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values of the quadrupole splittings over the wide

range of temperature up to 600 'K. In our calcula-
tion of energy splittings and quadrupole splittings
we have neglected covalency effects. The direction
cosines of the principal axes, x, y', and z of the
electric-field-gradient tensor at 4 'K are calculated
to be x' axis (0, 0, 1), y

' axis (-0.03682+ 0.00007,

0.99932+0.00001,0), and z axis (0.99932
+0.00001, 0.03682+0. 00007, 0). This means that
the direction of the maximum electric field gradient
is nearly parallel to the b, axis within (2. 12+0.01)',
which is consistent with neutron-diffraction mea-
surements~ and Mossbauer measurements' at
liquid-helium temperature.
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The ultrasonic attenuation in Mn Te for longitudinal waves with propagation vector in the hex-
agonal plane was measured as a function of temperature for frequencies up to 530 MHz. The
attenuation below the Noel temperature comprises both background losses and an extraordi-
narily intense (attenuation up to 300 dB/cm) temperature-dependent resonance absorption
caused by Mn~s nuclear acoustic resonance. Extrapolation to zero temperature yields a reso-
nance frequency fz~&=466. 5 MHz and a hyperfine field H„=442 kOe. Theoretical expressions
for the sound absorption due to electronic and nuclear spins were derived. Comparison with
the measured magnetic-field dependence of background and nuclear-acoustic-resonance (NAR)
absorption suggests that spins located in domains rather than inside domain walls are mainly
responsible for the observed effects. The spin-flop fields, observed in the NAR experiments,
are much higher than the values calculated from anisotropy constants and susceptibilities.
Good agreement between experiments and theory is obtained for H»H8p.

I. INTRODUCTION

Nuclear-magnetic-resonance studies in antiferro-
magnetic materials provide detailed information
about the magnetic ordering, since nuclei in these
substances experience a strong hyperfine field H„
proportional to the electronic sublattice magnetiza-
tion M. The corresponding nuclear resonances
occur in the frequency range of several hundred
MHz and can be excited both with rf magnetic fields
(NMR)' and ultrasonic waves [nuclear acoustic
resonance (NAR)].

An extraordinarily intense ultrasonic resonance
absorption in the antiferromagnetic semiconductor
MnTe was observed by the author and interpreted
as being due to NAR of the Mn" nucleus. Strength
and magnetic-field dependence of the resonance
were explained previously3 in terms of the driving

field enhancement mechanism occurring within do-
main walls. In this paper we present a more de-
tailed account on the Mn" NAR in MnTe, demon-
strating that spins located in domains are mainly
responsible for the observed effects, contrary to
the previous interpretation.

The antiferromagnetic modification of MnTe
crystallizes in the NiAs structure, ~ in which the
magnetic cations form a simple hexagonal lattice.
The Neel temperature, below which antiferromag-
netic ordering occurs, is T„=306. 7 'K. 3'~ In the
antiferromagnetic phase the average spin directions
in each plane perpendicular to the hexagonal axis
(c plane) are parallel to each other and antiparallel
to those of the Mn atoms in the adjacent c plane. '
A strong anisotropy force causes the spin direc-
tions to be oriented perpendicular to the c axis.
MnTe is thus an "easy-plane" antiferromagnet with
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two antiparallel sublattices of electronic magnetiza-
tion. A weak anisotropy force of sixfold symmetry
occurs in the c plane. '

When oscillations of the electronic sublattice
magnetization are excited far below the antiferro-
magnetic-resonance (AFMR) freciuencies, the larg-
est excursions occur for the mode with motion pre-
dominantly in the c plane. This mode can be ex-
cited magneto-elastically using either longitudinal
ultrasonic waves with a propagation vector q in the
c plane or for the xy shear wave with both propaga-
tion and polarization vectors located in the c plane.
The nuclear spin systems are excited via the hyper-
fine interaction.

