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The electronic and magnetic properties of the "semimagnetic" semiconductor Hg& „Mn„Se
(x =0,06) are studied by microwave helicon transmission. Experiments are carried out at 35

GHz in the temperature range 4.2—90 K, and in magnetic fields up to 60 kG. The helicon wave

dispersion and damping provide a measurement of the free-electron concentration and mobility.

Near the electron paramagnetic resonance (EPR) of the Mn2+ ions helicon transmission shows

pronounced EPR absorption and dispersion, which yield the real and imaginary parts of the

dynamic magnetic susceptibility of Hg& „Mn„Se.In addition to providing the EPR position and

linewidth, this measurement also determines the value of the static magnetic susceptibility of
the Mn2+ ion subsystem.

I. INTRODUCTION

Helicon wave propagation at microwave frequencies
provides a convenient, contactless method for the
study of the electrical and the magnetic properties of
semiconductors. ' 4 When the electrical parameters of
the material satisfy the conditions for helicon wave
propagation, the presence of an external magnetic
field allows electromagnetic waves in the form of cir-
cularly polarized helicons to penetrate the medium to
a depth considerably greater than the classical skin
depth calculated using the zero-field conductivity.
The sense of the propagating polarization is deter-
mined by the sign of the free carriers. When the free
carriers are electrons and the solid in question con-
tains localized paramagnetic ions, the polarization of
the helicons is the same as the sense of precession of
the magnetic dipoles. The helicons will then interact
resonantly with the paramagnetic ions when condi-
tions for electron paramagnetic resonance (EPR) are
satisfied.

In this paper we present a study of helicon wave

propagation and helicon-excited EPR in the ternary
compound Hg~ „Mn„Se,with x =0.058. This materi-
al is a narrow-gap semiconductor, with physical prop-
erties much like those of Hg Te, Hg& „Mn„Te,and

HgSe. Because of the presence of substitutional mag-
netic ions in its lattice, which influence many of its
electrical and optical properties, this material is some-
times referred to as a "semimagnetic" semiconduc-
tor, along with Hg~ „Fe„Te,Cd~ „Mn„Te,and oth-
ers. Hg~ „Mn„Seis particularly well suited for the
study of helicon-excited EPR because of the simul-
taneous presence in the material of a high concentra-
tion of very mobile electrons and a random distribu-
tion of localized magnetic imoments. The absence of

holes makes the quantitative interpretation of the
helicon-EPR data in a typical Hg] „Mn„Sesample
particularly reliable.

In the next section, we formulate briefly the elec-
tromagnetic problem of helicon wave propagation in a
conducting medium containing magnetic moments.
Section III describes details of the experimental pro-
cedure, including sample preparation. The experi-
mental results of the helicon propagation and
helicon-EPR measurements, and a discussion of
these results, are presented in Sec. IV.

II. ELECTROMAGNETIC PRELIMINARIES

The problem of helicon-excited EPR in a material
such as Hg& „Mn„Secan be described by considering
wave propagation in an isotropic plasma of highly
mobile electrons in a crystalline lattice containing a
random distribution of paramagnetic ions. When an
external magnetic field B = Boz is applied, both the
permittivity e and the permeability p, of such a sys-
tem become gyrotropic tensors, of the form

If we assume plane-wave solutions of the form
exp(i k r —i cut), we obtain from Maxwell's equa-
tions the wave equation for the electric field, '

2

k x[~ (k xE)]+ K E=O2"
where q = p, /po is the relative permeability tensor, k

is the wave vector, co is the microwave angular fre-
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quency, c is the speed of light in vacuum, K =7/ep is
the dielectric tensor, and pp and Ep are the vacuum
permeability and permittivity.

We shall restrict our attention to the Faraday
geometry, i.e., to the case when the wave vector is

parallel to B. For this geometry the solutions of the
wave equation are two circularly polarized modes,

E+ = Ep(x + iy ) exp (ik+z —i tut )

where the complex wave numbers k+ are

k+ = (cu/c)(~+q+)' '

and

(3)

K+ = K~ + & K~, 'l7+ = 'g~ + & 'g~

Separating k+ into real and imaginary parts,

k+ = u++i P+

(S)

(6)

we obtain

~+ = (tu/&2c ) [ 1K+ I I q+ I
+ (K'+q'+ K'+rt'+) ]' ' (7)

p+ = (~/K~c) [I K+
I In+I —(~'+n'+ ~'+n'+) ]'", (8)

Here r+ is the reflection coefficient of a semi-infinite
half space, given by

r+ = [1 —(K+/77+) ]/[1+(K+/77+) ] . (10)

