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Analysis of the quantum oscillations in the transverse magnetoresistance (Shubnikov —de Haas ef-
fect) for H~ ~[110] in oriented single crystals of the compound semiconductor Hg~ „Fe„Sewith
x 0.03 and x =0.05 provide evidence for spin-dependent scattering of the conduction electrons.
Line-shape fits to the data allow estimates for the difference Dingle temperature 6TD and the
exchange-enhanced effective g factor as a function of temperature and magnetic field. It is conclud-
ed that some Fe ions, when incorporated in a HgSe host, exist in a magnetically active state. This
result indicates the presence of Fe + in addition to the Fe + that might normally be expected in this
material.

I. INTRODUCTIOK

Diluted magnetic semiconductors (DMS's) are semicon-
ducting compound materia1s whose crystal lattice contains
substitutiona1 magnetic ions. These ternary compounds
crystalize in the zinc-blende structure with a lattice con-
stant determined by the concentration of magnetic ions.
Recently, there has been considerable interest in these ma-
terials due to their novel electrical, optical, and magnetic
properties. ' The interaction effects between magnetic
moments have been studied and there is evidence .that in
some systems a spin-glass ordering of the magnetic mo-
ments results. Other recent work on these materials has
included measurements of Shubnikov —de Haas oscilla-
tions, ' magnetization measurements, ' ' specific
heat, ' far-infrared magnetotransmision studies, ' ' and
synchrotron-radiation photoemission measurements. '

In general, when a material contains magnetic impuri-
ties which possess loml magnetic moments the exchange
interaction between these loca1 moments and the conduc-
tion electrons produces a shift in the electronic energy lev-
els. Because this interaction is spin dependent, there is
reason to expect the scattering lifetimes of the spin-up and
spin-down electrons will be unequal. In addition, the ex-
change interaction may influence the shape of the energy
bands at the Fermi level. In order to investigate these
spin-dependent effects, it is necessary to use a sensitive
probe of the exchange interaction. The quantum oscilla-
tory effects are ideal for this purpose since they provide
considerable information about the shape of the band
structure at the Fermi energy. Also, careful measure-
ments of the har'monic content of these oscillations are
capable of giving information about the effective mass,
the cyclotron-averaged electronic g factor, and the differ-
ence in the scattering lifetime between the up- and down-
spin conduction electrons.

In this study we report measurements of the
Shubnikov —de Haas (SdH) effect in single crystals of
HgSe (n =3.82X 10 cm ) and Hg& „Fe„Se
(n =5.66X 10' cm 3 for both x=0.03 and x=0.05) with

H~ ~[110]. The measurements have been performed as a
function of temperature (1.3 & T & 30 K) and for magnetic
fields of less then 5 T. These materials were chosen for
this study bemuse their electron concentrations give rise
to oscillatory properties that can readily be analyzed with
existing theoretical models applicable at magnetic fields
far below the quantum limit. The orientation of H~

~
[110]

was selected because, for this orientation, the resulting
quantum oscillatory signal does not exhibit a line shape
dominated by beating effects. ' As a result, a more reli-
able analysis of the data is possible. The choice of materi-
als was also motivated by the desire to simultaneously
conduct a parallel study of the quantum oscillations in
both the host material and the diluted compound system
with comparable electron concentrations.

These studies are interesting bemuse they provide quan-
titative information about the behavior of Fe in the zero-
gap semiconductor HgSe with zinc-blende structure. This
is particularly important since an analysis of the magneti-
zation of Fe + in a zinc-blende lattice' indicates a Van
Vleck behavior which leads to a magnetic susceptibility
that is independent of temperature. ' It can thus be ex-
pected that the temperature dependence of the quantum
oscillatory phenomena in HgSe and Hg& „Fe„Sewill fol-
low the standard theory for nonmagnetic materials quite
closely. As we pointed out previously, ' and as will be
demonstrated below this conclusion is not substantiated
by a detailed analysis of the experimental data obtained in
this study.