In this paper we first discuss (Sec. II B) mea-
surements of the ultrasonic attenuation for longi-
tudinal waves in MnTe. Three different loss
mechanisms are observed: (i) "critical" scattering
at the Neel temperature T„, (ii) nonresonant ba, ck-
ground absorption, and (iii) Mns' NAR absorption.
Experimental results on the magnetic-field depen-
dence of background and NAR absorption are re-
ported in Sec. II C. Theoretical expressions for
the acoustic absorption coefficients due to elec-
tronic and nuclear spins in domains and inside do-
main walls are derived in Sec. IG. The experi-
mental results are compared with theoretical pre-
dictions in Sec. IV. The measured field dependence

of the NAR absorption suggests that spins located
in domains rather than inside walls are mainly re-
sponsible for the observed effects. Good agree-
ment with theory is obtained for magnetic fields H,

large compared with the spin-flop field H»,
whereas the observed behavior for small magnetic
fields is complicated and cannot yet be interpreted
quantitatively.

II. EXPERIMENTS

A. Experimental Procedure

Ultrasonic transmission experiments were car-
ried out with Qat MnTe samples ' of 1-mm thick-
ness with lateral dimensions ranging between 4 and
6 mm. The samples were indium bonded to a
sapphire delay rod (length: 15 mm, diameter:
10 mm), using the thermocompression method in
vacuum. X-cut quartz transducers with funda-
mental resonance frequencies of 9 and 10 MHz were
used to generate and detect longitudinal ultrasonic
waves with frequencies up to 530 MHz, operating in
overtones. rf pulses with 1-p.sec length were ap-
plied. Since the ultrasonic attenuation due to lattice
imperfections, etc. , in Mn Te is very high, the in-
fluence of multiple reflections inside the MnTe
sample on the transmitted-signal amplitude can be
neglected. For the same reason the absolute value
of ultrasonic attenuation cannot be measured di-
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rectly. Therefore we quote the changes of the at-
tenuation referred to its value above the Neel tem-
perature, which is fairly constant. The trans-
mitted signal is time selected, and its amplitude
is recorded on a logarithmic scale. The sample
with the delay rod was mounted with good thermal
contact inside a copper block. The temperature

was varied either by using a controlled flow of
liquid helium around the block or by means of a
servo-controlled heater system in thermal contact
to a cryogenic reservoir . Temperature was re-
corded using a chromel-constantan thermocouple
for higher temperatures and a carbon resistor be-
low 60 K.
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at T =Tz and NAR absorption at T=T„A„for longitudinal
waves in Mn Te. The triangular point refers to &N~R for
the xy shear wave at f=178 MHz.

B. Temperature Dependence of Ultrasonic Attenuation and

WAR in MnTe at H = 0

The temperature dependence of ultrasonic attenua
tion for a longitudinal wave in MnTe with a propa-
gation vector in the hexagonal plane is plotted in
Figs. 1 and 2 for frequencies between 243. 5 and
467 MHz. The narrow absorption peak at the Neel
temperature T~ is due to scattering of the phonons
by critical magnetic fluctuations, which occur at
the antiferromagnetic phase transition. A back-
ground absorption, which increases with decreasing
temperature, occurs below T~. The intense fre-
quency-dependent resonance absorption, caused by
the Mn" NAR, is superimposed on the background
(see Fig. 1). The line shape of the NAR comprises
both an absorptive and a dispersive component,
which is more pronounced at lower temperatures.
The temperature T„„R, at which the NAR absorp-
tion occurs, decreases with increasing frequency
f. A relation f„„s-(T„—T„„„)' is satisfied in
the temperature range 0. 6 —T/T„—1 (see Fig. 3),
which agrees with the expected temperature depen-
dence of the sublattice magnetization M = M(T) in
an antiferromagnet": f„„„=(y„/2v)H„(T) - M(T),
where y„ is the nuclear gyromagneiic ratio: y„/2v

=1.0553 MHz/kOe for the Mn nucleus. By extra-
polating the NAR frequency to zero temperature,
a value f0=466. 5 MHz is obtained, mhich corre-
sponds to a hyperfine field of 442 kOe. Results for
frequencies below 200 MHz in Fig. 3 mere taken
from Ref. 3.

Figure 2 shows that the absorptive component of
the NAR decreases rapidly for f& 463 MHz and

completely vanishes for f& 467 MHz. For still
higher frequencies the attenuation is mainly due to
background losses. Frequency pulling effects of
the NAR frequencies due to the static nuclear mag-
netization' could not be observed. In all measure-
ments reported, the power level was kept suffi-
ciently low in order to avoid saturation effects of
the NAR.

