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Two resonances between spin waves and phonons are reported in the antiferromagnetic phase
of GdAlIO;. The stronger of these resonances is the analog to the antiferromagnetic resonance
observed by Rohrer and Blazey, and is consistent with free-energy parameters determining
their phase diagram of GdAlO;. The weaker line is attributed to a two-magnon, one-phonon
process. These two resonances are observed with the magnetic field and the acoustic propa-
gation vector along several symmetry axes. From their intensity the magnetoelastic cou-
pling constants 1G;1=0.7 cm™ and | Gyl =0.3 cm™ are deduced. The diagonal elements of the
elastic tensor and the corresponding sound velocities are also given.

I. INTRODUCTION

Antiferromagnetic GdA1O; has recently been the
subject of a number of studies.!~!? After its anti-
ferromagnetic ordering had been found,! a com-
plete phase diagram was established. Blazey and
Rohrer? discovered that at zero field, antiferro-
magnetic ordering persists up to a Néel tempera-
ture T4=3.9 °K and, at zero temperature, up to
a magnetic field of 11.5 kG, provided the field is
in the direction of the easy axis. The critical field
or spin-flop field is not observed if the misorienta-
tion angle is larger than 10°.7+8

The principal interest of this material lies in its
weak exchange field of 19 kG which allows the in-
vestigation of different phases in a narrow and con-
venient temperature range and with easily acces-
sible magnetic fields, Whereas the static properties
of GdAlO; are now well investigated we shall here
present experimental acoustic data which allow the
determination of some of its dynamical properties.

The crystalline structure of GdAlQ; is that of a
perovskite with a slight orthorhombic distortion.
Its space group is DL (Pbmn).® The elementary
unit cell consists of four perovskite unit cells.
Differential susceptibility?’® and magneto-optic-
effect measurements of GdAlO, : Er3** have been
performed and used to determine its magnetic
structure. Below T it behaves as a uniaxial anti-
ferromagnet consisting of two almost cubic sublat-
tices. Each Gd* ion of the first sublattice has six
nearest magnetic neighbors, also Gd®* ions, of the
second sublattice. The axis of easy magnetization
coincides with the orthorhombic b axis as shown in
Fig. 1.

This paper presents sound-velocity and attenuation
data taken inthe antiferromagnetic phase and at fre-

8

quencies between 30 and 90 MHz,and at 9 GHz. From
these data we shall deduce the strength of interaction
between phonons and magnons and also confirm the
presence of a soft-magnon mode driving the spin-flop
transition. Suchaninvestigationisnormally conducted
by neutron scattering, but in this case the large cross
section of GdALO, precludes the use of neutrons, !
The use of high-frequency ultrasound allows one to
separate the attenuation arising from resonance in-
teraction with spin waves from the attenuation due
to the spin-flop transition. This separation was not
possible in similar experiments performed with
relatively low-frequency sound. 12
Ultrasonic-attenuation data covering a tempera-
ture range around T, should also permit the deter-
mination of critical fluctuations of the magnetiza-
tion. We shall present ultrasonic-attenuation data,
but we are not in a position to deduce any critical
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FIG. 1. Transformation of orthorhombic axes y and z
into pseudocubic axes y and z in GdAlOs.
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FIG. 2. Schematic presen-
tation of (a) antiferromagnetic
resonance process and (b) two-
magnon transition,

k

parameter because of the relative weakness of the
effect.

The remainder of this paper is divided into four
sections. In Sec. II, the theory of magnetoelastic
coupling is developed as a basis for the interpre-
tation of the experimental data; the section starts
from known excitations of both phonon and magnon
type, and deduces values for the ultrasonic attenua-
tion in terms of simple coupling constants. Sec-
tion III is devoted to a description of the experi-
mental apparatus and the experimental technique
and then experimental results are presented: ultra-
sonic-attenuation data as a function of magnetic
field up to 13 kG, temperature, and sound polariza-
tion and propagation. Sound-velocity data have
also been taken at 30 MHz from below T to 400 °C;
the high-temperature data represent an unsuccess-
ful attempt to find a structural phase transition of
GdAlO; by means of ultrasound. Comparison of ex-
perimental data with theoretical results allowsthe
determination of magnetoelastic coupling constants
of Gd®* ion in GdAlQ,; Sec. IV contains a discus-
sion of these findings. Finally, the results will be
briefly summarized.