The remainder of this paper is divided into the follow-
ing sections. In Sec. II we present an outline of the
theoretical considerations pertinent to this work. In Sec.
III a brief description of the experimental apparatus is
given. In Sec. IV we discuss the method of determining
the amplitudes and phases of the various harmonics in the
quantum oscillatory signal as function of applied magnet-
ic field. In Sec. V we present a detailed analysis of the
temperature dependence of the Shubnikov —de Haas oscil-
lations obtained for H~ ~[110] in HgSe and Hg~ „Fe„Se.
In Sec. VI the results of this study are summarized and
discussed.
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II. THEORY

The derivation of the Shubnikov —de Haas effect is
based on the quantization of electron levels in the pres-
ence of an applied magnetic field and is discussed in many
places. ' The resulting magnetoresistance bp/p can be
conveniently written in the form of a harmonic expansion:

~HI, K„B„cos(m.rS )~=2Dy
P T=1

Q cos 2mr ——y'
H 4

If the shape of the Fermi surface is spherical, then I' can
be directly related to the electron concentration n by

E= (3nn).
2e

(2)

There are several amplitude factors in Eq. (1) which can
be further defined. K„=e (a=2ir m'k~/eA') is
an electron-lifetime factor with TD, the Dingle tempera-
ture, providing a measure of the impurity and dislocation
scattering in the material. I„=X„/sinhX„(X„=ar T/H )

is the thermal-damping factor that incorporates the tem-
perature T of the sample. The term cos(irrS) (where
S=g, m */2m ) describes the Landau-level splitting in an
applied magnetic field and is a function of the cyclotron-
averaged g factor (g, ) and effective mass (I '

) of the
electrons. Finally, the term 8, represents magnetic break-
down effects which may be required by the Fermi-surface
geometry.

Equation (1) may not be appropriate for systems con-
taining magnetic impurities which possess local magnetic
moments. Under these conditions the exchange interac-
tion of conduction electrons with the local moments pro-
duces a spin-dependent shift of the electronic energy lev-
els. The net result is a modification of the Zeeman split-
ting by introducing an effective g factor geff and an ex-
change field H,„such that

H,„
Serf =Bc+

In Eq. (3), p&H „=—C J(S ), where J is the exchange
coupling constant (J&0 ferromagnetic exchange, J&0
antiferromagnetic exchange), C is the concentration of
local moments, and (S, ) is the expectation value of spin
for the magnetic ions, which can be a function of both
temperature and magnetic field. As a result the parame-
ter S=g, m '/2m in Eq. (1) must be replaced by
S —g ffm /2m, where S' now is a function of both tem-
perature and magnetic field.

However, Eq. (1) was derived assuming that both up-
and down-spin electrons contribute equally to the resul-
tant signal. Because the exchange interaction between the
local moment and conduction electrons can be spin depen-
dentit is , expected that the scattering rates for spin-up
and spin-down electrons will be unequal. Equation (1)
must therefore be generalized to allow for a spin-
dependent Dingle temperature. Under these cir-
cumstances, Eq. (1) becomes

X cos 2irr ——y —— amr—S'., (4)
H 4

with
—arTD /0

Z, =e —ar 5TD/H
and E"=e (5)

Due to the periodicity of the cosine term in Eq. (7), the
factor 2m rS' is uncertain to within an additive constant of
2'.n, where n =0, +1,+2, . . . . In what follows, we arbi-
trarily set n =0. In addition, a shift b,8„ in the phase of
the oscillations due to spin-dependent scattering results
and is given by

b 8„=tan tan(irrS')—1 1 —Ez~

1 +g2l'

An important conclusion evident from Eq. (7) is that for
nonzero 5TD the amplitude factor A„does not equal zero
even when 2mrS' equals mm/2, m =+1,+3, . . . .

III. EXPERIMENTAL CONSIDERATIONS

The data acquired in this study were obtained using a
computer-controlled superconducting-magnet system that
allowed digitization of the oscillatory signal at 1000 close-
ly spaced values of the applied magnetic field. A dc
current of 50 mA was passed through the sample, and the
resulting voltage drop across the sample was measured by
a Keithly model-148 nanovoltmeter. Using this tech-
nique, no modulation of the magnetic field is required and
the data will not be distorted by any Bessel-function mul-
tiplicative factors. A small nonoscillatory background
magnetoresistance was fitted by a second-order polynomi-
al function and could be subtracted from the measured
signal to yield the oscillatory signal of interest.

