PHYSICAL REVIEW B

VOLUME 4,

NUMBER 5 1 SEPTEMBER 1971

Nuclear Acoustic Resonance of Mn®® in Antiferromagnetic RbMnF, t

J. B. Merry* and D. I. Bolef
Avthur Holly Compton Labovatory of Physics, Washington University,
St. Louis, Missouri 63130
(Received 2 February 1971)

An intense frequency-dependent absorption of ultrasound in antiferromagnetic RobMnF3 has
been observed and attributed to resonant phonon coupling to the manganese nuclear spins.
At 4.2 K, the maximum resonant absorption using longitudinal waves at v=650 MHz was much
greater than 40 dB/cm and was accompanied by a dispersion (shift in acoustic velocity) of

greater than 1%.

Both the field-dependent and field-independent modes, with the electronic

spins in a flopped configuration, have been studied. The observed nuclear acoustic resonance
absorption and dispersion are well accounted for by the magneto-elastic theory of Fedders. A
semiclassical model of the magneto-elastic theory, which agrees in most respects with that of

Fedders, is described.

It is shown further that this model can be extended to explain the coup-

ling of ultrasound to the nuclear spins of magnetic atoms (e.g., Mn® in MnTe) and nonmagnetic
atoms (e.g., T in RbMnF;) in other antiferromagnets.

1. INTRODUCTION

The strong resonant interaction of ultrasound
with both the field-dependent and field-independent
Mn®® nuclear acoustic resonance (NAR) modes in
the cubic antiferromagnet RbMnF; has been ob-
served by the present authors*? and by Platzker
and Morganthaler.® The nuclear acoustic resonance
of Mn® in antiferromagnetic MnTe has been re-
ported by Walther. 45 A detailed theory of the in-
teraction of acoustic phonons with the coupled sys-
tem of electronic and nuclear spins in a cubic anti-
ferromagnet, with particular reference to RoMnFj,
has been given by Fedders.® In this theory, the
mechanism coupling the nuclear spins and the pho-
nons is a magneto-elastic one, first proposed by
Silverstein in his theory of NAR in uniaxial anti-
ferromagnets. Another mechanism for the Mn®®
spin-phonon coupling has been proposed by
Shrivastava and Stevens.®

In this paper, we present a more detailed report
of experimental studies of Mn% NAR and of elec-
tronic spin-phonon coupling in RbMnFj in the ultra-
high-frequency (uhf) region. We present results
on both the field-dependent and field-independent
Mn®® nuclear resonance modes, and compare these
results with the predictions of theory. Excellent
agreement is found with the magneto-elastic theory
of Fedders. In Sec. II, we propose a semiclassical
model which is then utilized to derive the angular
dependence of the magneto-elastic interaction.

In this section, we also write the equilibrium condi-
tions for the sublattice magnetization in a con-
venient general form. The experimental results
obtained from acoustic absorption and dispersion
measurements made in the uhf region are presented
in Sec. III. In Sec. IV, we interpret these results
and compare them in detail with the predictions of
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the magneto-elastic theory. In Sec. V, we show
that this magneto-elastic NAR theory can be ex-
tended to the nuclei of other antiferromagnets
(e.g., Mn® in MnTe and F'° in RbMnF;).

II. THEORY OF NUCLEAR SPIN-PHONON COUPLING
IN RbMnF,

A. Magnetic Properties of RbMnF,

RbMnF; is a cubic antiferromagnet with a Néel
temperature 7y of 83 K. The magnetic properties
of this antiferromagnet can largely be described
in terms of internal fields: the anisotropy field
H,, the hyperfine field Hy, the nuclear polariza-
tion field Hyg, and the exchange field Hy. The
anisotropy field is strongly dependent upon crys-
talline impurities; H, has been observed to.vary
from 4.59 to 0 Oe as cobalt doping was increased
from 0 to 620 ppm.® Even in crystals grown with-
out intentional impurities, H, has been found to
vary from 3 to 4.59 Oe. "% The hyperfine field
ﬁN is parallel to the sublattice magnetization ﬁo.
The hyperfine frequency vy=vyHy/2r=686.2 MHz
at 4.2 K; vy is the nuclear gyromagnetic ratio for
Mn®®. The Mn nuclear polarization field seen by
the electrons is Hyg = (9.43/T) Oe and is also par-
allel to M,.'® The exchange field as determined by
Ince!® is Hg =0.816x10° Oe for T=4.2 K.

