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0,079, 0.083, and 0.078 A at 140 K; 0.060, 0.059,
and 0.059 A at 120 K. As # is expected to de-
crease with decreasing temperature, the values
for the intermediate phase are substantially larg-
er than those in the phases above and below. In
addition, the thermal ellipsoids are highly aniso-
tropic in both low-temperature phases with the
major axis along the Ti-Ti bonds. In order to ac-
count for the resistivity, susceptibility, and x-
ray data in the intermediate phase, it is reason-
able to propose that there is charge localization
and pairing, but that there is no long-range order
in the bonding. The lower transition would then
reflect the change from a disordered to an or-
dered bond state.

In V,O,, with one additional d electron per
atom, the nature of the transition is markedly
different. The variation in intensity with temper-
ature in Fig. 1 shows that the transition is only
weakly first order. As there is no change in
symmetry at the transition, it cannot be second
order. A similar variation with temperature has
been observed in the 5V NMR frequency of the
4 + sites,'® the resistivity,* and the susceptibiliy.®
This suggests that these properties may be re-
lated to the pairing of the cations.

There is a strong analogy between the transi-
tions in Ti O, and V,0, and that envisioned by
Verwey for Fe,O,. In both cases there is disor-
der in the cation sites above the transition and
charge localization below. However, the crystal-
lographic evidence for a change in cationic size
is established only for Ti,O, and V,O,. More de-
tailed papers on these structures will be pub-
lished elsewhere.

We are endebted to T. M. Rice for many helpful

discussions, We thank R. F. Bartholomew and
W. B. White for kindly supplying the Ti,O, crys-
tals.
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Ultrasonic Studies of Antiferromagnetic Resonance in RbMnF; near the Néel Temperature
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Peaks found in the attenuation of transverse and longitudinal ultrasonic waves in RbMn-
F; below the Néel temperature are identified as due to antiferromagnetic resonance on
the basis of their temperature-frequency relation and magnetic field dependence. The
temperature dependence of antiferromagnetic resonance has thus been determined for
0.1°KsT\—T < 4°K, where T is the Néel temperature,

The cubic and nearly isotropic antiferromagnet
RbMnF, has been extensively investigated. In
particular, various aspects of ultrasonic propa-

gation,”" as well as conventional studies of anti-
ferromagnetic resonance (AFMR),*° have been
carried out by a number of workers. As far as
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the authors are aware, measurements of AFMR
in RbMnF,, in the temperature range 78°K <7 <T\y,
in the absence of an external magnetic field, have
not been previously reported.

In this Letter, we report results of measure-
ments of the attenuation of transverse and lon-
gitudinal ultrasonic waves in the temperature
range 78 < T < 85°K with special attention given to
the region just below the Néel temperature T'y
(T ~83°K).

The measurements were carried out on a single
crystal of RbMnF, in the shape of rectangular
parallelelepiped 7X5X4 mm?, with two pairs of
faces normal to (110) directions and the third
pair normal to the [100] direction.’® The frequen-
cy range covered was 90 to 700 MHz for trans-
verse waves and 30 to 510 MHz for longitudinal
waves, generated by 30 MHz AC- and X-cut
quartz transducers; the pulse-echo method was
used.

The waves were propagated in the [001] direc-
tion!! for the longitudinal case, and in the [001]
and [110] directions for the transverse case.
Some preliminary studies of the effects of mag-
netic field up to 3 kOe were made with field direc-
tion in the (110) plane.

The temperature of the sample could be stabi-
lized and measured to +0.005°K. Most experi-
ments were carried out while the temperature
changed at a rate of approximately 1°K/h. The
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FIG. 1. Peaks in the ultrasonic attenuation (seen on

curves 4,5,6) for longitudinal waves propagating along
the [001] direction in RbMnF,. The “critical” attenua-
tion near the Néel temperature Ty (T~ 83°K) is also
seen. Frequencies are indicated on the figure (zero
external magnetic field).
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temperature was determined to +0.02°K,

For T >T\ the ultrasonic attenuation of trans-
verse waves was found to be temperature inde-
pendent near Ty, in agreement with other obser-
vations of the behavior of transverse waves near
magnetic phase transitions.''®* The attenuation
of longitudinal waves exhibited the usual “critical”
increase near 7Ty.2

For T <Ty attenuation peaks were observed for
both transverse and longitudinal waves. The tem-
perature at which the maximum of the attenua-
tion occurred (T,) was found to decrease as the
ultrasonic frequency was increased. The present
results are somewhat similar in appearance to
the peaks reported by Moran and Liithi® for longi-
tudinal waves; however, those peaks occur in a
much lower temperature region for the same fre-
quencies.

Examples of the observed attenuation peaks (in
the absence of an external magnetic field) are
shown in Figs. 1 and 2, respectively, for longi-
tudinal waves propagating in the [001] direction
and for transverse waves propagating in the [001]
direction, with [100] polarization. For the trans-
verse case (Fig. 2), the attenuation behavior at
temperatures below the region of the peaks shown
was omitted for clarity. The peaks in Fig. 2 are
shown from the (temperature-independent) back-
ground attenuation level observed, for each fre-
quency, above Ty.
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FIG. 2. Peaks in the ultrasonic attenuation of trans-

verse waves propagating along the [001] direction with
polarization along the [100] direction in RbMnF,. All
the peaks are shown from the background attenuation
level measured above the Néel temperature Ty (T'y

~ 83°K) for each frequency. Frequencies are indicated
on the figure (zero external magnetic field).
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FIG. 3. Relation between the ultrasonic frequency
and Tn—Ty (T, is the temperature at which attenuation
maximum occurs for a given frequency), shown by
triangles. Relation between ultrasonic frequency and
attenuation, @y, at the maximum for a given frequency,
shown by diamonds. The horizontal scale represents
both Ty~T,, in degrees, and &y, in dB/cm. Ince’s data
(Ref. 9) on AFMR are indicated by pentagons. Zero ex-
ternal magnetic field for all cases.