To employ the method of data analysis discussed below,
it is necessary to have a well-characterized oscillatory sig-
nal. In this study the typical size of the oscillatory signal
at 4.2 K and at a magnetic field of 2.5 T is about 3 pV.
A noise signal, typically ~0.2 pV, is also present in the
signal. The computer-controlled data-acquisition system
measures the voltage from the nanovoltmeter ten times at
each value of the magnetic field. Thus a signal-to-noise
ratio of greater than 47:1 is expected. The signal to noise
deteriorates at lower values of magnetic field and is con-
siderably better than the above figure at fields above 2.5

TD+ TD TD Tg)
TD —— and 5TD ——

2 2

where o =+1 is for spin-up electrons and o = —1 is for
spin-down electrons. In order to analyze data it is more
convenient to represent the terms in Eq. (4) with the aid
of a phasor diagram. As a consequence, the resultant
amplitude A, for a given harmonic r is

[E "+E "+2cos(2m rS')]'~~ . (7)
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T. In practice, the digitization of such data is sufficiently
noise-free to use the data-analysis procedure described in
Sec. IV below.

The magnetic field was set at predetermined values by a
computer algorithm and was held at the appropriate value
while the maggetoresistance voltage was digitized. The
computer algorithm that set the value of the magnetic
field was independently checked for accuracy with a cali-
brated axial Hall probe. The difference between the mea-
sured magnetic field and the computer-set magnetic field
was found to be less than + —,'% over the magnetic field
range of interest.

The samples used in this study were oriented by x-ray
backreflection techniques and cut into parallelopipeds
with dimensions of 1.2X1.2X9 mm . The Fe content
was determined by electron-rnicroprobe techniques. The
oriented samples were mounted inside a variable-
temperature Dewar to allow data runs at different tem-
peratures below 77 K. Four platinum pressure-point con-
tacts were attached to the sample in such a way as to al-
low both the transverse magnetoresistance and Hall volt-
age to be measured. The electron concentration deter-
mined from the frequency of the SdH oscillations through
Eq. (2) was always found to be in excellent agreement
with the electron concentration deduced from the Hall-
voltage measurements. The essential features of the data
presented below have been reproduced on four different
samples.

the fits are reliable. Figure 1(a) shows a computer-
generated data trace obtained from a numerical evaluation
of Eq. (4) using reasonable estimates for the relevant pa-
rameters. The results of a least-squares fit to the ampli-
tudes A„and phases 4„of the fundamental (r =1) and
second harmonic (r =2) are shown in Figs. 1(b) and 1(c),
respectively. The solid lines in these two figures are the
expected results based on the direct evaluation of the r =1
and r=2 terms from Eqs. (7) and (8). As is clear from
Fig. 1, there is good agreement between the amphtudes
and phases estimated from the least-squares-fitting pro-
cedure and the calculated quantities. It can be concluded
that for the purposes of quantitatively determining the
variation of the various harmonics over a wide range of
magnetic field, the least-squares-fitting technique outlined
above can give very satisfactory results.

However, for the purpose of data analysis in this paper,
the method of phase measurement [Fig. 1(c)] is susceptible
to a number of errors for the following reasons. It is con-
venient to rewrite Eq. (9) as

5.5

IV. METHOD OF DATA ANALYSIS

In a quantitative study of the Shubnikov —de Haas ef-
fect, it is important to measure not only the frequency of
the oscillations but also the dependence of the amplitude
and phase of the various harmonics with magnetic field.
A problem with this analysis occurs when oscillatory data
from semiconductors are processed because of the low
electron concentration. As a consequence, the number of
oscillations in a field region is small (typically 30 oscilla-
tions or less occur between 2 and 5 T), and the standard
approach of Fourier-transform analysis used in the study
of quantum oscillations in metals will give inaccurate re-
sults. Because of this difficulty, we use a least-squares-
fitting technique to determine the amplitudes and phases
of the harmonics as a function of magnetic field.

Specifically, a data window spanning one oscillation is
defined. The width of this window is based on an esti-
mate of the frequency which is obtained in a straightfor-
ward way by measuring the positions in H of the peaks
over several oscillations. The data points contained in this
window are fitted to a function f(H) given by
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f(H)= g A„cos +@,
H

(9)

In the least-squares-fitting technique implemented in this
study, the parameters A„and 4&„given in Eq. (9) are
treated as constants independent of the magnetic field
over a region spanning one window width. The validity
of this approximation is examined below.