The frequency dependence of critical attenuation
at T = T~ and NAR absorption at T = T„„„for longi-
tudinal waves in MnTe is plotted in Fig. 4. Re-
sults below f= 200 MHz, marked "sample No. 1"
were taken from Ref. 3. The critical attenuation
at T = T„ increases proportional to co as predicted
by theory. '7 For frequencies up to 400 MHz the
peak absorption at the NAR increases proportional
to v with maximum changes of the ultrasonic at-
tenuation up to 300 dB/cm. For the xy shear wave

in MnTe no attenuation peak at T„is observed, and

the NAB absorption is approximately ten times as
high as compared to the longitudinal wave at the
sa,me frequency (see the triangular point at f= 178
MHz in Fig. 4). For longitudinal waves propagating
along the hexagonal axis no NAR was observed,
since no magneto-elastic coupling occurs in this
case.

In addition to the peaks in the ultrasonic attenua-
tion at T = T„and T = T„„H we also observed anom-
alies in the sound velocity v, of MnTe at these tem-
peratures. Changes in the sound velocity were
measured very accurately using a crystal-controlled
oscillator and comparing the phases of the trans-
mitted ultrasonic pulse and the rf drive signal. For
different temperatures the frequency of the oscil-
lator was adjusted such as to keep the phase dif-
ference between ultrasonic pulse and drive signal
constant. Figure 5 shows the resulting frequency
change versus temperature for a longitudinal wave
transmitted through a system comprising a MnTe
sample of thickness 1 mm and a sapphire delay rod
of thickness 15 mm. The fractional changes of
sound velocity b.v, /v„given in Fig. 5, refer to
the Mn Te sample alone and were calculated from
the measured change for the whole system, using
the thicknesses and sound velocities of sample and

delay rod, respectively. For comparison, the
change of ultrasonic attenuation at f= 230 MHz is
plotted in the upper part of Fig. 5. Clearly, the
dispersion in the sound velocity coincides with the
maximum absorption at T = T„„R.
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C. Magnetic-Field Dependence of Ultrasonic Attenuation and

NAR in MnTe

The coordinate system, which is used in order
to describe the magnetic-field dependence of back-
ground and NAB absorption, is shown in Fig. 6.
The x and y axes are, respectively, oriented per-
pendicular and parallel to one of the Mn-Mn direc-
tions in the hexagonal plane. The z direction is
chosen parallel to the hexagonal axis. The direction
of an external magnetic field H is described by the
azimuth angle y„. In zero magnetic field the sub-
lattice magnetization may be directed along any one
of the "easy" axes i=1, 2, 3, which occur at 60
intervals in the "easy" plane. The location of the
easy axes perpendicular to the Mn-Mn directions
was determined from measurements of the sixfold
component of magnetic torque (Sec. IV).

With a magnetic field applied in the hexagonal
plane the ultrasonic attenuation for a longitudinal
wave with q ~~ x, f= 276. 5 MHz is shown as a function
of temperature in Figs. 7 and 8 for @~=0' and 45',

respectively. The observed splitting of the NAR
line can be explained by vector addition of the ex-
ternal magnetic field H to the hyperfine fields H„
corresponding to the antiparallel sublattices of
electronic magnetization. For y„=0' (Fig. '7) both
background and NAB absorptions are reduced
drastically in strong fields since in the flopped con-
dition the spins are oriented in a direction, where
no magneto-elastic coupling occurs, as will be dis-
cussed in Sec. III C. In the case rp„= 45' (see Fig.
8) the NAR absorption is split into four lines. In
high fields a magnetic component of the background
absorption is still present, and an unsplit NAR line
occurring at a slightly higher temperature than for
H=O is observed. This behavior can be explained
as follows: The magnetic field at y„=45' rotates
the spins into a direction of maximum magneto-
elastic coupling (see Sec. III C). The external mag-
netic field H is added perpendicular to the consid-
erably larger hyperfine field H„, yielding only a
small shift of the NAR.

