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The magnetoelastic theory of the interaction of ultrasound with coupled electronic and nu-
clear spins in cubic antiferromagnets is used to explain the nuclear-acoustic-resonance (NAR)
spectrum of F? in RoMnF;. The coupling mechanism capable of accounting for the proper
temperature and angular dependence is found to be forbidden in a perfectly ordered RbMnF;

lattice.

With the assumption of a simple model of lattice imperfection, however, the magni-

tude and anomalous line shape of the observed F!® NAR are adequately explained.

I. INTRODUCTION

The resonant coupling of radio-frequency phonons
to the nuclear spins of nonmagnetic ions in antifer-
romagnetic insulators has been demonstrated by
Denison ef al.! and by Mahler and James? for F!°
in KMnF,, and by Melcher et al.%° for F!? in
RbMnF,. Using nuclear-acoustic-resonance (NAR)
techniques, Melcher and Bolef® examined in detail
the F'° NAR line shape, temperature dependence,
and dependence on magnetic field orientation rel-
ative to the direction of propagation k of the ultra-.
sound. The F!® NAR spectrum observed was in-
tense and unusually complicated compared to that
observed for the F'° nuclear magnetic resonance.

In discussing the angular and temperature depen-
dence of the F!° NAR, Melcher and Bolef® concluded,
with the aid of a phenomenological model, that their
results were consistent with a magnetoelastic inter-
action like that first proposed by Silverstein for
uniaxial antiferromagnets.®® Silverstein proposed
that the ultrasonic wave gives rise to a time-de- _
pendent magnetoelastic interaction which produces
a modulation of the effective anisotropy field. This
modulation causes a rocking of the sublattice mag-
netization which in turn couples energy to the nu-
clei via the hyperfine field.

A magnetoelastic theory has been developed which
describes nuclear spin-phonon interactions in a
cubic antiferromagnet such as RbMnF,. ! The
predictions of this theory showed excellent agree-
ment with experimental investigations of Mn% NAR
in RbMnF;. '~ The purpose of the present paper
is to show that the magnetoelastic theory also ap-
plies to the nuclei of nonmagnetic ions in a cubic
antiferromagnet. Application of the magnetoelas-
tic theory gives a result that the coupling mecha-
nism which properly accounts for the observed tem-
perature and angular dependences is forbidden in
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a perfectly ordered RbMnF; lattice. This null
result is removed, however, in the vicinity of a
lattice imperfection.

The theory of F!° NMR is reviewed and the der-
ivation of the basic equations of F!°® NAR is out-
lined in Sec. II. The theory is compared with ex-
periment in Sec. III; it is found necessary to pos-
tulate the existence of lattice imperfections to
bring the theory into substantial agreement with
experiment. A semiquantitative explanation of
the anomalous NAR line shape and magnitude is
obtained if one assumes a simple model of a va-

cancy.
II. THEORY

Besides the external magnetic field, the reso-
nance frequency of the fluorine nuclei is affected
by the magnetic fields due to the manganese ions.
The magnetization of these ions couples to the fluo-
rines directly via a dipolar interaction and indirect-
ly via an isotropic Fermi contact interaction. ’
About 98% of this hyperfine field H, seen by a fluo-
rine nucleus is due to its two nearest Mn neighbors
and is given approximately by

AI
By =y 42 () -
The sum is over nearest neighbors, A'is the hyper-
fine constant for the coupling between a fluorine
nucleus and the electrons of the nearest manganese
ion, and 4, is the F!° gyromagnetic ratio. In the
perfect cubic lattice of RbMnF3, each fluorine has
two Mn neighbors with spins oppositely oriented,
making 2(S); =0 for zero applied field. If H,#0,
the magnetizations no longer cancel exactly and
give rise to a small net magnetic moment which

is parallel to ﬁo. If the magnetizations are in a
spin-flopped state (to which case we restrict our
discussion in the present paper), they are tilted
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by a small angle ¢= H,/2Hy, where Hy is the ex-
change field. The effective field seen by the fluo-
rine nuclei is then