The calculated magnitude of the sublattice mag-
netization M, for each sublattice is 305 Oe at the
zero-temperature limit where the thermal average
of the electronic spins (S)=3. The orientation of
the sublattice magnetization is essentially perpen-
dicular to the applied field H, when H, > (2Hg H,)'/?
(~2 kOe). When in this spin-flopped state, the
magnetization M, is canted toward H, by a small
angle t=H,/2H;. All measurements reported in
Sec. III were taken in the spin-flopped state.
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RbMnF; has been the object of extensive studies
of Mn®® nuclear magnetic resonance (NMR) and
antiferromagnetic resonance (AFMR). 1013~ The
strong hyperfine field in RoMnF; puts the nuclear
resonance frequency in the uhf region; the small
anisotropy field puts the AFMR frequency in the
X-band microwave region. The combination of
small H, and large hyperfine constant A causes
these nuclear and electronic modes to be strongly
coupled. This strong electron-nuclear coupling
gives rise to a large frequency pulling of the
nuclear modes by the electronic modes. As for any
antiferromagnet in a spin-flopped configuration,
RbMnF; has two nondegenerate AFM modes. The
resonance frequencies of the field-dependent (w,,)
and the field-independent (w,.) antiferromagnetic

modes are given by'**
Wes=Ye(H§ + 2Hg Hyg +3BHg Hy)'/ 2, (1a)
W=7 (2Hg Hyg +3CHg Hy)'/? | (1b)

where 7, is the electronic gyromagnetic ratio, and
B and C are functions of the orientation of H,. The
coupling of these AFM modes to the nuclei gives
rise to two nondegenerate nuclear modes whose
resonance frequencies are given by'®

Wp=wy[1 = 2y2Hg Hyg /(0,2 2, (2)

where wy (=y,Hy) is the unpulled Mn® resonance
frequency. The w, mode is field dependent and

the w,. mode is field independent. Only the w,,
mode has been observed by NMR with the spins in

a flopped configuration. '*'" Further information

on the properties of RoMnF; and its magnetic modes
can be found in the doctoral dissertations of
Melcher!® and of Ince.®

B. Rigorous Magnetoelastic Theory of Spin-Phonon
Coupling

In the magneto-elastic theory of Fedders, ® cou-
pling of ultrasound to the coupled system of elec-
tronic and nuclear spins proceeds via a modulation
of the effective anisotropy field. This modulation
causes a rocking of the sublattice magnetization,
resulting finally in a coupling of energy to the
nuclei via the hyperfine field. Fedders has applied
this theory to calculate the acoustic dispersion and
absorption in a cubic antiferromagnet. For a
flopped spin configuration, and for |w —w,| and
|w —w,| much greater than the nuclear and anti-
ferromagnetic linewidths, respectively, the cal-
culated acoustic dispersion is given by

Ve

2vi
Aw,(sect)= 1% wow
* pM v

2wy Wyg W5 1 ]
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where I', is a function dependent only on the orien-
tation of ﬁo for a given acoustic propagation vector
E, p is the density, v is the acoustic velocity, b, is
a magneto-elastic coupling constant, wg=7y,Hg,
and wyg =7, Hyg. This calculation was made con-
sidering longitudinal waves propagating along a
cube axis. The first term in the brackets is due
to the nuclear spin-phonon interaction via the elec-
trons; the second term is due solely to an elec-
tronic spin-phonon interaction. The corresponding
NAR absorption near nuclear resonance is given by

_ 2my, wiwypwy [ @ 2
o e (S0) rdw), @
where g(w) is the Lorentzian line-shape function.
This magneto-elastic theory is more than a theory
of nuclear acoustic resonance. The contribution
from the antiferromagnetic modes in the uhf region
can be comparable to the nuclear acoustic disper-
sion.

