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The magnetoresistance (MR) and Hall coefficient of n-type Cd, ¢sMng osTe samples with carrier
concentrations 1.2X 10" <n £6.6X 10" cm ™ were measured at 1.2 <7 <4.2 K in fields up to 200
kOe. The results at zero magnetic field show that the carrier concentration at the metal-insulator
transition is n. =2X 10" cm ™3, in rough agreement with Mott’s prediction. In fields H <80 kOe
the resistivity p first increases with H, then passes through a maximum, and finally decreases. The
increase of p at low fields is accompanied by an increase in the magnitude of the Hall coefficient,
while the decrease of p above the maximum is accompanied by an increase in the Hall mobility.
The MR below ~ 80 kOe is attributed to mechanisms associated with the giant spin splitting of the
conduction band. The increase of p at low fields follows the behavior expected from quantum
corrections to the conductivity arising from the electron-electron interaction. The decrease of p
above the maximum is attributed to the rise of the Fermi energy in the majority-spin subband.
Above ~ 80 kOe the qualitative behavior of the MR depends on the carrier concentration. Samples
with n <n, exhibit an upturn in the resistivity at high fields. This effect is attributed to the squeez-
ing of the donor-electron wave function. In addition, the MR of these samples shows an anomaly
near the first magnetization step. In metallic samples (n > n.) the MR and Hall coefficient exhibit
oscillations at high fields. The oscillations are interpreted as Shubnikov—de Haas oscillations aris-
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ing from the majority-spin subband. This interpretation is supported by model calculations.

I. INTRODUCTION

The distinctive properties of magnetic semiconductors
(MS’s) and dilute magnetic semiconductors (DMS’s) arise
from the s-d interaction. This interaction couples the
spins of s-like conduction electrons (or p-like holes) to the
spins of 3d (or 4f) localized magnetic ions. The striking
magneto-optical and magnetotransport effects which are
caused by this interaction were investigated since the
1960s, first in MS’s, 2 and more recently in DMS’s.3 ™3
Investigations of DMS’s have focused primarily on II-VI
compounds in which some of the cations were replaced
by Mn, and more recently by Fe or Co. DMS’s enjoy
some advantages over MS’s, including a well-known band
structure and a substantial body of knowledge concerning
the parent compounds. In addition, the low-temperature
mobility in some of the DMS’s is much higher. These ad-
vantages are partially responsible for the rapid progress
in the area of DMS’s during the last decade.

In this paper we report the observation of several mag-
netoresistance (MR) phenomena in n-type Cd,_ ,Mn, Te
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samples with carrier concentrations near the metal-
insulator (M-I) transition. These data were obtained at
temperatures 1.2 =T =<4.2 K, in magnetic fields H up to
~200 kOe. Hall data are also reported. The effects ob-
served at relatively low magnetic fields (H <80 kOe) are
attributed to several mechanisms associated with the gi-
ant spin splitting of the conduction band. The various
phenomena which are observed at higher fields are attri-
buted to the squeezing of the donor-electron wave func-
tion by the magnetic field, to magnetization steps, and to
Landau quantization of the electrons in the majority-spin
subband.

Previous studies of the MR in n-type wide-band-gap
DMS’s were mainly devoted to Cd,_,Mn,Se.®”"* The
present work on n-type Cd,_,Mn, Te confirmed many of
these earlier results, but it also uncovered new MR effects
at higher magnetic fields. To put the present work in
context, we summarize some of the relevant findings in
n-type Cd,_,Mn, Se and in other DMS’s.

Much of the work on n-type Cd,_, Mn, Se was on sam-
ples with carrier concentrations not far from the M-I
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transition. These studies were carried out in magnetic
fields H <80 kOe. The salient features observed at tem-
peratures 0.3 =T =4 K were a positive MR at low fields,
followed by a decrease of the resistivity p at higher fields.
This behavior has been attributed to several mechanisms
associated with the giant spin splitting of the conduction
band in a magnetic field.>>!'"13 The specific mecha-
nisms which seem to dominate will be discussed later in
connection with the interpretation of similar data for the
present Cd; _, Mn_Te samples.