The temperatures of maximum NAR absorption
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FIG. 6. Coordinate system and
location of "easy" axes i = 1, 2, 3 and
centers 0=1, 2, 3 of 60' domain walls
within the hexagonal plane of Mn Te.

at f=276. 5 MHz as a function of magnetic-field
orientation in the hexagonal plane are plotted in Fig.
9. The open circles and solid lines correspond to
the experimental results, and filled circles and tri-
angles refer to theoretical calculations for domains
and domain walls, respectively, and will be dis-
cussed in Sec. IV. The appearence of the unsplit
center line in the high-field flopped state can be
seen clearly for y„=30 and 60, starting at mag-
netic fields around 6 kOe.

When a magnetic field is applied perpendicular to
the hexagonal plane, the NAR line remains unsplit,

because 8 I H„ for all spins in the hexagonal plane,
and no spin-flop occurs. Figure 10 shows the tem-
peratures of maximum NAR absorption for the lon-
gitudinal wave as a function of magnetic field
orientation in the xy, xz, and yz planes. The
splitting vanishes when the field direction ap-
proaches the hexagonal axis.

III. THEORY

A. Static Equilibrium Conditions for Electronic and Nuclear
Spin Systems

The magnetic properties of MnTe are charac-
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terized by two sublattices of electronic magnetiza-
tion M, and M~ and two sublattices of nuclear mag-
netization M„» M„2. A magnetic moment of five
Bohr magnetons per Mn atom was determined from
susceptibility measurements, ' which agrees with
an expected ~S electronic configuration. " The
dimensions of the unit cell in the NiAs structure
are a=4. 142 A and c=6e 703 A. With two formula
units MnTe per cell the calculated density is
p = 6.084 g/cmz, and the electronic sublattice mag-
netization at T=O'K is Me=465 cgs/cm .

The static equilibrium positions of the magnetiza-
tion vectors are described with respect to the
(x, y, z) coordinate system of Fig. 6. Let the
azimuth angles for the electronic and nuclear sub-
lattice magnetization be y„y2, and y„„y„~, re-
spectively. The orientation of the antiferromag-
netic vector L = M, —M~ as a function of magnetic
field is calculated from the following equation'
neglecting the influence of the static nuclear mag-
netization':

sin6cp —(H/H») stn2(IP —y„) = 0,

where

is the spin-flop field, K~ is the sixfold anisotropy
constant, and y, and y„are the perpendicular and

parallel susceptibilities, respectively. In deriving
Eq. (1) the conditions H z/H z «1 and (6K& /M) «H,
have been used. (H, = exchange field. ) The static
equilibrium positions for H=O are [see Eq. (1)]
Qo 3 nn, n = 0, 1, ... , 6. Under the influence of a
magnetic field the L vector approaches a position
perpendicular to H above the spin-flop field. Ac-
cording to Eq. (1) the spin flop occurs at H= H, r
for I yo —y„ I

= 30' and at H = ~3H» for I yo —y„ l

=0 or 60 .
For a given orientation of the electronic mag-

netization the azimuth angles of the nuclear sub-
lattice magnetization can be calculated from an ex-
pansion to second order in H/H„:

cos(P„1 2
—P1 z) —1 —z (H/H„) sm (v g z

—
v H) ~

where H„= aM is the hyperfine field. The static
magnetic fields acting on the nuclear spin systems
are

Hy z
—H„+ H cos((py z

—(PH) + z (H /H„) slI1 (Py e
—IPz)

H„= [24', /(II, —II„)]'" (2) (4)
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where ~ ' is the tensor of reciprocal nuclear re-
laxation times, and the effective fields acting on the
nuclear sublattices are

H.'1,'2 = H ™1.2 (8)

(9)

The equations of motion are linearized for small-
amplitude oscillations using coordinate systems,
in which the X axes coincide with the directions of
static sublattice magnetization and the Y and Z

axes, respectively, refer to oscillations within the
hexagonal plane and perpendicular to it. Let the
dynamic components of magnetization be my" ',
mz" ' for the electronic sublattices and m„"Y ',
m„"z' for the nuclear sublattices. Then the nuclear
variables can be expressed in terms of the dynamic
components of electronic magnetization using Eqs.
(7) and (8):

I I I I I I I I I I I I I I I

z 30 60 y 60 30 x 60 30' z

ORIENTATION OF MAGNETIC FIELD

FIG. 10. Temperature of maximum NAR absorption
for longitudinal wave with q II x, f=276. 5 1VIHz in Mn Te
as a function of magnetic-field orientation for various
values of H.