II. THEORY

We wish to establish a relation between the ob-
served ultrasonic-absorption peaks and the spin-
wave excitation spectrum of GdA1O;. It is well
known!? that in an antiferromagnet there is one
spin wave whose energy decreases monotonically
with increasing applied magnetic field and tends to
zero at some critical field H,. The interaction
of this mode with acoustic waves of a fixed fre-
quency w,  gives rise to the acoustic-antiferromag-
netic-resonance condition at a magnetic field given
by w,=w,..

A different process giving rise to ultrasonic at-

tenuation is a transition between two antiferromag-
netic spin waves. This process® is schematically
drawn in Fig. 2. We shall calculate the ultrasonic
attenuation due to either process for the case of
GdAlQ; by using a Hamiltonian which consists of
a spin term, a strain term, and a coupling term.
The excitations of the uncoupled systems, namely,
the magnons in the antiferromagnetic phase, and
the phonons, are used as basic functions for the
coupling term, which will be evaluated using per-
turbation theory. We shall neglect fluctuations of
the spin system due to the instability of the flop
phase at the critical field, and treat the crystal as
a homogeneous system. This is known as the mo-
lecular-field approximation which has proven useful
in describing phase transitions of spin systems.
Thus our model Hamiltonian reads

J=3Cp +3s+3sp, (1)
where
au\?
MP=%CaB€a€B+%p<'a7) ’ (2)

€ = 9u/9x denotes the strain, and « the displace-
ment of the volume element at x, 3Cp has 2=0
acoustic phonons as eigenvalues. The spin part
consists of three parts, namely,

Hs =50g+3C4 + 3z, @)

where 3¢5 is the exchange energy, 3¢, the anisotropy
energy including the uniaxial crystalline anisot-
ropy and the bilinear part of the anisotropic ex-
change, and 3¢, the Zeeman energy. Expressed in
spin variables these terms are given by

¥g= %iZ)J”'éi * §l ) (4)
J

Ha=%2 KiSiSi+ Ky 2 [(SDP+ (SDP], ®)
i iy
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We first turn to the solutions of the spin part of
the Hamiltonian which will give information as to
spin-wave excitations. We shall then determine
the spin-phonon coupling of those spin waves whose
energies allow resonant interaction with sound at

9 GHz. The form of the coupling Hamiltonian 3¢gp
will be derived in Sec. II B.

A. Magnons in the Long-Wavelength Limit

From the antiferromagnetic resonance (AFMR)
frequency of 9.2 GHz and the sound velocity of the
order of 5x 10° cm/sec we conclude that both the
magnon and the phonon involved in the resonance
must have a wave vector |21~ 10°cm™. This is still
small compared to the reciprocal-lattice distance.
It seems therefore appropriate to consider the
response of the average magnetic moment, rather
than that of the individual spins, to perturbations
and the molecular field, This procedure was ini-
tiated by Wangness!* and carried out in detail by
Thomas, '* whom we follow. We solve

X sl ?

where JCg is given by Eq. (3). Evaluating the right-
hand side with a density matrix in the molecular-
field approximation and introducing relaxation
times of the spin, Thomas postulates equations of
motion for the ith spin in a molecular field ﬁ}“‘ (#):
%=31XH§MI" % (Buu"-&;)‘:_z-&u, )
where &,=(S,)/S and 7, and T, account for relaxa-
tion of the spin components parallel and perpendic-
ular to AP towards equilibrium. The molecular
field HT°! and the average moment are related by

0;=Bg (g pp AP §/k5 T) , ©)
where
Bg(x)= 2;; L coth (2‘;’; Dx_ 515 coth 2—’; (10)

1
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is the Brillouin function. From this he obtains
the response of o; to a periodic external field de-
fined as dynamic susceptibility x,,(w) by
60,:217(“(0.)) 0H,. (11)
The result is
- - A T
Xilj(w)= X(} - ‘1'(_1' Py + —&
Xin Xis
x (1 ‘ﬁTOsze Wt Pu) 6;;. (12)
Here
9%F
1
YA YR 1
X =305y 8(S) (13)
is the static reciprocal susceptibility,
kT 3B (o
ky= _SBT __50.-1' ) (14)
kT Bl(o
u-tgt 20, )

and P is a unit polarization vector in the direction
of H!; ¢ is the antisymmetric unit tensor of rank
2 and F the free energy of the spin system.

