in the
Appendix. The result is

Vo= (85/%) {—JALJ F o+ F a*(af+as)
—JA(@a+ P+ ca?) T2, (10)

where J4 is the antiferromagnetic exchange constant
between the Mn ion at (0, 0, 0) and the one at (%, %, %),
JJF is the ferromagnetic exchange constant between the
Mn atom at (0, 0, 0) and the one at (1,0, 0), JF is the
ferromagnetic exchange constant between the Mn atom
at (0, 0, 0) and the one at (0, 0, 1), S is the spin of the
Mn ion, a; are the direction cosines of q in the [100],
[0107, and [001] coordinate system, and ¢ and ¢ are
the lattice constants of MnF,. Letting® J4=—1.76°K,
£=0.32°K, JF<0.05°K, and® ¢=4.87 A, ¢c=3.31 A,
=% one obtains the following values: Vo=2.3X10°
cm/sec for q||[100] or q||[110], and Vo,=1.7X10°
cm/sec for g||[001].
Comparison of the calculated values of Vo with the
2V, G. Bar'yahktar, M. A. Savchenko, and V. V. Tarasenko,
Zh. Eksperim. i Teor. Fiz. 49, 944 (1965) tEnglish transl.: Soviet
Phys.—JETP 22, 657 (1966) 1.

3 A, Okazaki, K. C. Turberfield, and R. W. H. Stevenson, Phys.
Letters 8,9 (1964). .
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velocities of the various acoustical modes (Table I)
indicates that Vo and V, are of the same order of mag-
nitude. However, the velocities of the acoustical modes
which are strongly attenuated at H>Hy (the mode
with q||£/|[[1007], and the one with gq||[110], &||[110])
are not equal to Vy. This fact by itself does not invali-
date the supposition that the large attenuation at
H> H,; is due to a resonance absorption of phonons by
the nonactivated spin mode. As mentioned earlier, the
condition V=V (H) follows from the conservation of
energy and momentum in a process where a phonon is
annihilated and a magnon is created. However, if one
takes into account the finite lifetime 7 of the magnon,
one arrives at the conclusion that V(H) need not be
exactly equal to V,. Assuming 7 $107? sec, which does
not seem to be unreasonable, one can explain the dis-
crepancy between V, and V(H) which exists in the
present experiments with rf sound waves.

Whereas the preceding argument may account for
the discrepancy between V(H) and the velocities of
those acoustical modes which are strongly attenuated at
H> Hg, it does not explain why other modes are not
strongly attenuated at H> H,;. The dramatic difference
in the attenuation of the various acoustical modes at
H>Hy; is not related in any obvious way to a match
between the velocity of the spin wave and that of the
sound wave.®

According to the theory of Bar’yakhtar ef al. shear
waves are not coupled to the nonactivated spin waves at
H>Hg. This selection rule, which arises from the
assumption of isotropic exchange interaction, should
apply also to the shear mode q||[[110], ||[[110] in
MnF,. The experimental fact that this shear mode is
strongly attenuated at H> H; is not explained, there-
fore, by the theory of Bar’yakhtar et al.

Three final remarks about the phonon-magnon inter-
action at H>H,;: (a) Bar’yakhtar ef al. considered a
process in which one phonon is annihilated and one
magnon is created. A complete theory must take into
account other, more complicated, processes or show
that they are unimportant. (b) Recently, Akhiezer and
Borovik® considered nonlinear spin waves in anti-
ferromagnets. These waves may also interact with
sound waves at H>Hy. (c) The vast difference
between the attenuation of the g||€||[100] mode and
that of the q||£||[110] mode, as well as the difference
between the attenuation of the q||[1107], &||[110] mode
and that of the q||[[100], &[|[010] mode, cannot be
explained by any theory which approximates MnF; by
a uniaxial antiferromagnet which has a cylindrical
symmetry. Some form of an anisotropy in the (001)
plane must be introduced.

811t is interesting that among the longitudinal modes the one
with the lowest velocity is the one which is most strongly attenuated
at H> Hg and that the same is true for the shear modes. It is not
clear whether this fact is of any particular significance.