This equation describes the vector addition of the
external magnetic field to the hyperfine field, which
determines the splitting of the NAR lines, if fre-
quency pulling effects' are neglected at high tem-
peratures.

I—M1 2
= (M1 2 H,' 2) ——

I M1 2 (M1 2 H1 2)],
e

(5)

with a phenomenological damping parameter l"'.
The effective magnetic fields 0,"2 acting on the
electronic sublattices are calculated from the total
magnetic energy density C:

a@
H1, 2

=
BM1 2

(6)

The dynamic equations for the nuclear magne-
tization are written in the Bloch form:

412 ( 412 412) 1 ( 412 ( 4]12)) 1

n

(7)

B. Dynamic Equations for Electronic and Nuclear

Spin Systems

The equations of motion for the electronic mag-
netization are written in the Landau-Lifshitz form:

Neglecting frequency pulling, ' the nuclear reso-
nance functions are given by

(1,21 1,2 s(%1,2 'Pn1, 2)
2

XYY XT 02 ~2
1, 2

2~
g Qn H1 2

XYz — Xr g2
1,2

1 fin HI 2 cos((o1,2 'Pnl, 2)
XZY XT g2 g2

1,2

77 2
(1,2)

Xzz —Xr H2
1, 2

(10)

where 0„=(1/y„)(~ —2/1. ), 7 is the transverse nu-
clear relaxation time, H, 2 and cos(»», 2

—»»»„, 2) are
given by Eqs. (4) and (3). Furthermore we have

~y I(I+1) hId„(T=0) 9.84x10
y, 3$»2T T( 'K)

where the electronic gyromagnetic ratio is y„ I
and S are the nuclear and electronic spins, respec-
tively, and A is Boltzmann's constant. The nu-
merical values in Eq. (11) were calculated for Mn
in MnTe: y„=6.6306x10 sec /Oe, y, =l. 759
x10' sec '/Oe, I= S=-2, , and &u„(T=0)/2v=466. 5
MHz.

We consider magneto-elastic excitation of the
in-plane mode by a small-amplitude ultrasonic
wave with strain e„= l e;, I

e""' ~' ', q = wave vec-
tor. The dynamic equations for the electronic
magnetization can be simplified considerably for
frequencies far below the AFMR, i. e. , &d/y,

«(2H, Hr, )'»2, when the following conditions are
satisfied:
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H «H, H «2H, H, I" «1, (12)
S 1 1

where HY3= 36KS/M is the weak in-plane anisotropy
field and H»», = 2K, /M is the strong out-of-plane
anisotropy field. Inserting Eqs. (9) and (10) into

(5) and (6) and using the notations

m' =m'" ~m'"mp mp' m122'

(2)
z mz + z

(13)

the dynamic equations for the electronic magnetiza-
tion can be approximated as

2 2 2

HY cos6»»f — 1 — cos2(i»f —y„)+ sin (Sf —V»»») — + iQI' + H„XY
H ~ll H 0

R'3 2H, 2H, y, 2He

2 Hrf(XYY+XYY) mY =2Ye ~2((p) 2 (14)

mz iQH 1 ~i)
1 —~ cos(y —i»f ), , = 1 —— "

cos(i»2 —»i»»») 2m'„H, Hg 2 X
(15)

where 0= &u/y, .
The exciting magneto-elastic torque Tz, is cal-

culated from the magneto-elastic energy density'
neglecting piezomagnetic terms 0 and rotational
effects21, 22,

T,(»»2) = MH„, = (8 —8 )[(e„„—e„„)sin2»I»f

+ e„,cos2i»f] . (16)

B, and B2 are magneto-elastic constants. 23 For the
frequencies and magnetic fields under considera-
tion, see Eq. (12), the largest dynamic component
is m„'. The quantities in Eq. (15) are small, i. e. ,
in this mode the electronic magnetization vectors
M, and M2 predominantly oscillate antiparallel to
each other in the hexagonal plane.