The spatial Fourier transform of Eq. (12) leads
to

X;l(w) = X-ql - zw(lxl_ P, +§2._ 1- Hmol’fze_,_)‘l P.L)
it L

(1e)
The secular equation determining the eigenfrequen-
cies can be written

det()éL P,,+—x—‘— (1= H™'7,e)P, x;' - iQ ql>= 0.
T1 T2

a7
We solved Eq. (17) by a computer in the following
sequence: First, the equilibrium configuration
was computed using the condition F(0)=min. In an
antiferromagnet, & has six components, three for
each sublattice. The static susceptibility was
taken from the free energy including demagnetiza-
tion which is given by

F/8%=J1 0,05[cos(a - f) sing sind + cos¢ cosd]+ 1J,(0% +02) + K 0, 05 cosa cosp sing sind

'+ AK{ 0,05 cos@ cosf + L1K,(0% cosa sin@+ 0% cos®B sin®) + $AK, (0% cos?+ of cos?6) - (gus/S)

X Hoxt{0 4 [cos(a - ) sing sinp+cos¢ cospl+ og[cos(B—- ) sind sinp+ cosbcospl}~ (T/52)[b(0,) + b(op)]

2 s s . . . s . .
+N,y[<7A sina sing cosg + o% sinB sinf cosf+ 0,05(sina sing cosh + sinB cosy sind)]

+ N,

+N,[0% cosa sing cos@+ 0% cosp sinf cosb + 0,0, (cosa sing cosd+ cosp cosy sind)],

0% sina cos @ sin*¢ + 02 sing cosp sin¢ + 0, 05(sina cosB+ cosa sinp) sing sind)

(18)
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FIG. 3. Theoretical spin-wave spectrum in the flop
phase (based on parameters determined in Ref. 16).

where
J11=J1+Nxx s J,2=JZ+Nxx s
K1'=K1 + (N"—N,,,) ’ AK{ =AK; + (Nyy" N,.),
(19)

K2,=K2+ (Nu-Nxx) ’ AK2,=AK2+ (Nyy—Nxx) .

Here 0,, @, and ¢ are polar coordinates for the
average value G, of the spins of sublattice A. Sim-
ilarly op, B, and @ are polar coordinates for &g,
and the magnetic field is expressed in coordinates
H, ¥, p. Jy, Ky, and AK; are the intersublattice,
Jy, Kp, and AK, the intrasublattice coupling con-
stants. J accounts for isotropic coupling, K for
axial anisotropy along the easy direction, and AK
for anisotropy of the coupling along the y direc-
tion. T is the temperature and b(o,) and b(og)
are the entropies per spin of sublattices 4 and B.
The terms in N,, are demagnetizing factors, de-
pending on the orientation and shape of the sample,
They are obtained by a transformation of the de-
magnetizing tensor for a plate in its own coordinate
system

N=[ 0 (20)

into the coordinate system of the crystalline anisot-
ropy.

Next, the dynamic susceptibility was computed
by means of Eq. (17). The relaxation times used
were those determined by Thomas and Rohrer, !¢
Finally, the solution of the secular equation gave
values for the eigenfrequencies in the antiferro-
magnetic (AF) state. They are plotted in Fig. 3

for the case of a GdAlO; sample cut along the direc-

tions[001], [110], and [110] in an external magnetic
field applied along the [010] direction. Removal
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of the degeneracy of the spin-wave modes in zero
field is due to the effect of the sample form.!? It
is seen that there is a soft-magnon branch with a
temperature-dependent thermodynamic critical
field around 13 kG. The soft-magnon branch is ex-
pected to interact resonantly with 9-GHz acoustic
waves at all temperatures in the AF state, where-
as the hard-magnon branch has too high an energy
to do that.

The field at which w, = w,  is plotted versus tem-
perature in Fig. 4. This has to be compared with
the experimental attenuation maximum also plotted
in the same figure., There is good agreement be-
tween the observed and the computed line positions.
Note that the computation rests on the molecular-
field approximation which gives a slight discrepancy
for the magnitude of the spin-flop field, also shown
in Fig, 4.

B. Magnon-Phonon Coupling

Time-reversal symmetry precludes coupling be-
tween spin and strain which is linear in spin varia-
bles. Instead there are two major indirect cou-
pling mechanisms which we shall consider inturnin
order to construct the coupling Hamiltonian.