The essential features of the observed peaks
are as follows.

(1a) A plot of the peak frequency w, as a func-
tion of T'y - T is given in Fig. 3. The empirical
relation thus found is

wy e (Ty=T,)", 1)

where 7=0.47+0.05 for transverse waves, n=0.40
+0.05 for longitudinal waves, and Ty -7, <4°K
for the frequency range studied. The transverse-
wave peaks were much better defined than the
longitudinal ones because of the absence of “criti-
cal attenuation.”

(Ila) For the transverse waves the attenuation
at the peak, «,, and the frequency w, were found
to be related by

w8 o (Ty=T,)"". (2)

(IlIa) Another noteworthy feature, observed
without a magnetic field, was that the attenuation
peak of the transverse wave of [1T0] polarization
with propagation direction [110] was much higher
than that of [001] polarization with the same prop-
agation direction (~25 and ~4 dB/cm, respective-
ly, for 350 MHz).

(Iva) The application of an external magnetic
field H has the following effects: (i) for H paral-
lel to the direction of propagation of the longitudi-

nal waves (i.e., [001]) the attenuation peak shifts
to lower temperatures, the peak height is re-
duced, and eventually disappears at a field of a
few hundred oersteds (for 330 MHz); (ii) for H
perpendicular to the wave propagation direction
(H along [110]), no shift is observed in the peak;
(iii) for transverse waves, H along [001] (i.e.,
wave propagation direction) causes similar shifts
to those observed for the longitudinal waves.

The above experimental results (Ia to IVa) can
be accounted for in terms of the resonant coup-
ling of ultrasonic (elastic) waves to the antiferro-
magnetic spin-wave modes (acoustic AFMR)>!*'®
through the following features.

(Ib) The temperature dependence of AFMR fre-
quency w apyr can be calculated from the relation'®

WAFMR & (K/X)l/z , (3)

where K is the anisotropy constant and x is the
perpendicular susceptibility, which can be con-
sidered constant for the solution of the form
wapmr € (Tny=T)" when Ty - T is small. To eval-
uate the exponent n, we consider the single-ion
anisotropy theory,"” which accounts successfully
for the AFMR observed by Ince® at lower temper-
atures. The temperature dependence of the AFMR
frequency (in zero external magnetic field) ob-
served by Ince is shown in Fig. 3. However, near
the Néel temperature, this theory predicts K ««M*,
where M is the sublattice magnetization. This
prediction can be combined with the results of
neutron scattering experiments,'® which yield

M < (Ty-T)%*%2, to give

wapmr & (T = T)%%. (4)

The present experiments yield »=0.47 for the
case of transverse waves, suggesting that K o« M3,
(For longitudinal waves n=0.40, but in this case
the coupling constant is much larger than for
transverse waves and the interactions are more
complicated. A detailed treatment of this case
will be published separately.) On the other hand,
scaling relations yield'® M « (T - T)*%8%; hence

W apmgr &< (T = T)* (5a)
in closer agreement with the present experiments.
(ITb) The temperature dependence of o, can be

evaluated as follows. The absorption parameter

T for transverse sound at resonance with AFMR
modes is given by

r=Cb,2/x, (5b)

where b, is the magnetoelastic coupling constant,
A is the relaxation rate of the AFMR modes, and
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C is a substantially temperature-independent
parameter with appropriate dimensions. The
temperature dependence of bé was given by East-
man® and can be expressed near the Néel temper-
ature'® by

b, M3 (T —T)*%. (6)

The temperature dependence of A is assumed to
be negligible. This is based on the observation
that in RbMnF, the electron paramagnetic reso-
nance linewidth does not show any significant tem-
perature dependence across the Néel point®**!; it
is further postulated that the temperature depen-
dence of the relaxation rate is the same in the
interactions studied here. It thus follows from
relations (5) and (6) that

Toca, o (Ty-T), (1)

in reasonable agreement with the present result
[relation (2)].

(IT1Ib) Melcher and Bolef® calculated ultrasonic-
wave interactions with AFM spin-wave modes in
RbMnF, on the assumption that the ultrasonic fre-
quency is much smaller than AFMR and NMR fre-
quencies. It is not unreasonable, however, to as-
sume that the relative values of the coupling con-
stants remain the same for higher frequencies.
Their results show that the coupling constants for
transverse-wave propagation in [110] are b, for
[1T0] polarization and b, for [o01] polarization;
their experiment, or Eastman’s® result, gives
b, »b,, indicating that the present result (Illa)
is consistent with theirs.

(IVb) The effect of an applied magnetic field on
the observed peaks is also consistent with AFMR.
In particular, the observed shift, with magnetic
field, in the frequency of the peaks (or of the tem-
perature of the peak at a given frequency), is con-
sistent with a gyromagnetic ratio for electronic
spins.

Finally, we examined other effects, such as
NMR, antiferromagnetic domains,?® coupling to
an order parameter in the critical region. It was
found that none of these could account for the ob-
served features of the ultrasonic attenuation. In
conclusion, the observed peaks in ultrasonic at-
tenuation have been identified as due to AFMR,
on the basis of their frequency, temperature,
and magnetic field dependence.
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