LAKS) o, A Hy

=T, Tiy,Hg

2t =
Because of lattice symmetry, ﬁN is parallel to ﬁg.
The fluorine nuclei are not at magnetically__equiva-
lent sites unless the applied field Hy=0 or Hyll [111].
It ﬁo 1{110], therearetwo nonequivalent sites witha
population ratioof 2: 1, resultingina F*NMR spec-
trum of two lines. The larger line will be referredto
as the 2- F line, the smaller as the 1- Fline,

The magnetoelastic nuclear spin-phonon inter-
action for F'° nuclei can be rigorously derived in
a manner similar to that for Mn%, ! Again the
nuclear spin-phonon interaction proceeds via the
electronic (antiferromagnetic) modes. Since there
are two electronic modes (termed +and — modes,
as in Refs. 10 and 14), there are two NAR modes.
For a perfect crystal, we find that the acoustic ab-
sorption coefficient due to the two nuclear modes
when the system is in a spin-flopped configuration
is given by

N :2nZ'ye<l)w§w
* pv M, s qu

In Eq. (1) wg/y, is the exchange field; wy/y, = Hy

is the hyperfine field; «, represent the two nonde-
generate antiferromagnetic resonance frequencies;
() and (S) are the thermal averages of the F'® and
electronic spins, respectively; 9, is the electronic
gyromagnetic ratio; p is the density; v is the
acoustic velocity; M,is the sublattice magnetization;
B is the magnetoelastic coupling constant; T, is a
function dependent on the orientation of the external
field ﬁo and on the propagation vector E; Z is the
number of fluorine nuclei per unit cell resonating
at angular frequency w; and g(w) is a normalized
line-shape function. Calculations show that o, is
about five orders of magnitude too small to explain
the observed NAR and is characterized by a temper-
ature and angular dependence quite different from
that observed.

On the other hand, the expression for a. contains
terms which give a temperature and angular depen-
dence quite similar to that observed. The tempera-
ture dependence of the a. mode is proportional to
(1/T)(BMy/K)? (K is the anisotropy constant), which
agrees with that observed by Melcher and Bolef (see
Fig. 5 of Ref. 5). In a perfect crystal, in which
each fluorine atom lies equidistant from two Mn
ions with oppositely oriented spins, however, the
formalism shows that the effects from each Mn ion
exactly cancel, giving I'. =0 and therefore a. =0,
Considering real crystals, the possibility exists
that the NAR coupling takes place near sites of
crystalline imperfections (vacancies, substitutions,

wE B, g(w). (1)
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dislocations, etc.) at which the crystalline symme-
try is broken, The coefficient multiplying T". in the
equation for a. is about 12 orders of magnitude
greater than the corresponding coefficient in o, .
This fact lends credence to the hypothesis that F'°
NAR coupling occurs via the relatively few F'° nu-
clei located near lattice imperfections. To explore
this possibility, it is convenient to examine the
problem in terms of effective crystalline fields, as
in Ref. 14. Thereit was shown that the NAR cou-
pling tothe nuclear mode w,. (w,,) proceeds via its
corresponding electronic mode w,.(w,,). The ultra-
sonically produced magnetoelastic field causes a
rocking of the electronic magnetization which mod-
ulates the hyperfine field H,. This process stim-
ulates nuclear spin transitions if there is a com-
ponent of the time-dependent hyperfine field per-
pendicular to I,. The equilibrium configuration of
the internal fields is shown in Fig, 1.

In the spin-flopped case, the electronic (+) mode
is excited by rocking the sublattice magnetization
in the plane of Fig. 1. The time-dependent field
perpendicular to I, is Hy tanp, where 8 is the
rocking angle. The electronic (-) mode, on the
other hand, is excited by rocking the sublattice
magnetization about ﬁo. This causes no rocking
of the field ﬁN seen by the vast majority of the
fluorine nuclei, since Hy || Hy for these nuclei. The
fields are collinear because of lattice symmetry;
the fluorine nuclei are located equidistantly between
two Mn ions with oppositely oriented magnetic
moments, For fluorine nuclei near sites of crystal-
line imperfections, these conditions no longer hold
and, in general, an electronic dipolar or hyperfine
field perpendicular to ﬁo exists. We refer to this
field as Hy,. Since only the nonsymmetrically lo-
cated F® nuclei contribute to the NAR spectrum,
HZ in Eq. (1) for the (-) mode should be replaced
by

<H;,)2=3\1-“i |2 (@)

where N is the number of unit cells in the crystal
and the sum is over one particular fluorine site per
unit cell. With this modification, «. is no longer
identically zero.