1. Volume Magnetostriction

The dependence of interaction between spins S,
and S, on their distance 7,; gives rise to an effec-
tive coupling of the form!®

Hyor= § 6(7“) K(r“)ﬁruf(@, §j), (21)
1
where ¥ is the gradient vector, K the interaction
constant, and f(8?,8) a bilinear function of S.
Mechanisms which contribute to volume magneto-
striction are the exchange modulation, !° magnetic
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FIG. 4. Phase diagram and resonance condition for
acoustic AFMR in GdAlO;, theoretical and experimental.
Phase diagram after Ref. 7.
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dipolar interaction,?® and coupling to the phonon
field.®' An order-of-magnitude estimate shows
that exchange modulation gives by far the largest
contribution to the effective magnetostriction. It
is of the form

F(8,89=8". §/=1(sis?+Sis,N+sSisl.  (22)

2. Single-ITon Magnetostriction

This mechanism, introduced by Van Vleck,? con-
sists in an effective spin-phonon coupling provided
by spin-orbit interaction and orbit-lattice interaction.
To first order in the strain

Yes1=22 2J Gagye Sfxszeyb'

1 aByb

(23)

G is the magnetoelastic coupling tensor whose re-
lations between components are determined by the
symmetry of the site. The summation index I ex-
tends over the spins of the whole crystal. Finite
deformation terms are omitted throughout this
paper, in accordance with Eastman® but in con-
trast to Melcher? who finds them necessary to
account for his data in MnF,. The terms of the
interaction Hamiltonian which give rise to acoustic
antiferromagnetic resonance with AM =1 are linear
in both strain and spin operators S, or S.. Those
terms which give rise to transitions between two
spin waves, i.e., AM=2 processes, are quadratic
in the spin operators S, or S_ and linear in the strain
operators. These selection rules preclude terms
due to exchange modulation,?® while single-ion mag-.
netostriction contribute to both AM =1 and AM =2

N

Wint =20 (361 (SE -5 €, + 3Gy[ 3 (57 +S2+{Sh, St~ H)]e

i=1

+ G44 \/_2- ({S}I;S‘Z}"' {S;(’ S;'})exy+ Guﬁ({s:‘n Szl }_' {S;(a S;,})En +2 G44 (silz -S ‘Yz) eyl),

plus a similar term for the second sublattice.

An inspection of this Hamiltonian shows that AM
=1 transitions are induced by strains €,,, €,,, €,,,
and €,,, whereas AM =2 transitions are induced by
all strains. The ultrasonic-attenuation coefficients
can be evaluated by use of the Golden rule,

27

a:% 72 [€i] 300 | 1) |2 6(w), (28)

with 7 and f denoting initial and final states, re-
spectively, and v the sound velocity. Evaluation
of Eq. (28) will be performed only for particular
propagation directions for which experimental data
are available.
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processes.
The interaction Hamiltonian thus depends only on
single-ion magnetostriction for ions on both sites,

(24)

We shall ignore the departure of GdA1O; from cu-
bic symmetry and obtain two identical terms for
each sublattice of the form

_npi F]
Hint=3Hs1 +3Cs1

N
Hine = 21 {260[BS7 -5 e
+(3S2-8% ¢, +BSE-5%e,,]

+ 2 G44[ {S;’ S;}exy+ {S;Q si}€yz+ {Si, S:}exl] } ’

(25)
where

{Sa;Sa}=SaSs +SpSy -

We shall express this coupling Hamiltonian in terms
of creation and annihilation operators of phonons
and magnons. First the spin components are
transformed into orthorhombic coordinates X, Y,
and Z, where [010] denotes the easy axis and is at
the same time the spin quantization axis Z (see
Fig. 1) with

S, 1 0 0 Sy
s, |=101~V2Z 1/V2 Sy (26)
s, 0-1N2 1NZ S,
One finds
gy + 3Gy [3(SF + S¥ - {85, 57D - %)
(27)

[
C. Ultrasonic-Attenuation Coefficients
1. Antiferromagnetic Acoustic Resonance

For longitudinal waves in the y direction ([110]
axis) the only nonvanishing strain is ¢,,, and Eq.
(27) reduces to

N
SES Tem El B(sE+sE+{s}, siH - Fle,,
i=

N
+3Gy 20 [3(S + S +{S%, S{}) - S e,, -

i=1
(29)
Keeping only terms giving rise to a resonant pro-
cess between one phonon and one magnon,
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N N
Hynt = 2611 El{s b s;}+El{S’z, SiPeyy (30)
i= ji=

is obtained.