In order to justify the use of this technique to analyze
our data, considerable effort was expended to show that

FICx.-1. Least-squares fits to a computer-generated data trace
based on Eq. (4). Panel 1(a) shows the behavior of Eq. (4) with
E=100 T, T=1.3 K, m*=0 06mo TD ——4.0 K, 5TD ——1.5 K,
go ———10.0, and gi ———60.0. The parameter g~ is further de-
fined in Sec. V. The open circles in panels (b) and (c) show the
amplitudes and phases for the fundamental and second harmon-
ics determined from the least-squares-fitting procedure. The
solid lines in these two figures are the expected variation of
these two quantities based on the explicit evaluation of Eqs. (7)
and (8).
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2

f(H) = g A, cos
l

2mrI'

H ' 4
2—n ry ——+68, . (10) Hg Se

T= 28,0 K

H ll LIIO j Tll LII03
I I

If the frequency of the oscillatory signal is not constant
with changing magnetic field, ' phase shifts, in addition
to the magnetic-field-dependent phase 50, defined by Eq.
(10), will occur. These spurious shifts cannot be readily
separated from the m.rS' term in Eq. (8). Also, any uncer-
tainty in the magnetic field measurment complicates the
result of the phase measurement. For example, if the fre-
quency of oscillation is E=100 T and the uncertainty in
the field measurment is about l%%uo, a rough estimate gives
a 40' error in phase. It is also difficult to separate this
unwanted effect from the least-squares-fitted phase b 8„.

Because of the above reasons we use the result of the
phase measurements primarily to mark the position of
zeros (or minima) in the amplitude of the various harmon-
ics. As can be seen from Eqs. (7) and (8), a sudden phase
shift (=180') is expected in 58„whenever A„goes
through a minimum. This phase shift is useful for defin-
ing the positions of zeros (or minima) in the data and can
be used as a guide to the correct interpretation of the am-
plitude measurements derived from Eq. (10). It is also
important to note that the errors involved in a measure-
ment of b,8„do not seriously effect the determination of
the amplitude 3,.

V. EXPERIMENTAL RESULTS AND DISCUSSION
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The main results obtained in this study are shown in
Figs. 2—4, which illustrate the variation of the
Shubnikov —de Haas signal as a function of magnetic field
for a variety of different temperatures. In order to quan-
titatively analyze these data, it is necessary to extract the
amplitude variation of the individual harmonics. The
magnetic field variation of the fundamental harmonic as
determined by the least-squares-fitting procedure
described above is shown in Figs. 5—7 for HgSe and

Hg~ „Fe„Se(x=0.03 and 0.05) with H~ i[110]. An im-

portant conclusion drawn by comparing these sets of data
is that the signal from HgSe and Hg& „Fe Se samples
evolve in a completely different way as the temperature is
lowered.

The data for HgSe (H~ ~[110],Fig. 5) show that as the
temperature is lowered the amplitude of the fundamental
harmonic is observed to continuously increase in magni-
tude. By analyzing these data at various magnetic fields
between 2.5 and 4 T an effective mass could be deter-
mined in the usual way. The value of m* was estimated
to be 0.061+0.007, where the quoted uncertainty reflects
the variation in m found at different magnetic fields.
Also, an analysis of the frequency of oscillations for
T &4.2 K gives 77 T and, using Eq. (2), an electron con-
centration of n =3.82&10' cm is obtained. Our re-
sults for m are in good agreement with Fig. 1 of Ref. 28.
It is important to point out here that no measurable
amount of second harmonic was observed in the line
shape of these oscillations.

As is clear from Fig 6(Fig. 7). the temperature depen-
dence of the fundamental harmonic in Hg& „Fe„Sewith
x =0.05 (x =0.03) shows a completely different behavior.

FIG. 2. The temperature dependence of the transverse mag-
netoresistance oscillations in HgSe for H~ ~[110]. The scale fac-
tors which were used to multiply each data trace before plotting
are (from tap to bottom) 18.1, 7.1, 3.2, 1.9, 1.5, 1.5, 1.3, 1.1, 1.03,
and 1.0.

