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OBSERVATION OF NUCLEAR-ACOUSTIC-RESONANCE DISPERSION*
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(Received 25 April 1968)

Observation of the nuclear-acoustic-resonance dispersion mode of F!? in antiferromag-
netic RbMnFj is reported. Saturation studies indicate that the dispersion mode saturates
at higher ultrasonic powers than does the pure absorption mode.

The purpose of this Letter is to report the ob-
servation of the nuclear-acoustic-resonance
(NAR) dispersion mode, i.e., the resonant shift
in the phase velocity of an ultrasonic wave, due
to its interaction with a nuclear spin system.
Previous NAR experiments have dealt only with
the absorption mode.'>? They were designed to
detect either the resonant increase in the ultra-
sonic attenuation or the decrease in nuclear mag-
netization due to partial acoustic saturation of
the nuclear-spin energy levels, both effects aris-
ing from coupling of the acoustic phonons to the
nuclear spin system. In the present experiment,
the NAR dispersion and absorption of 30-MHz
longitudinal acoustic waves by the F'° nuclei in a
single-crystal specimen of antiferromagnetic
RbMnF,; were observed by means of a cw trans-
mission ultrasonic spectrometer.®

In operation, the carrier frequency w of the
spectrometer rf oscillator is adjusted to the vi-
cinity of a mechanical resonance at frequency
w,, characteristic of the composite acoustic reso-
nator consisting of the sample and two quartz
transducers. By precise adjustment of w rela-
tive to w,, the spectrometer can be made sensi-
tive to either pure absorption or a mixture of
dispersion and absorption. The signal at the out-
put of the spectrometer relative to a calibrator
signal, when w=w, and when magnetic field mod-
ulation is used, can be shown to be given by?

S=— Awg, (1)

where q, is the ultrasonic attenuation in the ab-
sence of NAR and is equal to the half-width at

the half-power point of the mechanical resonance;
Aa =a—a, is the change in the ultrasonic attenua-
tion due to NAR absorption; wg=yNH( and Awg
=yNAHq, where H, and AH, are, respectively,
the applied dc magnetic field and the amplitude

of the audio modulation field. yp is the nuclear
gyromagnetic ratio. When the carrier frequency
w is tuned to the half-power points on the me-
chanical resonance, i.e., w-w, =+a(, the signal

1338

is given by
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where Awjy, is the shift in the mechanical reso-
nance frequency resulting from the dispersion of
the phase velocity v of the ultrasonic wave at nu-
clear resonance. The dispersion of the phase ve-
locity is given by AV =VgAw,/w,. V, is the
phase velocity in absence of NAR dispersion.
When frequency modulation is used instead of
magnetic field modulation, the expression for
the signal differs from that given in Eq. (2).3

In Fig. 1 are shown three recorder traces of
the first derivative NAR signal obtained in anti-
ferromagnetic RbMnF,'° at T =57.3°K using mag-
netic field modulation of 8 Oe peak-to-peak. The
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FIG. 1. Recorder traces of the NAR signal observed
in RbMnFj3 at 57.3°K: (a) w~wy, =0, (b) w—wy,=-ag,
and (c) w—wy =+, Data taken with 29.67-MHz longi-
tudinal acoustic waves propagating along the [110] axis.
The magnetic field was oriented along the [111] axis.
Magnetic field modulation of 8 Oe peak-to-peak was
used.
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pure (slightly asymmetric) NAR absorption line
obtained when w = wy is shown in Fig. 1(a). Fig-
ures 1(b) and 1(c) show the mixed-mode signals
for w-w, =F¥a(, respectively. The data were
taken using 29.67-MHz longitudinal acoustic
waves propagating along the [110] axis with the
magnetic field H, parallel to the [111] axis of the
cubic crystal. At this temperature and magnetic
field orientation the three F!° nuclear sites are
equivalent. The line shapes in Figs. 1(b) and 1(c)
clearly show the admixture of the dispersion
mode into the NAR signal.

Nuclear-spin—acoustic-phonon coupling in anti-
ferromagnetic insulators has been investigated
theoretically by Silverstein* and by Buishvili and
Giorgadze® for the case of uniaxial symmetry.
Both of these treatments are concerned with cou-
pling mechanisms arising from the interaction
with the ordered electronic magnetic moments.
The lowest-order phenomenological interaction
which one can write involving the elastic strains,
the electronic sublattice magnetization, and the
nuclear magnetization must be linear in these
quantities (we consider nuclei with spin 7=3%).
Allowing for the cubic symmetry of RoMnF; one
obtains an effective nuclear-spin—acoustic-pho-
non interaction of the form