Expressed in magnon operators ¢ and b defined
by the Holstein- Primakoff transformation of spin
operators followed by a Fourier transform,'® the
interaction Hamiltonian reads

Jcint =%Glls(zs)1/2 [(aq - ata + b;q - b:)c

q
—(a.,—al+b,-0")cl], (31)

where c: and c, are creation and annihilation oper-

ators of phonons defined in the following manner:

€y = (T, /2002 V)V 2 i(c et By clet® By,

(32)
Here w, /2r is the frequency of applied ultrasonic
waves, v,, is the velocity of sound propagating in -
the y direction and polarized along y, and pV is
the mass of crystal. The spin waves have been
assumed to be noninteracting.

In order to obtain a representation which diag-
onalizes the energy of the spin system, we apply
the Bogoliubov transformation to the magnon oper-
ators,

ay = a, coshé, + gl sinhg, ,
I (33)
b, = ay sinhé, +B, coshg, ,
with
tanh2, = — Hyy,/(Hz+H,) ,
where v, is defined in the usual way:
ve=(1/2)25 &% ¢,

Hy is the exchange field, H, the anisotropy field,
and z the number of nearest neighbors. The re-
sult of the transformation is

it = 3G11S(2S)Y 2 (7w, /4p1?)/? (coshe, — sinhg,)
x{[(aa - atq) + (B-a - B:)]cq
~[(a. = a))+(B, =L et . (34)

Only terms corresponding to the low-frequency
branch of spin modes need to be retained; thus

int = 1G11S(28)'/2 (Hw, /4pva®) %
X (cosh@, - sinh6,)(c B +clg,),  (35)

where a is the parameter of the pseudocubic unit
cell. Since we are interested in the ultrasonic at-
tenuation as a function of the magnetic field around
H, it is practical to introduce a spin-wave linewidth
g arising from a lifetime T7,,

glw=wg)=(To/m)[1+ T 3w — wp)?]™ . (36)

Straightforward algebra shows that maximum at-
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tenuation occurs at w, and is given by

adB/cm = 0.6G% S (w, /pv®a®#)(coshg, — sinhg, T, .

(37)
Experimental determination of the absorption maxi-
mum and the relaxation time T, from the reso-
nance linewidth allows in this case the coupling con-
stant Gy, to be evaluated.

Leaving the magnetic field in the direction of the
easy axis but changing the polarization and propa-
gation vector of the sound we obtain other effective
coupling constants. In particular for ¢ Il [001] and
{1 [010], where { denotes the wave vector and U
the direction of the displacement, the only nonvan-
ishing strains are ¢,, and ¢,,. The ultrasonic at-
tenuation is then given by

a=2.15|Gy|? (S%w, /pv*a’%) (coshé, +sinhg, )P T, .
(38)
2. Transition between Two Spin-Wave Modes

Longitudinal waves in the [010] direction imply
€,y = €;; = €,,#0. Keeping only two-magnon and one-
phonon operators in Eq. (27) one obtains

it = 107/ 2002 V)M 220, {(3G 1y —2Gyy)
X [Co @t poq+atal ooy +BEDY 4 oo +bpD )
= M ara. p. o +aJal g+ 04D g +DIBT 4 o)]
- 2(3G11 +4G44)[Cq(a;ak+q + bzbk-q)
- i (@jay.  +Dlb,. )]} - (39)

Assuming the phonon energy is less than twice the
magnon energies one can simplify by excluding
double creation or annihilation. In this case, ap-
plication of the Bogoliubov transform on operators
a and b yields

yne = 26w, /200 V)2 (3Gyy — 2Gag)

X 2 SInh(8,+6_ . ) @1B. 5. gCo = BT p-aCl] +

(40)
Here, we also take into account the linewidth due
to the finite magnon lifetime. The attenuation then
becomes

23~ _ 2
a=_112_S (5Gp ZG“) o,

n pv

X 25 sinhz(ok +6. k-q)(né keq = ng)g(wm —wg— wa) .
) (a1)
The sum over % can be replaced by an integral
over the Brillouin zone,

E-—-(E%gfj’kzsinededk. (42)
k

We put v,=3(1 +2 cosska) and obtain
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4.3, w236y =26y . 1
a_l(iwE S pva TszT z, 43)

where
eh wp/ kgT
(44)
The integral in Eq. (44) accounts for the contribu-
tions of all spin waves with frequency w().