As the temperature is lowered below 15 K (12 K), the am-
plitude of the fundamental harmonic decreases until a
strong second-harmonic component at T=8 K (6.5 K) is
observed. At this temperature the observed signal is
found to contain more second harmonic than fundamental
for magnetic fields above 3.5 T (3.0 T). At temperatures
below T=8 K (6.5 K), the fundamental harmonic is ob-
served to again increase in amplitude. In addition, de-
tailed analysis of the data (for x =0.05) reveals the pres-
ence of a minimum in the amplitude of the second har-
monic for T&4.2 K. Studies show that the position of
this minimum moves to higher fields by lowering the tem-
perature. For a fixed temperature, the position in H of
this feature also depends on the Fe concentration. For ex-
ample, data on the sample with x =0.03, shows that this
minimum was only observed for T= 1.3 K because its po-
sition was shifted to lower magnetic fields at higher tem-
peratures. A general result obtained from this study of
the Hg& „Fe„Se system is that for x)0.03, zeros (or
minima) move toward higher field as the temperature is
lowered. In contrast to this result, for samples with
x=0.003 (n =4.7&&10' cm ), the position of these
zeros are no longer observed to be a function of tempera-
ture.

In order to account for these observations, it is neces-



32 SPIN-DEPENDENT SCATTERING OF CONDUCTION. . .

Hgi x Fax Sa X™0.05 H II [II03 III [IIO]
I I I I

Hgl x FexSe x=0.03
I 1

T=24.0 K

H II [IIO J I Il[IIO]
I I

T = l7. 0 K

T= l2.0 K

T = lO. O K

C3

V)
~~
ch

CD

C3

O
C3

CfJ

T = 4.2 K

T=2.5 K

QP

a

CA
OP

0)

t3

C3

D
~ ~
Vl

T=8.7 K——————- - ~ - ~~a,~,'~~/) j(f'

T= 7.4 K

T-" 6.5 K

O.O
I

I.O 2.0 3.0 4.0
Magnetic Field ( & )

5.0

T=I.KK

I.O
I

2.0
Magnetic Field ( T }

I IIIIIIIIIII, iI, III,i( I I!,I

5.0 4.0 5.0

FIG. 3. The temperature dependence of the transverse mag-
netoresistance oscillations in Hg] „FeH Fe Se (x =0.05) for
He i[110]. The scale factors which were used to multiply each
data trace before plotting are (from top to bottom) 10.1 3.6 3.9,
5.8, 5.9, 5.0, 1.4, 1.1, and 1.0. Data are from Ref. 12.

FIG. 4. The temperature dependence of the transverse mag-
netoresistance oscrllations sn Hg ~ „e„e~ ~ ~

e x =003} for
811[110].The scale factors which were used to multiply each
data trace before plotting are (from top to bottom) 10. , 3.2 1.9
2, 2.3, 2.6, 2.3, 1.6, and 1.0.

sary 0 nto include effects due to the temperature and magnet-
ic field dependence of (S,). This information can be o-
tained from the temperature and magnetic field depen-
dence of magnetization measurements. Because no such
information is available at the present time for
H Fe„Se, we assume that (S, ) is proportional to the
Brillouin function, 8~(g), where rl=gp~Hlk~T.

g~ e e,
T. In what

follows, the magnetic-ion g factor appearing in.the argu-
ment of B~ is assumed to equal 2, and j is taken as —,,
which is consistent with the +3 valence assumed for the
magnetically active Fe ions. As a result, the exchange
field H,„defined by Eq. (3) can be written as

H,„= ~g8 ~5(2T, H). The parameter gI is expected to be
a function of the exchange coupling constant J, the effec-
tive magnetic moment per Fe ion, and the concentration
of local moments, C

The data in Figs. 6 and 7 can be analyzed in some detail
by adjusting m ', TD, 5TD, g„and gI. However, some of
these parameters can be fixed in a reasonably straightfor-
ward way. For instance, by analyzing several data traces
in the high-temperature range (12 K & T & 30 K) for
x =0.05, an effective mass m "=0.067+0.001
(m' =0.064+0.001 for x =0.03) for three different mag-
netic fields (3.8, 4.2, and 4.6 T) was obtained. Using this
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FIG. 5. The variation of the fundamental harmonic ampli-
tude of the Shubnikov —de Haas oscillations in HgSe as a func-
tion of magnetic field for a variety of different temperatures.

effective mass for the data trace at T= 15 K (17 K for
x=0.03), an average Dingle temperature TD ——3.3+().2
(TD =3.2+0.2 for x, =0.03) was estimated from the con-
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ventional Dingle plot [ln(K„) vs 1/H]. Since the values of
m* and Tz are known, in order to fit the data to Eq. (7)
it is necessary to use g„g~, and 5T& as fitting parame-
ters. It is also reasonable to assume that g, is close to the
electronic g factor of HgSe containing no Fe impurities.
As a consequence, g, is independent of temperature and
its magnitude can be roughly estimated from Ref. 30 to be

g, = —10. ' Therefore, in fitting the amplitude of the fun-
damental and second harmonic to Eq. (7), only two ad-
justable parameters, 6TD and g~, are required.