III. COMPARISON WITH EXPERIMENT
We attempt to show in this section that the impor-
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FIG. 1. Equilibrium configuration of the internal fields

of RbMnFj.
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TABLE I. Comparison of calculated and observed F'? NAR angular dependencies. [The NAR absorption (o) is in Hz.]
Case Config- (1) (2) 3) 4) (5) (6) )
number uration BT ) B T. T a(r))  a(Ty) ops
1 0, 90 by 0.25  0.25 43 43 37
;0 [011] (by — by sin29)® 2(2 — sin’2y)
! - . . 14
{HO in (100) (4 - sin22y)? 4 bimh 0.2 0.2 12 12
3 135 by+by  0.22  0.22 15 15 17
4 &, 1001] T 0 0 0 0 0 =0.07
5 {% Il [100] } b2(4cf“°’si‘fl Szlwn) p 45 by 0.05 0,50  0.01  0.18 0.16
6 f, in (100) 90 by 0 0.10 0 0.99 0.77

tant characteristics of the observed F'° NAR spec-
trum can indeed be accounted for on the basis of
the magnetoelastic interaction via the (-) mode.

To obtain agreement between the theoretically pre-
dicted and the observed spectrum it is necessary
to postulate a deviation of I\_ZO from the usual equi-
librium orientation, We discuss in turn (i) the NAR
angular dependence, and (ii) the NAR line intensity
and line shape.

A. NAR Angular Dependence

The angular factors B2T. of Eq. (1) correspond-
ing to two configurations of ﬁo and k are given in
Table I. In this table 5, and b, are the magnetoelas-
tic constants for, respectively, the longitudinal
and transverse waves, and ¢y is the angle that ﬁo
makes with the z axis [001]. The values of the
NAR attenuation a(T'.) calculated!® using these
values of B2T'_ are given in column 5. The agree-
ment between «(I"_) and the experimentally observed
NAR attenuation o, is seen to be good for four of
the six cases shown. In seven other cases calculat-
ed in a similar manner (not shown in Table 1),
agreement was also good.'* For the last two cases
shown in Table I, a(T'.)is much smaller than a,,.
We believe that the origin of the discrepancy lies in
the assumption of the equilibrium orientation of
1\—/10. For the calculation of the angular factor T,
it is essential to know this orientation., Thus far
it has been assumed that the anisotropy field ﬁA
lies along the [111] or easy axes and that the [100]
are the hard axes. In that case the flopped spins,
which lie in a plane perpendicular to ﬁo, assume
an easy orientation in that plane. We term this
orientation the easy orientation of ﬁo. There are
several reasons, however, for expecting the ori-
entation of H 4 to be different than that thus far
assumed. The anisotropy field (which determines
the easy and hard directions) at 77 K is calculated
to be quite small (~ 102 Qe). 15:1® As mentioned
above, the fluorine NAR magnetoelastic coupling
is expected to be large near sites of crystalline
imperfections. At such sites, given the low val-
ue of ﬁA,‘ the local anisotropy field can be expected
to vary in both direction and magnitude, with the

result that ﬁo may take any position between the
easy and hard orientations.

The explicit equation for T'. for rows 4-6 of Table
Iis 13,14

(M, cosyp — M, siny)+ M2 siny |
(3)

.= Mg
For $=90°, T'_=(M2- M2)/M'. 1f M, is in an

easy configuration, M,=M,=M,/V2and I'. =0. On
the other hand, if ﬁo is parallel to a hard axis,
T'.=1., When ﬁo is parallel to only the hard axes,
however, T'.=0 for all cases other than rows 4-6
of Table I. If we assume that the effective angular
factor is made up of contributions with ﬁo in both
the easy and the hard orientations, we obtain re-
sults more consistent with the data. We therefore
introduce a new angular factor I'; which is taken to
be the sum of two values of T'., one calculated for
ﬁo in the hard orientation and the other for ﬁo in
the easy orientation, i.e., I';=T.(easy)+T.(hard).
The NAR attenuation calculated using I'g is shown
in column 6 of Table I. There is now good over-all
agreement between a(T';) and o, for all of the

13 cases which have been calculated, ** six of which
are shown in Table I.