In this paper a one-electron Drude model is used
for the dielectric constant in the analysis of the elec-
tronic properties and related computer calculations.
In terms of this model the dielectric constants for the
two normal modes are

2
(Up 'T

K+ =Ki 1 +I
cu 1 —i ( tu + cu, ) r

t

where Ki is the lattice dielectric constant,
tu~ —= (nq'/m'spat)'t' is the plasma frequency, n is the
free-carrier concentration, q is the carrier charge, m'
is the effective mass, 7 is the relaxation time, and
cu, = qBp/m' is the cyclotron frequency. For the ma-
terial considered here, the free carriers are electrons
and q = —e, where e is the magnitude of the electron-
ic charge. Note that, in this convention, cu, (0 for
electrons when the magnetic field Bp is in the posi-
tive z direction.

To analyze the contribution of the localized mag-
netic moments, which enters the problem through

where the single and double primes denote real and

imaginary parts of tr and g. Equations (7) and (8)
determine the phase and attenuation of the wave,
respectively. Using these results, we can express the
signal transmitted by a sample of thickness d in terms
of the complex transmission coefficient ~ for an in-

finite plate bounded by vacuum on both sides:

ik +d i 2k+d
r p = (1 —r+ )e —/(1 —r+e —)

q+ —= 1+X+, where X+ is the dynamic magnetic sus-
ceptibility, we use the Bloch model. ' The response of
the magnetic dipoles to a circularly polarized elec-
tromagnetic wave is then described by

x+ = + t xptuL T2/[1 —t (tu'+
tuL ) T2] (i2)

for microwave frequencies and for magnetic fields
exceeding a few kilogauss, The third inequality indi-

cates that under typical experimental conditions the
lattice dielectric constant is a negligible part of K+.
The parameter ranges where inequalities (13) are sa-

tisfied constitute the "helicon limit. "' Within this
limit the effective dielectric constants assume simple
approximate forms, and in turn the propagation coef-
ficients n+ and P+ in Eqs. (7) and (8) can be simpli-

fied to

a+ = (netutA, p/Bp)' '(1+—,
'

x+) (14)
1

P+=
2

rle QJ p,p

0

&1/2 r

+ x+ « n+, (1S)
O)c I

1/2
rie 4' p,p +x" « n, , (16)

Bp

P = (netupp/Bp)~t2(1+ —X') ))P+

where we have not made any simplifications for X ex-
cept to assume that IXI « 1, as is appropriate for a

paramagnetic system. It will be seen that the contri-
bution of x to n and p will be negligible except in the
immediate vicinity of EPR. From these expressions
it is evident that the (+) polarization propagates with

relatively low damping and comprises the helicon
waves referred to previously. The ( —) polarization is

characterized by strong attenuation and nearly total
reflection. Because of this, and of the fact that EPR
occurs in the (+) polarization, the remainder of this
discussion will deal only with the (+) polarization.

From Eq. (14) we see that the helicon dispersion is

a sensitive function of n and can be used to deter-
mine this parameter. The carrier mobility p,, can be
subsequently determined from the magnetic field
dependence of the attenuation, Eq. (15), which
depends on ltu, l'7=p, Bp. With n and p,, determined

where Xp is the static magnetic susceptibility, T2 is

the spin-spin relaxation time, and coL is the Larmor
precession frequency, given by tuL = geB—p—/2m. Here

g is the Lande g factor and m is the free electron
mass. Note that the sign of cuL is the same as of co„
so that the resonant response in X is also excited by
the (+) polarization, as can be seen from the
denominator of Eq. (12).

For Hg~ „Mn„Secrystals of good quality the sam-

ple parameters appearing in K+ typically satisfy the
relations

(13)



24 .MICROWAVE HELICON PROPAGATION AND THE DYNAMIC. . . 357

(from data away from EPR, where the contribution
of X is negligible), measurements of helicon disper-
sion and absorption in the EPR vicinity can then be
used to obtain the value of the dynamic susceptibility
X+.