®3)
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In Eq. (3) we have considered only a longitudinal
ultrasonic strain e,, with propagation along the
x axis. I, is the x component of the nuclear mag-
netization, and M, is the corresponding compo-
nent of the electronic sublattice magnetization.
The phenomenological coupling constant g char-
acterizes the strength of the interaction.
Jacobsen and Stevens® have considered a semi-
classical approach to the ultrasonic dispersion
and absorption due to the interaction of acoustic
waves with electron spins in solids. Utilizing a
classical approach analogous to theirs and the
above phenomenological interaction, one can de-
rive, in the linear approximation, a dispersion
relation for the coupled elastic and nuclear mag-
netic systems. From this dispersion relation
one obtains the following expression for the
phase velocity of the acoustic wave:
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where p is the density of the sample, ¥, is the
nuclear susceptibility, and 7,y is the nuclear
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FIG. 2. Saturation measurements of the NAR absorp-
tion and the mixed NAR dispersion and absorption. T
=57.3°K, v=29.67 MHz, H|| [111]; longitudinal waves
propagate parallel to the [110] axis. The solid dots
correspond to pure absorption (w=wy) and the open cir-
cles correspond to the mixed dispersion and absorp-
tion mode (w—wy,=+a().

spin-spin relaxation time. We have considered
in Eq. (4) only the case for H, perpendicular to
the direction of propagation. The real part of v
-v, is the dispersion in the phase velocity due to
NAR, while the imaginary part is proportional
to the NAR attenuation coefficient Aa. In the
neighborhood of nuclear resonance (w = w,) the
absorptive and dispersive components of v-v,
have the usual resonance shapes.®

By comparing the data shown in Fig. 1 with a
known calibrator signal, one can calculate the
phase velocity dispersion to be Av/p~5x1078,
The corresponding resonant change in the ultra-
sonic attenuation coefficient is Aa =4 sec™!. It
is of interest to compare the saturation proper-
ties of the absorption and the mixed absorption
and dispersion modes. Shown in Fig. 2 is the
signal strength as a function of ultrasonic power
density for the pure absorption (solid dots) and
for the mixed (absorption-minus-dispersion)
mode. Clearly the pure absorption mode satu-
rates at a lower (~6-dB) power density than the
mixed mode. This fact makes the dispersion
mode somewhat more useful than absorption
when saturation is a factor in NAR studies. The
ultrasonic power density at 0 dB in Fig. 2 was
approximately 1078 W/cm?, corresponding to an
energy density (e =P/v) of 1077 erg/cm?®,

Redfield has treated in detail saturation for the
case of conventional NMR in solids.” No treat-
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ment exists, to our knowledge, of saturation for
the case of nuclear acoustic resonance. Howev-
er, the conclusion of Redfield that the Bloch
equations do not apply to solids in the saturation
limit certainly holds in the case of nuclear acous-
tic resonance also. The Bloch equations predict
that the dispersion mode would not saturate, con-
trary to the present results.
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ORIGIN OF THE ANGULAR DEPENDENCE OF SECONDARY EMISSION
OF ELECTRONS FROM TUNGSTEN*
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Department of Physics, Polytechnic Institute of Brooklyn, Brooklyn, New York
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The existence of strong variations in the total secondary electron current with inci-
dent beam direction from a tungsten (110) surface can be explained on the basis of the
observed angular distribution of the secondary emission and the reciprocity theorem.
We propose a dynamical two-beam model based on the variation of electron absorption
in the crystal as a function of the diffraction conditions.

There has been much speculation as to the ori-
gin of the angular-dependent secondary emission
of electrons in crystals.!”® Measurements have
been made of the secondary emission from tung-
sten (110) as a function of angle using low-ener-
gy electron diffraction (LEED) techniques with
primary electron energies between 50 and 2200
eV. Using a commercial LEED system the total
current from the crystal to ground can be mea-
sured directly and the current from crystal to
screen (subtending an angle of 120 deg) can be
measured and energy analyzed using the existing
grid system.

At low incident energy the diffraction is pre-
dominantly elastic. The conservation of current
requires that as the incident direction is varied
the resulting exchange of total diffracted current
between Laue and Bragg reflections is accom-
panied by variations of the total secondary emis-
sion. Other elastic dynamical effects”’™® in this
region also contribute much fine structure to
these rocking curves making analysis of the sec-
ondary emission at low voltages difficult. Above
1000 eV, where Bragg reflections and multiple-
diffraction—associated fine structure appear to
be unimportant, the secondary current is pre-

1340

dominantly inelastic and the amplitude angular
variations of the secondary emission become
quite large as shown (at 2000 eV) in Fig. 1.

A definite correlation exists between the posi-
tion of the structure in rocking curves of this
type and the directional dependence of the total
secondary emission displayed in the observed
Kikuchi pattern, shown in Fig. 2(a) (2000 eV).

Observations of Kikuchi patterns have become
quite common in low-energy electron diffrac-
tion.!°"1* These patterns have their origin in
electrons which scatter incoherently by some as
yet unspecified mechanism, and thereafter scat-
ter elastically before leaving the crystal. This,
in effect, creates an incoherent internal source'®
of electrons in the crystal. While dynamical the-
ories?®s1® exist which describe the diffracted in-
tensity distribution, the positions of the lines
and bands which make up the pattern can be pre-
dicted by simple geometrical arguments.%13
For tungsten, the Kikuchi pattern, composed of
reversing bands, deficiency lines, and the defi-
ciency limiting circles described by Shinohara,”
is the dominant diffraction feature above 600 eV.
Shinohara circles are found about the (110),
(111), and (100) type poles and appear to bound