C. Semiclassical Model of Mn®> NAR

Results similar to those reported by Fedders can
be obtained from a semiclassical calculation simi-
lar to that suggested in Silverstein’s paper.” Al-
though the method is less general than that used
by Fedders, it gives physical insight into the cou-
pling mechanism and aids in the construction of a
simple model. Using this model, the angular
function T’y can be readily calculated for arbitrary
field configurations. The nuclear spin-phonon in-
teraction is treated in terms of an effective rf field
H, (perpendicular to I,) interacting with the nuclear
dipole moment. The interaction Hamiltonian is then

o=y il Hy= v, il (et + 1 e ),  (5)

where H, is the field produced by time-dependent
crystalline strains e;; (ultrasonic waves). Follow-
ing a standard perturbation treatment, one can
derive an acoustic absorption coefficient «, (in
units of rad/sec)2"2!,

22
a,(sec™) = ﬂ%ﬂggu—)g(w) , (6)
where N is the number of spins and (I) is the
thermal average of the spin angular momentum.
An expression for H, may be obtained by noting
that the presence of ultrasonic strains gives rise
to an effective magneto-elastic field ﬁus given by

ﬁME =V Evg » (7
where??
by . » by
EME=A72“EM£614+MT 2 M;Mjey; . (8)
0 i=1 0 i>jF

The nuclei, however, see a field much larger than
Hyg. As in the case for Mn NMR in RbMnFj, ¢
there is a large enhancement of the induced rf field
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FIG. 1. Electronic (+) mode w,, excited by a magneto-
elastic field Hyy in a spin-flopped antiferromagnet. ¢
(~0.2°) is the tilt angle of M, and (1) and (2) indicate the
different magnetic sublattices.

by the electrons.. The time-dependent field seen

by the nuclei comes from a magneto-elastic modula-
tion of a large hyperfine field. The details of the
model are most easily derived for a spin-flopped
uniaxial antiferromagnet, schematically shown in
Fig. 1. The results are readily extended to a cubic
antiferromagnet. It is convenient at this point to
introduce a new quantity, H,, the constraining
field. The sublattice magnetization is constrained
to its equilibrium configuration by the components
of the internal field H, and the applied field H, that
are parallel to ﬁo; this field will be called the con-
straining field. If a magneto-elastic field Hyg per-
turbs the sublattice magnetization as shown in Fig.
1, then 1\710 would rock through an angle g given by
B=Hyg /H,. The effective field Hyy perpendicular
to M, excites the electronic modes. Consider, for
example, the effect of a component of Hyy parallel
to H, as shown in Fig. 1. This configuration of

Hyz causes the sublattice to gyrate about an axis

perpendicular to the plane of the figure. The con-
straining field is then
Hf | we
H,(+)=H,+Hysint=H, + e " 2o (9)

where w,, =7, (HZ + 2Hz H,)''?, the frequency of the
field-dependent mode for a uniaxial antiferromag-
net. A component of Hyy perpendicular to H, and
1\_/10, on the other hand, causes the sublattice mag-
netization to gyrate about an axis parallel to ﬁo.
The constraining field in that case is

H(-)=H,=wl /2y, wg , (10)
‘where w,.=v,(2Hz Hy)'/?, the frequency of the field-
independent mode for a uniaxial antiferromagnet.
Equations (9) and (10) can be extended to apply to a
cubic antiferromagnet by using the definitions of
w,s given in Eq. (1). The constraining field may
always be found from the equation for the antifer-
romagnetic resonance frequency since, in general,
(we /’ye)z: 21{E Hc°

The perturbing field is given by
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2AS ”
Hy()=Hytang = 7 z wEE' Hye- &,
Y n Wes

(11)
where 2, =H,/1,| and &_= MyxH,/I M,| |H,l. The
acoustic attenuation can now be written as

o= TNRw <2AS)/G Wg
" 4poME N\ hwi,

where we have set (Hyg - 8,)%=BZT, el /MZ. Using
conventional definitions of Hy, Hyg, and M,, the
acoustic attenuation can be written in a form sim-
ilar to that of Fedders [Eq. (4)]%:

2 WEWyg Wy W
aﬁ[ ke —Luf—”—g(w)]BfF, .
pv'M, Wex

If g(w) is replaced by a Lorentzian line for which
|w -w,| is much greater than the nuclear linewidth,
then Eq. (13) and Fedders’s expression differ only
by a factor of wy/w, This difference arises be-
cause the correlation of nuclear and electronic
spins was not considered here as it was in Fed-
ders’s derivation. The NAR coupling to the nuclear
spin of the magnetic atom described by Eq. (13) is
basically the same for any antiferromagnet. Only
the angular dependence BT -and the exact form of
w, depend on lattice symmetry. Silverstein’s
equation for a uniaxial antiferromagnet,’ for ex-
ample, can be shown to be identical to Eq. (13).
Using the present semiclassical model, the
NAR coupling described by Eq. (13) can be inter-
preted as resulting from the excitation of the
nuclear mode w,, (w,.) via the corresponding elec-
tronic mode w,, (w,.). The magneto-elastic field
that couples to the electronic magnetization differs
in sign at different sublattices. The electronic
mode is thus excited by the component of ﬁME par-
allel to the major axis of precession of the mode.
From these considerations, it can be seen that
the NAR interaction should be strong for both
nuclear modes. Nuclear magnetic resonance, on
the other hand, is observable only for the w, mode
in the spin-flopped regime.

)2 BIM(I)glw), (12)

(13)

D. NAR Angular Dependence and Equilibrium Conditions

The angular dependence BT of the interaction
may be evaluated explicitly by using Eqs. (7), (8),
and the expressions for €, and &_ given above.

The angular factor is a function of the three angles
shown in Fig. 2. The position of H, in a given
plane is specified by the angle §, and the position
of 1\7fo is specified by 6 and ¢. It is more con-
venient to write the angular dependence in terms
of a single experimentally measurable angle, 3.
To express 6 and ¢ in terms of , the magnetiza-
tion equilibrium conditions are needed. We derive
the equilibrium conditions for the spin-flopped
case for f, anywhere in the (100) and (110) planes.
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FIG. 2. Spherical angles used to describe the orienta-
tion of the applied field H; and the sublattice magnetization
i, .

These conditions have been given previously for
H, along three discrete directions.!!

When the electron spins are completely flopped,
the electronic magnetizations lie in a plane perpen-
dicular to H,, and their position in that plane is
determined solely by the anisotropy energy?%:

Ey=K/M§MEME +M2M2 +M2M2) (14)

where K is the anisotropy constant for cubic
RbMnF;. The coordinates x,y, and z are coincident
with the [100], [010], and [001] crystal axes, re-
spectively. The equilibrium conditions are most
easily determined by specifying the spin orientation
with respect to a transformed coordinate system
with the z’ axis parallel to H,, in which case

6'=90° and ¢’ is the only variable. The equilibrium
condition in the transformed system for H, in the
(100) plane is®

%3%‘2") = (4 - sin®2)) sin®’ =20 .

For , in the (170) plane, the equilibrium condition
2
is

(15)

.o, 8in%p’(1+4 cos?p ~ 3costy)
sin2¢ {+2c052¢/(1 —3cos?y) - ll’b } =0. (16)
For 0 < ¥ < 54.7° with H, in the (110) plane, the
stable equilibrium condition is given by sin2¢’
=0, i.e., 6=90+y. For 54.7<9<180-54.7, the
bracketed factor gives the stable solution.

Using these equilibrium conditions and the as-
sociated transformation equations, the angular de-
pendence BT, can be written in the form shown in
Table I. The symbol ¢ denotes the direction of
polarization of the acoustic wave.

III. EXPERIMENT

A. Experimental Techniques

The specimen of RbMnF, used in this study was
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the same as that used by Melcher and Bolef in their
study of F!® NAR.!2 The crystal (S3A by their
designation) was cut and polished so that the ultra-
sonic propagation vector K was parallel to a cube
edge. We choose K [001]. To generate longitudinal
ultrasonic waves, cadmium sulfide piezoelectric
transducers were evaporated onto the plane parallel
faces of the crystal. Changes in velocity and at-
tenuation were measured by means of a sampled-

cw transmission spectrometer. This technique

has been described in detail by Miller and Bolef. ®
The data were taken with T ~4 K and H, > (2Hz H,)'/2

B. NAR Absorption

Both the field-dependent (+) and the field-inde-
pendent (-) nuclear modes were observed to give
rise to an extraordinarily intense acoustic absorp-
tion at resonance. The intensity of the absorption
rendered unnecessary the use of the usual sensitive
NAR detection techniques. For ﬁo along a cube
axis, the NAR absorption vanished. As ¥ increases,
the absorption increases markedly, from approxi-
mately 6 dB/cm for =1°to 30 dB/cm for ¥ =10°.
For $=45°, the NAR absorption was a maximum
and was so intense that the swept frequency pattern
was obliterated.! The absorption at the center of
the resonance was too great to be measured easily.
Measurements in the wings of the (+) mode showed
that the maximum attenuation was much greater
than 40 dB/cm.