III. EXPERIMENT
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The microwave transmission experiments were per-
formed in the Faraday geometry using a 35-6Hz
Rayleigh interferometer bridge. ' Such an interferom-
eter allows the measurement of the amplitude and
phase of the signal transmitted by the sample. The
bridge, shown schematically in Fig. 1, consists of a
sample arm and a reference (bypass) arm. Most of
the microwave power enters the sample arm and is
converted to circular polarization before it is incident
on the sample; and a small fraction of the power can
be routed through the reference arm, bypassing the
sample. This provides a means of measuring the
magnetic field dependence of the phase of the signal
transmitted through the sample when it is recom-
bined and interfered with the reference arm signal.
A ferrite modulator operated at 1000 Hz is used to
amplitude-modulate the sample arm sigrial only. The
use of lock-in detection rejects that part of the signal
at the detector which is due solely to the reference
arm transmission. The detected signal is plotted on an

L Y recorder, and is given by'

(P ) = C ( I T+I + 2
I T+I A R cos(O, —Htt )j, (18)

where C is a proportionality constant involving the
amplifier gain, recorder scale factors, bridge attenua-
tor settings, etc. Here the amplitude of the signal
routed through the reference arm is A~, and 0, and
OR are the phases of the sample and reference sig-
nals, respectively. The value of 0, depends on mag-
netic field through o.+d.

The sample of Hg& „Mn„Sewas cut in the shape of
a thin disk of thickness d =0.399 mm and was
mounted so as to completely block the waveguide. A

highly conducting silver paste effectively sealed the
sample to the waveguide, preventing leakage of mi-
crowave power around the sample.

The magnetic field was produced by a 6-T super-
conducting solenoid. An insert Dewar enclosing the
sample holder permitted measurements at tempera-
tures from 4.2 to 90 K. The temperature was mea-
sured with a GaAs light-emitting diode (LED)'
mounted on the sample holder in the immediate
proximity of the sample. This LED was calibrated
with a Chromel-(Au+0. 07 at. %Fe) thermocouple.

The sample of Hg~ „Mn„Sewas grown from the
melt by a modified Bridgman method at the Institute
of Physics, Polish Academy of Sciences. According
to known phase diagrams, ' this material crystallizes
in the zinc-blende crystallographic structure (the
same as HgSe) up to x =0.3S. The crystals are n

type as a result of a natural tendency of this material
to deviate slightly from stoichiometry in the process
of crystal formation. A typical electron concentration
in as-grown HgSe and Hgl „Mn„Sesamples is ca.
n =5 x10 4 m '. To reduce the number of donors,
the sample used in this investigation was annealed
for 98 h in Se vapor at 180'C, followed by 235 h in
static vacuum at 120'C. The composition of the
sample was determined by density measurements to
have a Mn content of x =0.058 +0,002.
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FIG. 1. Schematic diagram of the 35-GHz microwave
spectrometer.

Direct transmission data (i.e. , the signal observed
when the reference arm signal is zero) for the
Hgt „Mn„Sesample at 10 K is shown in Fig. 2(a).
The transmission maxima seen here are Fabry-Perot
dimensional resonances. Their presence indicates
good sample homogeneity and a respectable electron
mobility. Figure 2(b) shows a calculation of the
direct transmission using the parameters obtained
from the analysis of the dispersion and damping ex-
hibited by this sample at low fields (see Fig. 3),
n =2.70 x10 m and pe=8.40 m /Vsec. We ob-
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FIG. 2. Transmitted microwave power as a function of
magnetic field: (a) data for Hg& „Mn„Sesample, x =0,058,
observed at T =10 K; (b) calculation for n =2.7 x 10 m

p,, =8,4 m2/V sec,

serve a good qualitative agreement between the two

graphs, except for a shift in the positions of the
Fabry-Perot maxima and for the half-widths of the
resonances. This last discrepancy could be due to the
faces of the sample being slightly nonparallel, to in-

homogeneity in the electron concentration across the
sample, or to a gradual decrease of the electron mo-
bility with magnetic field. The shift in the position of
the resonances is a problem that is not unique to this
sample: we have observed such shifts in other speci-
mens (e.g. , InSb) in the course of our investigation
of helicon waves. It is not due to an error in the car-
rier concentration, because thc periodicity in Bo of
the resonances is the same for both graphs, and
agrees very well with the electron concentration ob-
tained from the low-field phase-shift data. A plausi-
ble explanation for this shift is the presence of an
un~anted reflection within the sample holder, prob-
ably between the sample and the waveguide U bend.
Such a reflection could significantly alter the im-
pedance at the sample-waveguide interface, introduc-
ing a constant phase shift in the signal reflected at
the interface, and thus making the resonance condi-

FIG. 3. Interference traces for the (+) polarization ob-
tained at four phase settings of the reference arm, 90' apart,
at T =10 K.

tion different from that obtained when the sample is
bounded by free space on both sides. Using comput-
er calculations, we have demonstrated that when the
original slab sample is replaced by a sandwich of the
sample and a lossless dielectric, the actual positions
of the dimensional resonances are shifted, but the
periodicity in Bo ' ' is not altered.