For other ultrasonic polarization and propagation
directions, a similar expression for the attenua-
tion is obtained; only the coupling constant G
changes. In particular, for longitudinal waves
dil dn [001] the attenuation is given by

1=J %? d(ak)sinh®(6,+6_,_,
0

w§

=4,
@ 3 pvsaskBT

9
5.7 G 8* Tol (45)

3

with I as before.

IIl. EXPERIMENTS

A. Experimental Technique

By means of a method by Jacobsen®® 9-GHz ul-
trasonic waves are generated. For reflection mea-
surements a quartz transducer is glued on a
GdAlO; sample and mounted in a reentrant cavity
such that the quartz surface is mechanically ex-
cited by the piezoelectric effect. The electric

ULTRASONIC SIGNAL

!
Two-magnon
transition

L
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field is generated by a tunable magnetron with an
output of 10 kW at 8.5-9.5 GHz. The reflected
ultrasonic wave is detected by means of a classi-~
cal heterodyne receiver making use of the inverse
piezoelectric effect. For transmission measure-
ments a system of two identical cavities is used
where the sample is attached to two quartz trans-
ducers.

The ultrasonic attenuation was measured as a
function of temperature and magnetic field. The
signal received is fed into a boxcar integrator to
enhance the signal-to-noise ratio, and can be re-
corded as a function of some varying parameter.

Figure 5 shows such a record: The ultrasonic
attenuation is given as a function of the magnetic
field for a fixed temperature of 1.7 °K. Temper-
ature control was achieved by regulating the pres-
sure above the liquid-helium bath. Allen-Bradley
carbon resistors were used to measure the temper-

ature.
GdAlQO; samples were grown from a PbO-PbF,-

B,0; solution®” and oriented by x rays to better
than $°. Most data were taken on different thin
plates with thicknesses of 0.15-1 mm along the
[001], [010], and [110] directions. The surfaces
were optically polished to allow a plane wave to
propagate through the surfaces. In all measure-
ments the external magnetic field was applied in

Antiferromagnetic Spin-flop

resonance transition

l H (KG)

5

i0

FIG. 5. Ultrasonic signal as a function of magnetic field applied in the [010] direction of GdAlO;., Ultrasonic waves

have f=8.6 GHz, are polarized along [001], and propagate along [110].

T=1.7°K.



[ ANTIFERROACOUSTIC RESONANCES AND MAGNETOELASTIC... 2759

TABLE I. Experimental data. All data have been taken at an ultrasonic frequency of 9 GHz and at a temperature of
1.7°K. Only exception: fifth line, kIl [001], @l [010], temperature=2, 65 °K.

Sound Attenuation in
velocity flop phase
(10° cm/ sec) Low-field line Resonance line (dB/cm)
kil [o10], @il[010] 7.3+0.3 (1650 +100) G >100
1 dB/cm
kl[oo1], wll[oo1] 6.6+0.3 (1750 +100) G ~15
0.5 dB/cm
kli[110]1, ali[110] 6.3+0.3 9100 G ~50
1200 dB/cm
kli[110], ull[001] 4.0+0,3 (1650 +100) G 9100 G ~ 5
0.7 dB/cm 100 dB/cm
kli[oo1], ulifo10] 4,3+0,3 7700 G ~10
14 dB/cm
k [1101 , 1 [170] 4,8+0,3 >20

the b direction. Alignment of the sample with
respect to the external field was checked by means
of the position of the AFMR line which occurs in a
magnetic field minimum if the misalignment angle
is null.

B. Experimental Results

Attenuation data have been taken for the following
ultrasonic polarizations; the corresponding sound
velocities are given in Table I.

a. Longitudinal waves with K131 b. An ultra-
sonic-absorption line of 0.7-dB/cm amplitude is
observed at an applied field of (1650+100) G. It
has a linewidth of 1000 G at 1.6 °K and broadens
rapidly beyond detection at 2.2 °K (Fig. 6). Its
position, however, is temperature independent.
No absorption line is observed at 9 kG unless the
magnetic field is misaligned by at least 0.5°.
Above 12 kG the ultrasonic absorption becomes
very large, a>50 dB/cm.

b. kndne. The same behavior is found for the
1650-G line and for the 12-kG absorption edge as
in the previous case.

c. ki1a[110], af 45° to b. No absorption line
is detected at 1650 G but the 9-kG line is very
strong (1200 dB/cm). Its position and its linewidth
were measured as a function of temperature (Figs.
6 and 7) between 1.6 and 3.5 °K. The 12-kG ab-
sorption edge is again observed, but it is less
strong than for the preceding configurations.

d. Transverse waves, kK1 [110]11[001]. Al
three lines are observed (Fig. 5).

e. ki [001]11[010]. Attenuation is observed
only in the flop phase.

f- ki [o01]dn [010]. Same as 3.