C. Ultrasonic Attenuation and NAR in Domains and
Domain Walls

Considering the dominant term in Eq. (14), the
dissipated power density for the electronic and
nuclear spin systems is

2 l

P~»~= ~ Re i»22 Z (M». H»"*+M„» H„'»'~
j=l

= —,
' Re(i »dfm YH„*,) .

The sound absorption coefficeint is obtained from

(18)

In the presence of several antiferromagnetic do-
mains i=1, 2, 3 with spin orientations y, given by
Eq. (1), occupying fractional volumes V«/V, the
ultrasonic attenuation can be calculated from Eqs.
(14) and (16)-(18):

2 sio'2W, , for lo diiod' al waves

}~P&& ~ 1 ~ ' cos 2y, , for xy shear wave

f

H H2 0 2

H»» cos6y» —
2

1 — " cos'(i»f» —q „)+2
' sin (y» —q»») —

2H H„XY —H„X„,» + (ill -H„X„,)'2H, X 2H, y~ e

(19)

where

Xnv» & [XYY(9») + XYY(A)]

This equation describes the different loss contribu-
tions, which are observed experimentally below
T„(Se IIc): (i) background losses, proportional
to I", (ii) reactive modulation of the background
losses by the nuclei, dispersive component ~, and

(iii) direct dissipation in the nuclear system, ab-
sorptive component g„". The acoustic losses due
to electrical conductivity in Mn Te are completely
negligible in comparison with the magnetic losses,

t

since only the small component me [see Eq. (15)]
with net magnetization generates dissipative cur-
rents.

In the previous calculations we considered losses
due to electronic and nuclear spins, located in
domain regions. However, background losses and
NAB absorption may also occur due to motion of
domain walls. ' In a domain wall the spin orienta-
tion qr = Vf(g changes as a function of the coordinate
( along the wall normal direction. The most im-
portant mode of wall motion is the translational
mode, for which the influence of the anisotropy
field H„ is compensated by an exchange term,
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and a phenomenological wall stiffness field H~ acts
as restoring force in the resonance denominator.

We consider domain walls k =1, 2, 3 with static
spin orientations in the range y»") —)p»($) —ip»'»),

where the spin directions p,"' and cp„' ' in the ad-
jacent domains are calculated from Eq. (1). An

approximate calculation of wall absorption yields
the following result, assuming y„= 0:

9~(H» H')) Q ss» +k

(a)ass )' fo ioagiiodioai waves

I
X

(cos2)p) for xy shear wave

3 0 3 — ' 3 3—H —2„+H. X
—

4 H. X.,. + —~I' —
4 H. X.','.2 ~

~ ~
~ n

~ t

s
4

» 2 ~ I ~ ~
4 n

~ I
tI

2

with g»= v/(S)» ' —q»"'), where V„»/V is the frac-
tional volume occupied by walls of type k. In com-
parison with Eq. (19) the anisotropy field H„ in the
denominator has been replaced by the wall stiffness

(20)
I

field Hr. The numerator of Eq. (20) contains
average values of the magneto-elastic torque [see
Eq. (16)], describing the strength of excitation of
the translational wall mode:

(sin2S )
dp,

cos2+

)'

sin2y

(1)
(cos2cp )»»

I

for longitudinal waves

for the xy shear wave.
(21)

Weighted average values of the nuclear suscepti-
bilities appear in Eq. (20):

~ (2)

Xv), »
=

X)I,»+~X», »
= f ~&) IXrr(S'»)+ Xrr ()P»])»)()»)P) d)P)

where the weighting function

ip»(k) —
&p»

(W)= ~ s t )A

(22)

IV. COMPARISON BETWEEN EXPERIMENTAL RESULTS
AND THEORY

In order to compare the static equilibrium orien-
tation of the L vector with the predictions of Eqs.
(1) and (2), measurements of the magnetic torque
density 7.~ in MnTe were carried out with a field
H=15 kOe, rotated in the hexagonal plane. Re-
sults for the sixfold and twofold torque components
as a function of temperature are shown in Fig. 11
(see also Ref. 10). Theory predicts that the six-
fold torque component in the high-field flopped con-
dition is field independent':

reaches a maximum at the wall center and is zero
outside the wall. Numerical calculations of the
NAB line shape for nuclei in domain walls as a func-
tion of an external field yield a split up into several
peaks, which are qualitatively similar to those in
the case of domain absorption. A distinction be-
tween these two cases will be given by a detailed
discussion of the experimental results in Sec. IV.