Not all data traces display equal sensitivity to these two
fitting parameters. From Eq. (7) it can be shown that
5TD controls the depth of a minimum in the amplitude of
a given harmonic, while g& controls the position of the
minimum in H. Therefore, data traces in which zeros (or
minima) occur in a given harmonic at a particular value
of magnetic field. are best suited for a careful adjustment
of these two parameters. A typical fit to the data ob-

I.O 2.0 3.0 4.0
MAGNETIC FIELD ( T )

I,OO
5.0

FIG. 8. The determination of the difference Dingle tempera-
ture 5TD in Hg~ „Fe„Se(x =0.05) at T=S.O K. Data for both
the fundamental and second-harmonic amplitudes are analyzed.
The parameters used in generating the theoretical fits are
m =0.067, TD ——3.2 K, g, = —10, and g& ——30.5.

tained at T=8.0 K for x =0.05 is shown in Fig. 8. In
this figure the theoretical fits to the amplitudes of the
fundamental and second harmonic are shown by solid
lines. It is clear from Fig. 8 that the data require a value
of 5T& different from zero. Similarly, Fig. 9 (x=0.05)
shows the magnetic field variation of the second-
harmonic amplitude at T=4.2, 2.S, and 1.3 K. This data
is particularly sensitive to the value of gt, which controls
the position of the minimum, and 5TD which controls the
depth of the minimum. The dashed line in Fig. 9(c)
represents the result of Eq. (7) in the absence of the ex-
change field (gt ——0). This clearly illustrates that the ex-
change field H,„ is required for analyzing the data. In
addition, Fig. 10 shows a typical fit to the data obtained
at T=6.5 K for x =0.03. It is also clear from this figure
that the best fit to the data requires a nonzero value for
5TD.

The parameters used to fit the amplitude of the funda-
mental harmonic as a function of temperature for
x=0.03 and O.OS are collected in Tables I and II. The
range on g (the argument of the Brillouin function)
covered by the data in these tables varies from 0—+0.45 at
T=15 K to 0—+S.2 at T=1.3 K, The uncertainties in
the temperature measurement at all temperatures T ~ I.S
K are believed to be negligible. A small uncertainty of
about +0.05 K for the T= 1.3 K data may be present and
this could account for the apparent decrease required in
TD for the x=O.OS sample at the lowest temperatures.
An important result that can be drawn from these tables
is that as the temperature is lowered, 5TD and g~ increase
while T& remains essentially constant. In reaching these
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FIG. 10. The determination of the the difference Dingle tem-
perature 5TD by fitting data on the magnetic field dependence
of the first-harmonic amplitude from a Hg~ „Fe„Se(x =0.03)
crystal at T=6.5 K. The parameters used in generating the
theoretical fits are m*=0.064, TD ——3.2 K, g, = —10, and
g )
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FIG. 9. The sensitivity to the difference Dingle temperature
5T~ in the amplitude of the second harmonic as the temperature
is lowered from 4.2 to 1.3 K. The presence of a minimum in the
data at T=4.2 K [panel (a)] is confirmed by a sudden change in
the phase 502 by =180' (not shown). The shift in the position
of the minimum as the temperature is lowered is due to the vari-
ation of gdf with temperature; The parameters used in generat-
ing the theoretical fits are m *=0.067, T~ ——3.2 K, and
g, = —10.

VI. SUMMARY AND CONCLUSIONS

The data presented in Figs. 2—10 represent a systematic
and quantitative study of the quantum oscillatory proper-
ties of the ternary diluted magnetic semiconductor
Hg& „Fe„Seover a wide range of temperature and mag-
netic field. This study indicates quite clearly the signifi-
cant differences between the temperature dependence of
the Shubnikov —de Haas oscillations in the HgSe and
Hg& „Fe„Se systems. The different temperature depen-
dence observed for these two materials indicates that a
fraction of the Fe ions exists in a magnetically active state
(presumably Fe +), in addition to Fe +, which apparently
does not exhibit a temperature-dependent magnetization

conclusions it is important to realize that we have as-
sumed g, = —10 for both x =0.03 and 0.05 samples. If
the value of g, is not the same for both concentrations of
Fe (x =0.03 and 0.05) or if its value is significantly dif-
ferent from —10, the magnitude of g& will still increase
as the temperature is lowered, but its value will be dif-
ferent from those given in Tables I and II.