Ultrasonic absorption was also measured as a
function of temperature at zero magnetic field.
Only two cases yield any information.

(i) For ki1 [110] an attenuation maximum is
found at 3.5 °K, just slightly below the Néel tem-
perature. The line is 0.3° wide and has an ampli~-

1.7°K
ULTRASONIC SIGNAL.
2.04°K
2.4°K
2.75°K
n . . _H kG)
7 9 1

FIG. 6. Acoustic antiferromagnetic resonance in
GdAlO;. Magnetic field along [010]. Ultrasonic polariza-
tion and propagation along [110]. f=9 GHz (the shift of
the curves along the vertical axis is quite arbitrary).
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Line width (G)

4000

3000

20001

1000+

(X=)

FIG. 7. Width of anti-
ferromagnetic acoustic
resonance in GdAlOg as
a function of tempera-
ture. Circles: data
points from sample with
0.15-mm thickness;
triangles: samewithl-mm
thickness.

—4_z—|

T (°K),

tude of 1 dB/cm.

(ii) For K1 [110]U1 [001] the attenuation maxi-
mum is observed at the Néel temperature. Is
amplitude is 4 dB/cm, the width about 1°. The
data are shown in Fig. 8 and summarized in Table
I. Separate values for the coupling constants G,;
and G4 were deduced from each measurement of
the absorption amplitude. Sound-velocity data
were also taken at 30 and 90 MHz using pulse-
superposition techniques. To the experimental ac-
curacy of 10~ for relative measurements there was

x(dB)

k 111101

dli[oo1]

»F

no sign of any phase change from 1.4 to 400 °K but,
a slight softening of elastic constants at elevated
temperature. The sound velocities at room tem-
perature are given in meters per second:

V,,=6250£2, V,,=3690+10, V,=4690+10,

V,,=7145£2, V,,=4490+10, V,=6718+2.

Here x, v, and z are the directions along the or-
thorhombic axes a, b, and ¢. The corresponding
elastic constants are (in units of 10! dyn/cm?

FIG. 8. Ultrasonic attenua-
tion in GdAlO; as a function of
temperature for three different
ultrasonic polarizations. Zero
magnetic field, f~9 GHz.

+ 0+ L S S e

khdll [o10]

TCK)




6 ANTIFERROACOUSTIC RESONANCES AND MAGNETOELASTIC... 2761

TABLE II. Experimentally determined magnetoelastic coupling constants.

Ultrasonic Kl[110] Kkl [010]
wave dl[001] alfo10]

Line Two-magnon Two-magnon
observed line line

M toelasti
agnetoe astic Gyl =0.5 128Gy —2Gy, | ~1.25

constant (cm™)

kil [o01] kil [110] kil [001]
all[oo1] all [110] all [010]
Two-magnon AFMR AFMR

line

1Gy11=0.75 |Gy 1=0.7 IGyl=~0.2

density =17. 43 g/cm®):
C1=29.12+0.02,
Css=33.53£0.02
Css=16.340.1

C22= 37. 93 :I:O. 02 5
Cu=14.9820.1 ,
Cee=10.1220.1

IV. DISCUSSION

Here we shall interpret the experimental result
in terms of the theory advanced in Sec. IL

The 9-KkG line is attributed to the resonance with
the low-frequency spin wave, whereas the 1650-G
line arises from a transition between the two spin-
wave modes. Two magnetoelastic coupling con-
stants were determined by means of a comparison
of the experimental attenuation amplitude and line-
width with the corresponding theoretical expres-
sions. The details are shown in Table II. Two
different evaluations based on the two lines ob-
served give compatible results, namely,

|Gyl =0.7+0.2 cm™, 1G,!=0.3£0.2cm™,

Furthermore, the selection rules were verified for
the antiferromagnetic-acoustic -resonance line.
The two-magnon line should also obey selection
rules, but its low intensity precludes verification.
The maximum absorption of the AFMR line occurs
at a magnetic field which varies with temperature.
The field variation is shown to be compatible with
a mean-field model description.