32]. A. Akhiezer and A. E. Borovik, Zh. Eksperim. i Teor. Fiz.
52, 508, 1332 (1967) [English transl.: Soviet Phys.—JETP 25,
332, 885 (1967) .
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2. Domains at H> H¢

At fields above the spin-flop transition and with H
directed along the preferred axis, the equilibrium
orientation of the spins of an ideal uniaxial antiferro-
magnet is not uniquely determined by free-energy
considerations. This is because the free energy of the
uniaxial antiferromagnet is not changed when the
magnetizations of both sublattices are rotated simul-
taneously about the preferred axis by an arbitrary
angle. As a consequence, there exists the possibility that
the antiferromagnet will break into domains with
different spin orientations. The existence of domains
may then give rise to ultrasonic absorption.

The domain picture which was presented in the
previous paragraph, in which it was assumed that
MnF, can be approximated by an ideal uniaxial anti-
ferromagnet which has a cylindrical symmetry, fails to
explain the vast difference between the attenuation of:
(a) the ultrasonic mode with q|| €|[100] and that of the
mode q||£[|[[1107], and (b) the ultrasonic mode with
q||[110], |[110] and that of the mode q||[100],
£||[[0107]. The origin of the difficulty is the assumption
that MnF, possesses a cylindrical symmetry about the
[001] axis. We therefore assume instead that there is
some anisotropy in the basal plane of MnFy, i.e., there
exists a set of preferred directions for the spins in the
basal plane. Since this set of directions must have the
symmetry of MnF,, there are several spin configurations
for which the free energy is minimum. Thus, there exists
the possibility of a domain structure. If an elastic
stress is applied, then the free-energy densities of two
domains with different spin orientations may change by
the same amount for both domains, or they may change
by different amounts. In the former case there is no
reason why one domain should grow at the expense of
the other so that domain-wall motion, and the resultant
ultrasonic attenuation, are not expected. In the opposite
case, ultrasonic attenuation due to domain-wall motion
is expected.

Two models for domains at H> H,; were considered.
In the first model it was assumed that: (a) The anisot-
ropy energy of a spin with a given orientation is the
same for both sublattices, and (b) the (100) equivalent
directions are preferred energetically. In this case there
are domains with spins along and opposite to the [100]
direction® and those with spins along and opposite to
the [010] direction. These domains have no net magnetic
moment in the basal plane. A symmetry operation which
transforms a [100] domain into a [010] domain (and
vice versa) is a reflection in the (110) plane. This
symmetry exists for the unstrained lattice. If this
symmetry remains also in the strained lattice, then the
free-energy densities of the [100] and [010] domains
remain equal to each other.

Assuming that the anisotropy energy depends only

3 More accurately, the spins are in the (010) plane making a
small angle with the [100] axis.



170

on the relative orientation of the spins with respect to
the crystal, one can show that certain strains change the
free-energy densities of the [100] and [010] domains
by the same amount. In particular, one can show that
this is the case for strains associated with the following
acoustical modes: (1) longitudinal q||¥||[[001], (2)
longitudinal q||||[[110], (3) shear q||[100], &||[010],
(4) shear q||[110], #|[001], and (5) shear g||[[001],
£|[1107]. The strains associated with all of these five
modes leave the (110) plane as a mirror plane. Experi-
mentally, all the five modes, with the possible exception
of the last one, are not strongly attenuated at H> H.;.
Thus, the fact that modes No. 2 and 3 are not strongly
attenuated at H> H,;, whereas the modes q||¥||[100]
and q||[1107] &||[110] are strongly attenuated, is con-
sistent with this domain model. It is noteworthy that if
the (110) equivalent directions were the preferred
directions for the spins, then the attenuation (due to
domains) of sound waves with q|| £||[100] should have
been small at H> Hys, which disagrees with observation.