B. NAR Line Intensity and Line Shape

It remains to be shown that the magnitude and
peculiar line shape of the observed F*° NAR spec-
trum® can be accounted for by the (- ) mode of the
magnetoelastic interaction. As discussed above,
if this NAR mechanism is to be operative, certain
fluorine nuclei must “see” a magnetic moment
perpendicular to ﬁo. This condition obtains only
where the lattice symmetry of RobMnF; is broken
by lattice imperfections. In this section, a model
of a particular type of lattice imperfection is pro-
posed and is utilized in calculating the magnitude
and line shape of the resulting F!° NAR.

A simple type of lattice imperfection which can
be shown to give rise to many of the observed ef-
fects is a manganese vacancy. For every missing
Mn ion there is an uncompensated magnetic moment
in the crystal, which produces a dipolar field cen-
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FIG, 2. Diagrammatic sketch of the y-z plane of the

RbMnF; lattice with a manganese vacancy. «x denotes a
Fl%site, t, a Mn% site, and@a vacancy.

tered at the vacancy site, We shall assume here
that this is the only effect of the vacancy. A model
of this lattice vacancy is shown schematically in
Fig. 2. In this figure, the magnetizations lie in
the y-z plane and ﬁo is parallel to the x axis. The
six fluorines which are nearest to the vacancy

(in sites like “a”) see a large hyperfine field of
~100 kOe due to an unbalanced pair of sublattice
magnetizations, These fluorines are pushed into
the uhf region (~400 MHz for 100 kOe) and do not
contribute to the observed® 10-30-MHz spectrum.
The hyperfine field seen by the next-nearest neigh-
bors is insignificant compared to the dipolar field
resulting from the vacancy. This field is given

by B(r)=[3(F - 11)¥/F° - 11 /7], where T is centered
on the vacancy site, p is the dipolar moment of
the Mn ion, and i is parallel to MO. The magnitude
of the dipolar field seen by the next-nearest fluor-
ine 6. 33 A away from the vacancy is u/(6. 33 A)?
or 514(¢S) /S,) Oe. The component of B parallel

to ﬁo, B,, causes a shift in the nuclear resonance
frequency. The component perpendicular to ﬁo,
B,, corresponds to H,'v in Eq. (2). The fields seen
by the next-nearest neighbor (site ¢ shown in Fig.
2) are B, =396 Oe and B, =276 Oe for T="77 K.

An application of this model is shown in Fig. 3
for the case corresponding to row 5 in Table I. In
Fig. 3(a) is shown the unperturbed F'° nuclear
resonance spectrum (i.e., expected NMR spectrum)
for Hy="7kOe, H1[110], and T=77K. The dashed
and solid lines in Fig. 3(a) correspond, respective-
ly, to the 1-F and 2-F lines. The predicted NAR
spectrum corresponding to T'. is shown in Fig. 3(b).
We see that the dipolar field has completely dis-
persed both the 1-F and 2-F lines. In the light of
the discussion regarding the orientation of ﬁo, the
predicted spectrum should be calculated by averag-
ing over-all possible orientations of M.o. Consid-
ering the simplicity of the present model, we choose
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to approximate this averaging procedure by merely
taking the sum of a(hard axis) and a(easy axis),
corresponding to the weighting factor I',. When
the predicted NAR spectrum for ﬁo along a hard
axis is added to that of Fig. 3(b), the a(T',) spec-
trum of Fig. 3(c) is obtained. The F'° NAR spec-
trum observed by Melcher and Bolef under condi-
tions corresponding to those assumed in Fig. 3 is
shown in Fig. 4. In Fig. 4(a) is shown the recorder
tracing of the spectrum which is the derivative of the
NAR absorption. In Fig. 4(b) is shown the curve
obtained after integrating the curve of Fig. 4(a).
The spectra of Figs. 4(b) and 3(c) show many sim-
ilarities, demonstrating that it is reasonable to
assume that lattice imperfections should result in
additional broad structure in the vicinity of the
perturbed F!° lines. There is little similarity,

on the other hand, between the spectra of Figs.
4(b) and 3(b). This may be taken as a further in-
dication that l\_ﬁo is not always in an easy configu-
ration. )