The field dependence of the NAR frequency v,,
is shown (solid dots) in Fig. 3 for T=4.20 K,
$=0.3°, and H, in the (100) plane. For v=662.27
MHz, $=0.7°, and T=4.8 K, the field at the center
of the (+) mode absorption line was 6.857 kOe and
the field width at the half-power points was 56 Oe.
The line shape of the (-) mode (data not shown) was

660 T T T T T

— THEORY
* EXP.

640

620

FREQUENCY (MHz)

600

580,

1 " 1 1
4.0 50 6.0
MAGNETIC FIELD (kOe)

FIG. 3. Nuclear acoustic resonance frequency v,,
versus the applied field H,. H; is in the (100) plane,
$=0.3°,
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determined by measuring the difference in power
absorption for $=0° and $=10°, Since the NAR ab-
sorption was observed to vanish for $=0°, the dif-
ference of the power absorption at the two angles
was attributed to NAR. The width of the (-) mode
NAR line at its half-power points, when

Hy=6.00 kOe, $=10°, and T=4.3 K, is approxi-
mately 16+3 MHz. The center resonance frequency
of this mode was found to be 555 + 2 MHz.

C. NAR Dispersion

NAR dispersion was measured as a function of
frequency and field angle for Hj in the (110) and
(100) planes. With the field in the (110) plane,
only the (+) mode was observed when § <54.7°.
When § > 54.7°, the (-) mode appeared as a strong
absorption and dispersion ranging in frequency from
600 MHz to approximately 470 MHz. Hysteresis
effects were evident, as previously reported by
Teaney et al.'® in their studies of antiferromagnetic
resonance. With the field in the (100) plane, the
NAR dispersion as a function of frequency was mea-
sured near v,, for Hy=6.00 kOe and T=4.18 K.

The frequencies of several mechanical resonance
peaks were measured for $=0° and y=10.8°. Since
the NAR coupling vanishes for $=0°, the dispersion

J. B. MERRY AND D. I.
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at ¥(10.8°) is given by Av=v(10.8°) —»(0°). Dis-
persion versus frequency for the v,, mode is plotted
in Fig. 4.

NAR dispersion versus field angle { was measured
at two frequencies, v(y=0°)=671.05 and 599.31
MHz, for Hy=6.00 kOe and T=4.18 K. Graphs of
Ap(p)=v(P) —v(0°) versus P at these two frequencies
are given in Figs. 5 and 6, respectively.

IV. DISCUSSION
A. Linewidths and Line Shapes

To make meaningful comparisons between theory
and experiment, accurate and self-consistent
values of vy, Hyg, Hg, and H, are needed. The
anisotropy field H, may be obtained from the nu-
clear resonance frequency data for v,.. From these
data, using Egs. (2) and (1b), one obtains H, =2.92
+0.05 Oe. Using this value for H,, and the values
Hz=0.810%x10° Oe, Hyg=(9.43/T) Oe, and vy
=686. 2 MHz, a theoretical fit of the v,,-versus-H,
data shown in Fig. 3 was obtained. The mean devia-
tion between theory and experiment was less than
0.02%.

The field width (6H) and the frequency width (6v)
of the (+) mode are not related simply by the nuclear

TABLE I. Angular dependence of the magneto-elastic NAR interaction in a cubic antiferromagnet..

Conﬁguration

of Hyand k BT,

Blr,

H, in (100) 2b}sin®2y
4-sin“2y

¥ 10 I [001]

8b% (2—sin®2y) sin’y
(4—sin’2y)?