Another model for the domains which was considered
is one in which the anisotropy in the basal plane is due
to Moriya’s single-ion anisotropy mechanism.?:3 As
shown by Moriya,* such an interaction may lead to
domains which have a net magnetic moment (Dzyalo-
shinsky moment) in the basal plane. This net moment
can be directed along any of the four equivalent (100)
directions.® Symmetry considerations indicate that the
free-energy density of all the domains should change by
the same amount when strains are produced by the
following acoustical modes: (1) longitudinal q|| €||[001],
(2) longitudinal q||£[|[110], and (3) shear q||[100],
£||[010]. These “selection rules” for attenuation due
to domain-wall motion are consistent with the observa-
tion that none of these acoustical modes is strongly
attenuated at H> Hy;.

The change in the spin orientation at the spin-flop
transition of MnF, has some similarity to the change in
the spin orientation near the Morin transition of
a-Fe,0s. In both cases the spins change their orientation
from a direction along the preferred axis to a direction
(or directions) which are nearly perpendicular to this
axis. The basic difference is that the spin-flop transition
is often observed at constant temperature and in a
changing magnetic field, whereas the Morin transition
is observed at zero field by varying the temperature. It
is interesting that at temperatures above the Morin
transition of a-Fe;Os, the internal friction is higher than
at temperatures below this transition. Makkay ef al.,’s
who observed this effect, attributed it to the existence
of domains at temperatures above the Morin transition,
where the spins are in the basal plane. In the case of
a-Fey0; it is known from the work of Dzyaloshinsky®
and Moriya® that there exists a set of preferred direc-
tions for the spins in the basal plane.

# T, Moriya, Phys. Rev. 117, 635 (1960).

3 1. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958).
3 T. Moriya, Phys. Rev. 120, 91 (1960).
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The preceding discussion indicates that the assump-
tion that domains, with spins along certain preferred
axes, exist at H> H,; leads to a reasonably successful
explanation of the ultrasonic attenuation of the various
acoustical modes. There remains, however, the difficulty
of explaining the origin of the anisotropy energy in the
basal plane. The second model for the domains was
based on Moriya’s single-ion anisotropy mechanism.
Using the known parameters® for this interaction in
MnF,, we expect it to be very weak, which casts doubt
on the validity of the second model for the domains.
Also, we cannot give any a priori reason why the (100)
directions should be preferred, as required by the first
model for the domains. Therefore, until more tangible
evidence for the existence of domains in the spin-flop
state of MnF is available, the explanation of the ultra-
sonic data in terms of domains cannot, in our view, be
regarded as an entirely convincing explanation.

V. CONCLUSIONS

The most prominent features of the ultrasonic
attenuation measurements are: (1) the sharp peak in the
attenuation coefficient near the spin-flop transition, and
(2) an absorption edge, as a function of H, which
occurs near the spin-flop transition. The magnitude of
either of these phenomena depends on the particular
ultrasonic mode of propagation and is either zero or very
small for some modes. Both phenomena can be seen
only when H is near the [001] axis.

Several physical mechanisms which may be respon-
sible for the experimental data have been considered.
It was shown that existing theories which concentrate
on processes in which a single phonon is annihilated and
a single magnon is created do not give a satisfactory
explanation of the data. In particular, selection rules
against the interaction of longitudinal waves (at
H<Hg) and shear waves (at H>Hy), which are
derived from these theories, disagree with observation.
Some models for ultrasonic absorption due to domain-
wall motion are consistent with the data, but, in the
opinion of the authors are not entirely convincing at
present. It therefore appears that further investigation
of the poorly explored spin-flop state in MnF,, and other
antiferromagnets, is necessary for a satisfactory expla-
nation of the ultrasonic data.
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APPENDIX
The spin-wave spectrum in the spin-flop state of
MnF, was derived using the following model. The anti-

( “97 Rj R. Sharma, T. P. Das, and R. Orbach, Phys. Rev. 149, 257
1966).
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ferromagnetic exchange interaction between the Mn ion
at (0, 0, 0) and the one at (3, %, %) was assumed to be
equal to —2J4S;+S,, where S; and S, are the spins of
these ions. The weaker ferromagnetic interactions
between the Mn ion at (0, 0, 0) and the ions at (1, 0, 0)
and (0,0,1) were assumed to be given by similar
terms with J,*" and J 7, respectively. All exchange inter-
actions except those between the first-, second-, and
third-nearest neighbors were neglected. The various
exchange constants are given in Ref. 30. The magnetic
field was assumed to be along the [001] axis. The
anisotropy energy for each spin was assumed to be of
the form — K cos%p, where K is a constant and ¢ is the
angle between the direction of the spin and H.