Figure 3 shows a Rayleigh interferogram for this
sample at a temperature of 10 K and for magnetic
fields up to 6.0 T. The four traces correspond to four
settings of the phase shifter that are 90' apart. The
amplitude maxima seen here correspond to the
Fabry-Perot maxima seen in Fig. 2. Note that the
data display not only these well-known oscillations in

the amplitude of the transmitted sigrial, but also os-
cillations in the phase of the transmitted wave about
the monotonic Bo '~' magnetic field dependence
which the phase would have in the absence of multi-

ple internal reflections. This effect is shown in Fig.
4, where the oscillatory curve is the observed phase
change as a function of magnetic field, taken from
Fig. 3 at fields above 3.5 T. The straight line in Fig.
4 is an extrapolation of the rate of phase change from
low magnetic fields, where no oscillations in ampli-
tude or phase are observed. Although such phase os-
cillations are clearly present in the expression for the
complex transmission coefficient r, Eq. (9), we are
not aware of any experimental observations of this
dispersive aspect of the Fabry-Perot effect elsewhere
in the literature.

The low-field Rayleigh interferograms obtained on
this sample of Hg~ „Mn„Sewere computer-fitted in
the region well away from the magnetic resonance, to
establish the electron concentration and mobility.
This region is illustrated by Fig. 5 below, say, 1.10 T.
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FIG. 4. Relative phase change of the transmitted signal
plotted as a function of Bo ' . The circles are data points
taken from the high-field region of Fig. 3. The' straight line
is an extrapolation of the rate of phase change observed at .

low fields.

This figure shows two sets of data (solid circles) ob-
tained at 10 K for two phase settings of the reference
arm, 90' apart; and two calculated interference
traces, obtained using Eq. (I8) for two values of HR

90' out of phase (solid lines). The best-fit parame-
ters used in this calculation were n =2.7 x 10" m
and p,, =8.4 m /V sec. The agreement of the data
with the calculation is quite good here and is typical
of the fits obtained at other temperatures. The elec-
tron concentration was found to be constant at
n =2.7 x 10' m from 90 to 4.2 K, while the mobili-

ty increased from 5.6.m /V sec at 90 K to 8.65
m~/V sec at 4.2 K.
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FIG. 5. Theoretical fits for two helicon interference traces
differing in phase by 90'. The circles are data points (taken
at 10 K), and the solid lines are calculated for n =2.7 && 10
rn, p,, =8.4 m /Vsec.

B. Dynamic magnetic susceptibility

Having determined the electronic properties by us--

ing data away from EPR (e.g. , B & 1.1 T in Fig. 5),
we were then able to computer-fit the absorption and
dispersion in the neighborhood of the magnetic reso-
nance (e.g. , 1.1 & B & 1.4 T in Fig. 5). A Bloch
model for the magnetic susceptibility X+ of a two-
level spin system was used for fitting the real and im-

aginary parts of the dynamic magnetic susceptibility
X+ in these calculations. The Mn++ system is, of
course, in reality much more complicated than a
two-level system described by the Bloch model, but
because of the extreme width of the resonance the
use of a more detailed model, including fine and hy-

perfine interactions, does not affect the width of the
resonance and causes only a very small change in its
strength. The amplitude of the dynamic susceptibility
provides, in turn, the value of the static magnetic
susceptibility Xp [see Eq. (12)]. The spin-spin relaxa-
tion time T~ is used here only as a fitting parameter
to simulate the width of the resonance. The position
of the resonance provides a value for the g factor.
However, because the resonance line is very broad,
we have not attempted to determine the value of g
with accuracy. Rather, we have used a value of
g =2.00, which was obtained for Mn++ in other
II—VI compounds. '

As can be seen from Eqs. (14) and (15), the hel-
icon method of exciting EPR provides a direct mea-
surement of the values of the real and imaginary
parts of the dynamic magnetic susceptibility X+.
These two quantities are shown as functions of mag-
netic field for several temperatures in Figs. 6 and 7.
The susceptibility is expressed in dimensionless units,
consistent with the mks definition in Eq. (12). We
observe that as the temperature decreases, the
strength of the resonance increases, as would be ex-
pected from the usual temperature dependence of Xp.

However, the width of the line also increases dramat-
ically. This suggests the presence of a strong spin-
spin interaction which leads to the broadening of the
resonance line at low temperatures. It is also seen
that the dispersive effects of the magnetic ions are
quite strong at a distance of several kilogauss from
the resonance at low temperatures, while the effect of
absorption is less extended, as is the nature of
Lorentzian lines.