Hy in (170 b?sin22y

For §<54.7°

K1ongl [001] b3(1—-3 cos?y) sin’2yp

3cos4y)—10 cosZp+3

For ¢ >54.7°

4b% (1- 3 cos%p) sin%y

” 3 coshy—T cos’y +2
(3cos%y—10 cos®p +3)?

H, in (100)
2b% cos?2y
4-51n229

2b%cos® 2
4—-sin“2y

Kiong Il [011]

_ Hy in (100)
Kepags I [001]

2(b;—by sin®2y)?(2—sin?2y)
(4—sin229)?

2b% (2-sin®2y) sin?2y

2 Il [010] -sm’y)?
Fom 001} Hecscots =
21l [100]
For <54.7°
. Hyin (170)
K trags | [001] b3 cos?2y 0

el [110]
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FIG. 4. Calculated and observed dispersion (Av,,)
versus frequency (v) for Hy=6.00 kOe and H; in the (100)
plane.

gyromagnetic ratio. The field dependence of v,,
comes from the pulling term in Eq. (2): v, =vy
X[1 - 2Hg Hyg /(HE + 2Hg Hyg + 3BHg Hy)['/ % The
calculated frequency width of the (+) mode NAR ab-
sorption line is 6v,,=0.40 MHz, in agreement with
the (+) mode NMR linewidths previously re-
ported. % The NAR absorption linewidth of the
(=) mode is 16 +3 MHz, 40 times greater than that
for the (+) mode.

The linewidth of the (+) mode in RbMnF, for
H;<10 kOe has been partially explained by Weber
and Seavey® in terms of inhomogeneities in the anti-
ferromagnetic spectrum. They reason that such in-
homogeneities, acting through the frequency pulling
mechanism, cause a broadening of the nuclear line-
width, Similarly, the large difference between the
linewidths of the (+) and (~) NAR modes reported in
this work can be explained in terms of an inhomo-
geneous anisotropy field. Linewidth calculations
assuming a +0.30 Qe variation of H, give v,
=0.36 MHz and 6v_=19 MHz, in good agreement
with experiment. The inhomogeneities are at-
tributed to the anisotropy field since H, has been
shown to be strongly dependent upon crystalline
impurities.®

The NAR absorption line shape is approximately
Gaussian. NMR line shapes similar to this have
been reported by Weber and Seavey® and by
Freiser ef al.'® NAR dispersion measurements
were used to obtain the line shape in the wings,
several megahertz away from the center of the
resonance line, where inhomogeneous broadening
should be absent. The dispersion line shape in this
region was found to be Lorentzian. An example
is given in Fig. 4, in which the Ay, -versus-v data
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1577

are fitted well by a Lorentzian curve over a range
of 8 to 35 half-linewidths. Also, in the following
section, good agreement is found between theory
and the Av-versus-y data if a Lorentzian line shape
is assumed.

B. NAR Intensity and Angular Dependence

The observed intensities of the NAR absorption
and dispersion lines are accounted for by the mag-
neto-elastic theory. The peak absorption for the
(+) mode was calculated to be 10® dB/cm; for the
(-) mode, 10°dB/cm. In both cases, H,=6 kOe.
Since measurements of dispersion were more
readily and accurately made than those of absorp-
tion, quantitative comparison between theory and
experiment will be made for both magnitude and
angular dependence of the dispersion for four
cases.

1. Av versus y; Hyin (100) plane and v(0°)=671.05
MHz

In Fig. 5 are shown the values of the dispersion
as a function of § for the (+) mode (dashed line)
and (- ) mode (dot-dashed line) calculated for
Eq. (3), with the angular dependence taken from
row 1 of Table II. The solid line, representing the
sum of Ay, and Av_, shows excellent agreement
with the experimental data. The only adjustable
parameter in these calculations was b,, which was
set equal to 2.14%x10% erg/cm?® for the best fit. This

T I T I T — T
THEORY
300 VY WW=0=67105 MHz ———A,, —
H,=6.00 kOe ——Au
Ho in (100 Av,+Au.
250
N 200
I
X
150
A
4
100
50
(o]
\} (DEGREES)
FIG. 5. Calculated and observed dispersion (Av) versus

field angle () for H,=6. 00 kOe, ﬁo in the (100) plane, and
v(0°)=671, 05 MHz.
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(0] 10 20 30 40 50 60 70
Y (DEGREES)
FIG. 6. Calculated and observed dispersion (Av) versus

field angle @) for H, =6.00 kOe, ﬁo in the (100) plane, and
v(0°)=599. 31 MHz.