Similar results could be tabulated from an analysis of
the second-harmonic data. It was found that the values of
T~ and g~ required were essentially the same as for the
fundamental harmonic. However, for the x =0.05 sam-
ple, over the low temperature range for which a sizable
second-harmonic component was evident, 5T~ was about
5 times smaller than the nominal value of 5TD required to
fit the fundamental harmonic. The origin of this
discrepancy is not known.

T (K)

17.0
12.0
10.0
8.7
7.4
6.5
4.2
1.3

TD (K)

3.2+0.2
3.2+0.2
3.2+0.2
3.2+0.2
3.1+0.2
3.1+0.2
3.1 +0.2
3.0+0.2

0
0
0
0

0.04+0.01
0.15+0.02
0.3 %0. 1

0.3 +0. 1

0
0

15.0+5
22.0+3
28.0+0.5

29.0+0.2
36.0+1
36.0+ 1

TABLE I. The results of a line-shape analysis for the funda-
mental harmonic amplitude of the Shubnikov —de Haas oscilla-
tions obtained for H~ ~[110] in Hg~ „Fe„Se(x =0.03). The un-
certainties listed in the various parameters are worst-case values
determined by adjusting the parameter until unacceptable agree-
ment between theory and experiment were obtained.
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15.0
11.5
9.3
8.0
7.3
4.2
2.5
1.3

3.3+0.2
3.3+0.2
3.3 k0.2
3.2+0.2
3.2+0.2
3.2+0.2
3.2+0.2
2.7+0.2

0
0

0.1 +0.05
0.25 +0.05
0.3 +0.2
0.5 +0.4
0.5 +0.4
0.85+0. 15

0
20.0+ 10
29.0+2
30.5+ 1

38.0+5
50.5+1
51.5+ 1

51.5+ 1

in crystals with zinc-blende structure. ' This conclusion is
in agreement with the initial results obtained on this sys-
tem. "

Another important conclusion drawn from these data is
the necessity for different scattering rates to characterize
the up- and down-spin conduction electrons. This result
is consistent with the above conclusion that Fe + is
present, since it is probable that the microscopic origin of
'6TD lies in the exchange interaction between localized
magnetic moments of Fe + and the conduction electrons.
The fact that 5TD increases (and saturates) as the tem-
perature is lowered provides convincing evidence that the
origin of 5TD lies in the alignment of the magnetically ac-
tive Fe ion spins. It should also be pointed out that TD
found from this analysis does not decrease as x increases.
Measurements of TD over a wider range of x are required
to further investigate this unexpected feature of our study.

TABLE II. The results of a line-shape analysis for the funda-
mental harmonic amplitude of the Shubnikov —de Haas oscilla-
tions obtained for H~ ~[110] in Hg~ „Fe„Se(x =0.05). The un-
certainties listed in the various parameters are worst-case values
determined by adjusting the parameter until unacceptable agree-
ment between theory and experiment were obtained.

5TD (K)

Finally, another result drawn from Tables I and II is
that the magnitude of g& increases as the temperature is
lowered. This indicates, assuming the underlying validity
of Eq. (3), that either the magnetic moment per spin or
the exchange coupling constant J, or both, are functions
of temperature. From the analysis presented here, this
temperature dependence seems to saturate for T &4.2 K.
Furthermore, the ratio of g&(x =0.05) to g&(x =0.03) at
low temperatures is very close to the ratio of Fe ions
present. Although this result may arise from a fortuitous
choice of g„ it provides good evidence for the propor-
tionality of H,„ to C', the concentration of local magnet-
ic moments.

Further work on this ternary-compound system will be
devoted to studies of the temperature and angular depen-
dence of the oscillations as a function of Fe concentration.
In addition, by studying the de Haas —van Alphen effect
for T & 1.3 K at higher magnetic fields, it will be possible
to determine the amplitude of the third harmonic in the
data. Once the amplitude of the first three harmonics are
measured, standard techniques can be used to determine

TD, 5TD, and g,tt independent of any particular assump-
tion for the exchange field H,„.
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