C. Static magnetization

The process of fitting Eq. (12) to the magnetic res-
onance absorption and dispersion yields a value of
the parameter Xo, which, within the framework of the
Bloch model, is identified as the static magnetic sus-
ceptibility. In more complicated situations involving,
e.g. , significant antiferromagnetic interaction, such as
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D. EPR linewidth

The final aspect of the helicon-EPR studies of
Hg~ „Mn„Seto be considered is the increase in reso-
nance linewidth with decreasing temperature. Figure
9 shows a plot of the full width at half-maximum of
the resonance line as a function of temperature. It
can be seen that there is over a fourfold increase in

linewidth as the temperature is reduced from 90 to
4.2 K.
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FIG. 9. Half-width of the observed EPR resonance as a

function of temperature.

with our observation of a smaller value of Xo than
would be given by isolated magnetic ions.

Deviations from a linear dependence of 1/xo on
temperature were also observed in recent low-field dc
magnetic susceptibility studies of Hg, „Mn„Te(Ref.
17) and Cd~ „Mn„Te(Ref. 18) for a wide range of x
values. A cluster model with a nonstatistical distribu-
tion of cluster sizes was invoked in Refs. 17 and
18 to explain the observed specific heat and mag-

netic susceptibility data. A transition from a

paramagnetic to a spin-glass phase was observed in

both materials for large values of x (x & 0.17).
We will not attempt a quantitative analysis of our

data in terms of such a model because the exact rela-

tionship between the dc magnetic susceptibility and
our quantity Xo is uncertain, especially since this

quantity is extracted from a high magnetic field
(B = 1.25 T),measurement. The high-field behavior
can only be expected to increase the complexity of a

magnetic system that is not yet fully understood.
However, we do want to draw attention to the hel-
icon method of examining the magnetic properties of
suitable materials. The qualitative comparison of our
results with dc measurements suggests that this
method may prove very useful in a fuller understand-
ing of the behavior of these materials.

Such behavior has been observed in concentrated
magnetic systems, such as MnTe, ' MnSe, ' and MnS
(Ref. 21) and is interpreted in these materials as due
to a transition from a paramagnetic to an antifer-
romagrietic state. The dependence of linewidth on
temperature can in these instances be described by

the relation'

Tc
AH =A ' +8,

T Tg
(19)

where A and 8 are constants, T, is the critical tem-
perature, and P is the critical-temperature exponent.

The EPR spectra of semimagnetic semiconductors
also show this behavior for a large concentration of
magnetic ions."" This aspect has been, so far, in-

vestigated in Cd~ „Mn„Teand Hg~ „Mn„Teat values
of x )0.20. For such high values of x a critical tem-
perature T = T, is observed, below which the mag-
netic resonance does not occur. This critical tern-
perature is found to increase with x. For x (0.20,
T, 0 K, so that the resonance, although iricreasing
in width with decreasing temperature, is observed at
all temperatures. The disappearance of the resonance
has been attributed by the investigators to an order-
disorder transition from the paramagnetic to the anti-
ferromagnetic phase. It is interesting to note in this
connection that recent results for Hg, „Mn„Te(Ref.
17) and Cdt „Mn„Te(Ref. 18) indicate a paramag-
netic-to-spin-glass transition occurring near x =0.17
for T =0 K, with the transition temperature increas-
ing for higher x. On the basis of this we suggest,
therefore, that it is the transition to the spin-glass
phase which is responsible for the disappearance of
the resonance. Where the resonance is observed, the
linewidth data can be fitted well with Eq. (19), which,
however, must be viewed as empirical. There is not
yet available a theory for EPR effects in such mixed
systems that permits the interpretation of these
results.

In the present case of Hg~ „Mn„Sethe observed
change in linewidth with temperature is considerably
larger than reported for other semimagnetic semicon-
ductors with a comparable composition, However, if
we replace T,/(T —T, ) by 1/Tin Eq. (19) (since no
transition occurs for this value of x), we obtain a
value of P =0.47, in good agreement with values of
0.40 to 0.47 previously obtained by other workers for
semimagnetic semiconductors with larger values of x.
The parameter 3 is found to have a value of 0.26 T,
considerably larger than the values obtained by previ-
ous workers, reflecting the fact that we observe a
much larger change in linewidth for a (comparative-
ly) small value of x.

Unlike previous magnetic susceptibility and EPR
linewidth measurements, we have simultaneously
measured both quantities, and we believe that they
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must be explained together. The usefulness of such
data in explaining exchange phenomena remains to
be determined. Existing theories which deal with the
magnetization of these materials are still highly quali-
tative, and the connection with the linewidth remains
to be made.
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