The spin-wave spectrum in the spin-flop state was
derived both classically and quantum mechanically.
The results of both derivations are identical. Also, by
letting J.F'=J =0, our results reduce to those given by
Keffer.® Some details of the classical derivation are
given below. The quantum-mechanical derivation was
carried out using a procedure similar to the one em-
ployed by Kanamori and Yosida® in their treatment of
a uniaxial antiferromagnet, with H normal to the pre-
ferred axis.

Let Si4 be the spin of an ion which is at the sth site
of the 4 sublattice (and similarly for S;8) and let J;48
be the exchange constant between the spin on the ith
site of the 4 sublattice and the one on the jth site of the
B sublattice (with a similar definition for J;44). The
classical equations of motion for the spins are

7 (dSA/dt) = gupSi x (H-H)+S:4
X2( 2T 4B 84 D Tut4Sit),
i k

7 (dS;2/dt) = gusS,;® x (H+H')+8S,2
X2(2 T iPASA+ D TiBBSE), (Al)
k l

where H' is directed along H and has a magnitude which
is related to the anisotropy field by the relation H'=
H 4 cosp. The indices 7 and % in Egs. (A1) are for the 4
sublattice, while 7 and 7 are for the B sublattice. In the
spin-flop state the equilibrium orientations of the mag-
netizations of the two sublattices are not collinear. In
this case it is convenient to express the spins in Egs.
(A1) in the following coordinate systems: Spins in the
A sublattice are expressed in the coordinate system «/,
v, #', with the 2’ axis along the equilibrium position of
S:4. All spins in the B sublattice are expressed in the
coordinate system «”/, y”, 3”/, with the 3’ axis along the
equilibrium position of $;5. The angle ¢, between the

3 J. Kanamori and K. Yosida, Progr. Theoret. Phys. (Kyoto)
14, 423 (1955).
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equilibrium position of S;4 (or S;Z) and H can be easily
found to be*
cospo=H/(2Hg—H3), (A2)

where
Hg=(2S/gus) 2_J /P
J

(A3)

is the antiferromagnetic exchange field. By going
through the regular procedure® for solving Egs. (A1)
one finds the following expression for the spin-wave
spectrum in the spin-flop state:

(fw)2=03+45%7 (q) cos2¢e=2ST(q) [ cos2¢e+5],

(A4)
where
a=guB
X (H cospo+Ha cos’po— Hg cos2py+ Hg")
—2577(q),
B=2gun
X (H cospo— Ha sinpy— Hg cos2eo+ Hg")
—2S8J%(q), (AS)
HgF = 25 > Jadd (A6)
S4B K
is the ferromagnetic exchange field, and
J (@) = 2_J4B(RB) exp(iq-R42), (AT)
JF(g) = 2oJA4(R44) exp(ig-R44).  (AS8)

In Eq. (A7) the summation is over distances R45
between spins on different sublattices, while in (A8)
the summation is on distances R44 between spins in
the same sublattice. By taking into account only the
exchange interactions between first-, second-, and third-
nearest neighbors, and after assuming that H<KHg,
H,4<Hpg, one obtains the following final expressions for
the spin-wave spectrum in the spin-flop state:

(Fion)*= 6474 5*{T4[ (¢a0)*+- (g42)*+ (g:0)*]

—J&(g.0)*—J[(g0)*+ (q0)%]}, (A9)
()= () *(Hi— H)+ GATAS?
XA{TA[(g:0) 2+ (q,0) 2+ (g:¢) %]
—J & (q:0)*—J[(¢z0)*+ (g0)%]}, (A10)

where ¢ and ¢ are the lattice constants of MnF,, Hi?=
2HgH 4, and the «, y, and 2 axes are along [100], [0107],
[0017], respectively. Equation (A9) corresponds to the
nonactivated mode, whereas Eq. (A10) corresponds to
the spin-flop mode. Equation (A9) leads to Eq. (10)
in the text.