value is close to that [b; = (2. 05+ 0.05)x 10%] obtained
from the 30-MHz magneto-elastic data of Melcher
and Bolef!'? when H, is assumed to be 2.92 Oe. The
data shown in Fig. 5 were taken under conditions
such that v_=540 MHz and v, = 655 MHz, so that
V>v,, v>v,, and the nuclear dispersion for both
modes was positive. The presence of a large nega-
tive contribution to the dispersion from both elec-
tronic modes is indicated in Fig. 7, in which the
dashed line represents the nuclear dispersion

(Av,, +A4p,) and the solid line represents the cal-
culated total dispersion. (The solid line in this
figure corresponds to that in Fig. 5.)

2. Av versus ; Hyin (100) plane and v(0°) =599. 31
MHz

In Fig. 6, the calculated total dispersion (solid
line), as well as the separate contributions of the
(+) mode (dashed line) and the (-) mode (dot-
dashed line), is shown. The same value of b,
(2.14%10°%) as used above was used in these calcu-
lations. In the present case, v >y, and v <v,,;
therefore, the (+) nuclear mode makes a negative

TABLE II. Constants by and Hy for RbMnF;
(specimen S3A).
Source b,(10% erg/cm?) H, (Oe)
Mn®5 NAR data 2.14 0. 04 2.92+0.05
30-MHz 2.05+0.05 3.09+0.20

magneto-elastic
data (Ref. 12)
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contribution to the dispersion. For large angles,
the dispersion is determined almost entirely by a
positive contribution from the (=) nuclear mode.
As can be seen from Fig. 6, the theoretical and
experimental curves agree for { <50° but begin to
diverge for  >50°. This discrepancy may be ex-
plained qualitatively by the large linewidth of the
(=) mode which limits the accuracy with which v,_
can be measured.

3. Av versus ¥; H, in (110) plane

For 0° < <7°, the observed dispersion (data not
shown) in the vicinity of »,, was found to follow a
sinzzz,b dependence as predicted by theory. The
(-) mode did not appear until > 54.7°, also in
agreement with theory; i.e., I'_($<54.7°)=0 and
I'(p>54.7°)=sin*y.

4, Av versus v; Hyin (100) plane
and $=10.8°

The solid line in Fig. 4 represents the dispersion
due to the (+) nuclear mode, calculated using Eq.
(3) with I',(¢) = 2sin%2y/(4 — sin?2y). Values of
$=10.8° and b, = 2.14x10° erg/cm® were used in
this calculation.

As shown in Table II, the values of b, and H, ob-
tained in the present work are in good agreement
with those calculated from the 30-MHz magneto-
elastic data of Melcher and Bolef. '?

V. CONCLUSIONS
The Mn®® NAR data of RoMnF; reported in this

1500 T T T T T | T T
- V(Y=0=67105 MHz A
= Ho=6.00 kOe /,/ .
1200 — ﬁo in 100 /// —
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FIG. 7. Calculated acoustic dispersion versus field
angle. The solid line represents the sum of nuclear and
electronic dispersion Av; the dashed line represents the
nuclear dispersion Av, only.
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paper are in excellent agreement with the predic-
tions of the magneto-elastic theory. The semiclas-
sical model discussed above suggests that the
magneto-elastic NAR theory may be generalized to
apply to the nuclei of magnetic and nonmagnetic
atoms in any antiferromagnet. Equation (13) for
the NAR absorption of the nuclei in an antiferro-
magnet may be rewritten so as to indicate more ex-
plicitly the dependence of a,on v, and H, (Ref.