Study of the position of the AFMR line with re-
spect to the critical field at different temperatures
reveals the presence of the soft mode in the AF
mode driving the spin-flop transition. This ob-
servation of the soft-mode frequency as a function
of T, and H is consistent with the static parameters
describing antiferromagnetic GdAlO;, and with
electromagnetic AFMR data by Thomas and
Rohrer. Observation of the AFMR linewidth gives
additional information on the lifetime of spin
waves.

The temperature-dependent linewidth can be ex-
trapolated to 7=0, where AH#0 supposedly arises
from inhomogeneities of the crystal. The experi-
mental linewidth can thus be separated in AH,,,,
= AH(0) + AH(T), where AH(T)={Tj} is attributed to
lifetime broadening.

The two-magnon line can also be considered as
lifetime broadened, in which case the linewidth
should increase with temperature. An alternative
possibility is broadening due to transitions between
different points of the dispersion curves. An esti-
mate of the “dispersion linewidth” gives a temper-
ature-independent 30 G. Obviously, the experi-
mental results shown in Fig. 5 strongly favor life-
time broadening of the two-magnon line.

At zero magnetic field the attenuation of longi-
tudinal waves along [110] as a function of tempera-
ture shows a maximum at 3. 5 °K and an effective
width of 0. 3°K. The hypothesis that this attenua-
tion is due to resonance with the zero-field mag-
non is compatible with the magnon position, its
lifetime, and the selection rule of the coupling
which allows coupling only for wave propagation in
the [110] direction. Indeed no attenuation was found
forKidns, c.

The attenuation maximum for transverse waves
right at T, is supposed to arise from a mechanism
connected to the transition. We do not offer any
explanation for this attenuation maximum nor for
the strong attenuation found for all polarizations in
the flop phase, i.e., above 12 kG. A systematic
study of this latter problem is under way and will
be published later.

V. CONCLUSION

We have demonstrated experimentally the pres-
ence of several ultrasonic-absorption mechanisms
in GdAlQO;. These observations were possible ow-
ing to application of high-frequency ultrasound.

Interpretation of the data is supported by a theory
of ultrasonic attenuation which takes into account
spin-phonon interaction and single-ion magneto-
striction. From AFMR data and theory we deter-
mine the two-magnetoelastic coupling constants Gy,
and G,. This determination of G from AFMR is
consistent with the one from the two-magnon reso-
nance, which indicates that the molecular-field ap-
proach is adequate in the AF phase of GdAIO;. A
comparison of the values for G with those in MnF,
shows a low coupling constant for GdAlO; indicating
weak coupling of Gd** spins to thelattice. Inparticu-
lar, the attenuation of soundaround the Néel temper-
ature at zerofield provedtobetoo weak to allow con-
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clusions to be drawn on the transition mechanism.
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The magnetic anisotropy of single crystals of the ferromagnetic cubic spinel Cd,_,Fe,Cr,S,
with x=0.005, 0.01, and 0.02 was studied by ferromagnetic resonance at 9 and 34 GHz. The
anisotropy observed at 4.2 K can be explained on the basis of strongly anisotropic Fe* ions on
cubic tetrahedral sites. In the crystal field model used, the cubic °E ground state is split by
exchange and spin-orbit interactions. The model provides a good description of the tempera~-
ture-dependent anisotropy at temperatures below 15 K, with Ay X 200 cm ! and 5 =6(7\2/Ac+ p)

- =13+1 em,

I. INTRODUCTION

The cubic spinel crystal FeCr,S, is known to
exhibit a large magnetocrystalline anisotropy at
temperatures below 50 K. This anisotropy has
been attributed to the single-ion anisotropy of the
ferrous ion on the tetrahedral site.! From mag-
netization data it was shown that the cubic axis is

the preferred direction. Mossbauer experiments
by Eibschiitz ef al.? showed the presence of a
quadrupole splitting which has the same origin as
the anisotropy. However, Hoy and Singh® ob-
served a deviation from axial symmetry in the
Mossbauer spectrum between 61 and 186 K. The
spectrum at 4. 2 K shows very clearly the presence
of low-symmetry crystalline fields.®