7 ~ = 12K3 SlD6p g . (23)

Since the experimental torque curves below
T = 260 K still increase with H at the highest field
available (H =15 kOe), values of K„calculated
from the measured w„according to Eq. (23), are
too small. The temperature dependence of the six-
fold component (Fig. 11) with a maximum around
T = 170 'K cannot yet be interpreted theoretically
at the present time. In the range of higher temper-
atures the anisotropy field Hr =36KB/M was cal-

3
culated, assuming Eq. (23) to be valid and comput-
ing M(T) from the temperature dependence of f„«
in Fig. 3, using MD=465 cgs/cma. The result is
shown as a dotted line in Fig. 11. Using our K3
values and the published susceptibility data'
X, =1.41x10 ' cgs/cm» and X„(T) we calculate the
spin-flop field from Eq. (2): at T= 270 K,
K, =l erg/cm, 1 —X„/X, =0.26, H»=0. 8 kOe.

This calculated value of the spin-flop field is
in striking disagreement with the experimental re-
sults for the splitting of the WAR at temperatures
around 270 K (see Fig. 9). A value H»=0. 8kOe
would imply that all spins are oriented almost
perpendicular to H for external fields as low as
1 kOe, i. e. , no splitting of the MAR line should be
observed. Since the experiments yield values of
the spin-flop field around 6 to 10 kOe (see Fig. 9),
evidently other contributions, which are presently
unknown, in addition to the anisotropy constant K3,
are important in determining the spin orientation.
Further investigations are required in order to
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FIG. 11. Magnetic torque den-
sity vH in Mn Te as a function of
temperature with H =15 kOe ro-
tated in the hexagonal plane. The
anisotropy field Hg3 was calculated,
assuming YH —-12KB sin6/0 in the

flopped state. The experimental
points, open circle, open square,
and open triangle, refer to differ-
ent samples.

clarify this point.
Experimental results of ultrasonic background

absorption as a function of magnetic field orienta-
tion (plotted as solid lines in Figs. 12 and 12) shall
be compared with theoretical predictions from Eq.
(19). We consider the case y„=O, neglecting nu-
clear contributions and assume equal and field-
independent domain volumes V«. An expansion of
Eq. (19) for small fields (H/H»)2 «1 yields the
nonresonant background absorption for the longi-
tudinal wave:

(see Fig. 9) with theory, numericalcalculations for
domain and wall absorption according to Eqs. (19)
and (20) were performed, assuming a spin-flop
field H» =6 kOe in the static equilibrium condition
[Eq. (1)] in order to obtain rough agreement with
the experiments for temperatures around 270 'K.
The following numerical parameters were chosen
to fit the observed NAR line shape at H=O:
=H&=0. 7 Oe, I' =3&&10, Q„=~7 =330, assuming
fieM-independent domain and wall volumes: V& &

Vg 2 Vg 3 V &
= V,= V, . The calculated NAR

temperatures as a function of magnetic field for

which qualitatively agrees with the observed angular
dependence of the background absorption for small
fields in Fig. 12. However, this agreement has to
be considered somewhat fortuitous in view of the
severe approximations used in deriving Eq. (24).

In the high-field flopped condition H» H», we
have for all domains l y —y„l = w/2, and the back-
ground absorption according to Eq. (19) is

n, sin 2y„ -for longitudinal waves, (26)

o, cos 2'„ -for the xy shear wave, (26)
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in qualitative agreement with the experimental re-
sult in Fig. 13.

Experimental results for the NAR absorption
are plotted as open circles in Fig. 13. The angular
dependence of n„„„for the longitudinal wave ap-
proximately follows a sin 2p„dependence, and

Merry and Bolef obtained an analogous result in
RbMnF3. For the xy shear wave, no NAR absorp-
tion is observed for y„=45, whereas maximum
coup1ing is measured at q&= 0'.