21):

2r°nI+1) B
M0y, (S )3T F7'Tew) . D

a,(sec™) =
In deriving this equation, it has been assumed that
the pulling of the nuclear frequency is negligible and
that Hy is much larger than any applied field. For
many antiferromagnets, including RbMnF,, the con-
straining field H, is approximately equal to the
anisotropy field H,. From Eq. (17), the extra-
ordinarily large NAR attenuation of Mn*® in RbMnF,
may be attributed to the high nuclear resonance fre-
quency (v,=650-680 MHz) and to the small anisot-
ropy field (the effective anisotropy field at 4.2 K
is ~6 Oe). Indeed, any antiferromagnet which con-
tains Mn®® and has a small anisotropy field
(H, < 300 Oe) should exhibit a strong nuclear acous-
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tic resonance (a,=10-10* dB/cm). Among the
materials which have these properties are MnTe,
KMnF; and CsMnF;.

A strong Mn®® NAR absorption has been observed
by Walther in MnTe. *° This large NAR signal has
several properties which indicate that the magneto-
elastic interaction is responsible for it. The fre-
quency dependence (a,~v}) and the field dependence
of the NAR attenuation reported by Walther are in
agreement with predictions of the magneto-elastic
theory. ® The observed NAR attenuation (a,=.290
dB/cm for vy =398 MHz, T=187 K, H,=0) agrees
with that calculated?! using estimated values of the
nuclear linewidth 1/T, H,, and B: 1/7,%1 MHz, #
H,(187 K)= 7 Oe, ® and B= 3.5x10° erg/cm®. 2

The semiclassical model of the magneto-elastic
theory has been extended to explain the coupling of
ultrasound to the nuclei of nonmagnetic atoms. %%
Specifically, it has been shown that the (—) mode
of the magneto-elastic interaction can account for
the F'° NAR in RoMnF, if the symmetry of the
fluorine site is broken.

ACKNOWLEDGMENTS

We acknowledge with gratitude the contributions
of our colleagues, P. A. Fedders and J. G. Miller,
to all aspects of this work.

1'Sponsored in part by the National Science Foundation.

*Present address: Air Force Cambridge Research
Labs, Bedford, Mass.

1. B. Merry and D. I. Bolef, Phys. Rev. Letters 23,
126 (1969).

%J. B. Merry and D. 1. Bolef, J. Appl. Phys. 41, 1412
(1970).

S5A. Platzker and F. R. Morganthaler, Phys. Letters
304, 515 (1969).

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

SK. Walther, Phys. Letters 324, 201 (1970).

P. A. Fedders, Phys. Rev. B 1, 3756 (1970).

'S. D. Silverstein, Phys. Rev. 132, 997 (1963).

K. N. Shrivastava and K. W. H. Stevens, J. Phys.
C 3, 164 (1970).

'W. J. Ince, D. Gabbe, and A. Linz, Phys. Rev. 185,
482 (1969).

w. J. Ince, Phys. Rev. 184, 574 (1969).

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

2R, L. Melcher and D. I. Bolef, Phys. Rev. 186, 491
(1969).

Bp, T, Teaney, M. J. Freiser, and R. H. W. Steven-
son, Phys. Rev. Letters 9, 212 (1962).

“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 Physics
and the Physical Society, London, 1965), p. 432.

15M. J. Freiser, P. E. Seiden, and D. T. Teaney,
Phys. Rev. Letters 10, 293 (1963).

6, J. Heeger and D. T. Teaney, J. Appl. Phys. 35,
846 (1964).

W, J. Ince and F. R. Morganthaler, Phys. Letters
29A, 106 (1969). :

18R, L. Melcher, Ph.D. thesis (Washington University,
1968) (unpublished).

By, J. Ince, Ph.D. thesis (Massachusetts Institute of
Technology, 1969) (unpublished).

Up, 1. Bolef, in Physical Acoustics, edited by W. P.
Mason (Academic, New York, 1966), Vol. 4A, Chap. 3.

3, B. Merry, Ph.D. thesis (Washington University,
1970) (unpublished).

23, Kanamori, in Magnetism, edited by G. T. Rado and
H. Suhl (Academic, New York, 1963), Vol. 1, Chap. 4.

B3, G. Miller and D. 1. Bolef, Rev. Sci. Instr. 40, 915
(1969).

YR, Weber and M. H. Seavey, Solid State Commun. 7,
619 (1969).

T, Komatsubara, M. Murakami, and E. Hirahara,
J. Phys. Soc. Japan 18, 356 (1963).

%3, B. Merry, P. A. Fedders, and D. I. Bolef (unpub-
lished).