The temperature dependence of the complicated
F'® NAR spectrum®® can be explained qualitatively
on the basis of the magnetoelastic coupling mech-
anism. The magnitude of the dipolar field discussed

()
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FIG. 3. Calculated F!° nuclear resonance spectrum for
T=77,4K and H,ll [110]. AH,=0 corresponds to Hy="7. 0kOe:
(a) the “unperturbed” or NMR spectrum; (b) the NAR spec-
trum corresponding to @(I'_); (c) the NAR spectrum cor-
responding to @(I'g). The vertical scale in (c) is twice
that in (a) and (b). The arrows indicate expected positions
of the unperturbed 1-F and 2-F lines.
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FIG. 4. Flourine NAR spectrum observed by Melcher
and Bolef for Hy=7kOe, H, I [110], &, I [110], and T=77.4 K:
(a) recorder tracing of derivative spectrum; (b) integrated
(absorption) spectrum.

above is proportional to (S), which is strongly tem-
perature dependent near the Néel point. The fields
B, and B, can be expected to exhibit the same tem-
perature dependence. As the temperature is low-
ered, (S) as well as B, increases, causing increased
line shifting. The magnitude of the shifted lines is
also predicted to increase, corresponding to the
increase in B,. As T is lowered, therefore, the
magnitude of the shifted lines grows in relation to
that of the unshifted lines. This is the type of tem-
perature dependence observed by Melcher et al. *8
We consider, finally, the question of whether a
reasonable density of lattice imperfections can ac-
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count for the magnitude of the observed F!° NAR.
From Egs. (1) and (2), one can show that a. is
given by!?

1.28%x1075(H;, )?
a':_—(}{-j:)zg)— , ()

where Hy[~2B(p)H,] is the projection of H, on

the sublattice magnetization. [The factor (w,./y,)?
in Eq. (1) has been written as (w,./y,)? = 3B({)HH ,
=2HzH,.] We calculate a. for the following con-
ditions: longitudinal waves propagated along the
[001] axis, Hy="TkOe, H,II[100], T=77K, Z=2,
and I'.=1. Melcher and Bolef measured the NAR
attenuation at the center of the large unshifted line
for the conditions stated above and found that «_= 180
Hz.’ Recalling that H,~ 10 Oe at 77 K and assum-
ing that all unit cells participate equally in the inter-
action, Eq. (4) gives (H, ) ~14 Oe?. Since only

n unit cells with a vacancy are participating in the
NAR interaction, (Hy)?=(z/N) 3B, ({)|2, in which
the sum includes all fluorines which are neighbors
of a Mn vacancy and which contribute to the 2-F
line. Calculations show that 3 | B, (¢)1 %=~ 2x10°0e?
for each Mn vacancy. The fraction of unit cells
that must have a vacancy to give the observed in-
tensity is therefore given by n/N=(H,)?/3 | B.(i)I?
~7x107° Considering that the impurity density
in this sample is of the order of 10™ (see Ref. 17),
this is a reasonable order of magnitude.

Our aim in the preceding discussion and calcula-
tion was to substantiate the hypothesis that the mag-
netoelastic NAR interaction occurs via lattice im-
perfections. The specific model of lattice imper-
fection assumed is not critical; other types of im-
perfections are capable of giving rise to a dipolar
field of magnitude sufficient to account for the ob-
served NAR. In particular, a single lattice imper-
fection undoubtedly affects the magnetization at
neighboring sites. Thus a far smaller concentra-
tion of defects than assumed above may account
for the observed NAR spectrum.
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