In order to compare the observed NAB splitting

C)
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0 I
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x y

ORlENTATION OF MAGNETlC FIELD

FIG. 12. Background attenuation at T =247'K for longi-
tudinal wave with q II g, f=276. 5 MHz in MnTe as a func-
tion of magnetic field orientation g~ with H as parameter.
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various orientations y„are shown in Fig. 9; filled
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FIG. 13. Measured ultrasonic attenuation at H =16 kOe
in Mn Te as a function of magnetic field orientation pz for
the xy shear wave at f=259. 5 MHz and the longitudinal
wave with q II g at f= 276. 5 MHz. Solid line is the back-
ground absorption and the open circles represent NAR

absorption.

absorption, respectively. These results clearly
demonstrate that the observed effects are caused
mainly by nuclei located within the domains: The
measured NAR splitting is larger at cp& = 90' than
at q H =0, in agreement with theoretical results
for domains. An additional reason for excluding
an explanation in terms of wall absorption is the
observation of the unsplit NAR line for H»H» in
Fig. 8. These effects cannot be caused by nuclei
located within domain walls, since the coupling
factors for wall motion vanish above the spin-flop
field [see Eq. (21)). The dispersive component in
the NAR line shape vanishes at higher magnetic
fields (see Fig. 8). This observation can be ex-
plained by considering the terms proportional to
H /2H, in the denominator of Eq. (19), which re-
duce the reactive modulation of the losses for
magnetic fields above the spin-flop field.

In summary, we can state that the observed ef-
fects of ultrasonic background and NAR absorption
in MnTe far high magnetic fields H» H» agree
with theoretical predictions for domain absorption,
whereas the behavior for lower fields cannot yet
be interpreted quantitatively. In particular, the
observed spin-flop fields are much higher than the
values calculated from measured susceptiblities
and sixfold anisotropy constants.
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The description of the self-imprisonment of resonance radiation in gases or solids and of
the density distribution of excited species depends upon a transmission coefficient T(p), the

probability that a quantum of emitted radiation will traverse a thickness p of material. This
coefficient is shown to be given by the rapidly convergent series T(p) =g „(-ko p) "/s ) (s+ 1)~ t,
where ko is a constant characteristic of the excited species and of the temperature. The
above expression is used to give the first accurate discussion of resonance radiation con-
fined between infinite parallel planes, and of radiation inside a sphere over a wide range of

ko p values.

I. INTRODUCTION

Resonance radiation is emitted by an excited atom
when it makes a transition directly to its ground
state. Such radiation is strongly absorbed by other
atoms of the same kind when in their normal states.
The absorbing atoms are raised to the same state
of excitation as the original atom, and can in turn
emit the same quantum of energy in order to return
to their ground state. Thus, in a volume of gas,
the same quantum of energy may be absorbed and
reemitted many times over before it reaches the
walls of the container. Under these conditions, the
radiation is said to be imprisoned.

In a paper' bearing nearly the same title as the
present one, Holstein has discussed the imprison-
ment of resonance radiation in terms of a probabil-
ity T(p) that a quantum of emitted radiation passes
through a thickness p of gas. In Holstein's basic
equation for T(p), the absorption coefficient of the
gas, k(v), is explicitly considered as a function of
the frequency, so that an averaging of the mono-
chromatic transmission factor, e '"", over the
entire frequency spectrum P(v) of the emitted radia-
tion at a given point must be taken. Then

T(p) = f P(v)e """dv . (l. 1)

where vs = 2RT/M, and kc depends on v, and on
known spectral characteristics of the normal and
excited atomic states. It can be shown' that

pP(v) = k(v)

may be used when the shape of the resonance line
is Gaussian, as is the case with Doppler broadening
or for the luminescence of certain solids emitting
at low temperatures. The proportionality constant
p is determined by the requirement

f P(v)dv= 1 .
Let

X = V —
Vp Vp C Vp

Then it will follow that

k(x) = pP(v) = k, e "

with

(1.6)

(1.6)

P=m kp,

whence

(l. 7)

employed by Holstein, k(v) is given for Maxwellian
velocity distributions by

k(v) = k, exP(- [(v —vs)/v, ]'(c/vs)'f,

Of the various forms that the frequency variation
can assume, this paper will concern itself only with
the Doppler -broadened absorption. In the notation

T(p) = v '"f„"e "'e 'o- "
dx . -

The further transformation

(1.8)