An additional MR effect was previously observed in
Cd,_,Mn, Se samples which were on the insulating side
of the M-I transition.® At low temperatures the resistivi-
ty of these samples showed an upturn at high magnetic
fields. This upturn has been attributed to the squeezing
of the donor wave function by the magnetic field—a
well-known effect which is present also in nonmagnetic
semiconductors. '* The effect was also observed in n-type
CdSe, i.e., in the absence of manganese.6 In this paper
we report similar observations in n-type Cd,_,Mn,Te
samples which are on the insulating side of the M-I tran-
sition.

Shubnikov-de Haas (SdH) oscillations have been stud-
ied in narrow-band-gap DMS’s, Hg; ,Mn,Te and
Hg,_,Mn,_Se, which have high mobilities.'* However,
to our knowledge such oscillations have not been ob-
served previously in wide-band-gap DMS’s, which have
lower mobilities. Here we report the observation of SAH
oscillations (albeit only two cycles) in samples which are
on the metallic side of the M-I transition. The period of
the oscillations is consistent with that expected from the
majority subband.

Recent work has shown that at low temperatures the
magnetization curve, M versus H, of a DMS exhibits
steps at high magnetic fields.!® A magnetoresistance
anomaly near a magnetization step was observed in
Hgl_,(A},CdanyTe.17 Here we report the observation
of a MR anomaly near the first magnetization step. The
anomaly was found in samples which were on the insulat-
ing side of the M-I transition.

This paper is organized as follows. The experimental
techniques are described in Sec. II. The room-
temperature properties of the samples, and zero-field
resistivity data at 1.2 <7 <4.2 K, are reported in Sec. III.
The MR and Hall data, and their interpretation, are
presented in two sections: Sec. IV focuses on the effects
at H <80 kOe, whereas Sec. V is devoted to the effects at
higher fields.
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II. EXPERIMENTAL TECHNIQUES

Experiments were carried out on n-type single crystals
of Cd,_,Mn,Te, grown by the Bridgman method. These
crystals were intentionally doped with both In and Al, ex-
cept for one crystal (no. 4) which was doped with In
only. The [In/Al] ratio was about 10. The reason for us-
ing both In and Al was that somewhat higher carrier con-
centrations could be achieved, as compared to doping
with In only. The nominal Mn concentration for all the
samples was x =0.05. The actual values of x, determined
by atomic absorption, varied between x =0.044 and
0.050.

Thin slices (about 1 mm in thickness) were cut from
the boules. These slices were annealed at 600°C under
Cd pressure for periods between 1 and 10 d. Bar-shaped
samples for the resistivity and Hall measurements were
cut from the annealed slices. The resistivity and Hall
measurements were made using standard dc techniques,
described in Ref. 11. Data from 1.2 to 4.2 K were taken
with the samples immersed in liquid *He.

Two different magnets were used: a high-field Bitter
magnet, and a Nb-Ti superconducting magnet. Much of
the data were acquired continuously during field sweeps
in both magnets, but the most accurate data at low fields
were taken point by point using the superconducting
magnet. All data were taken with the magnetic field H
perpendicular to the current through the sample.

III. BEHAVIOR AT ZERO MAGNETIC FIELD

The electrical properties of the samples at room tem-
perature (RT) are given in Table I. They include the car-
rier concentration ngr, the resistivity pgr, and the mobil-
ity pry. The values for ngy are from Hall measurements.
The values of pgrt and pgy are subject to an uncertainty
of 15%, typically. This uncertainty is related to the finite
size of the voltage contacts, which leads to an uncertainty
in their separation. Also given in Table I are the Mn
concentration x (from atomic absorption), the zero-field
resistivity at 4.2 K, and the dopants (In and Al, or In
only). The samples listed as 5A and 5B were both cut
from the same annealed slice.

The temperature variation of the zero-field resistivity
for 1.2=T =4.2 K is shown in Fig. 1. These data suggest
that the carrier concentration at the M-I transition is
n.=2x10" cm™3 for x=0.05. This result should be

TABLE 1. Electrical properties of the Cd,_,Mn,Te samples at H =0. Room-temperature carrier
concentration ngr, resistivity prr, and Hall mobility pugrr. The Mn concentration x is from atomic ab-

sorption. p, ; g is the resistivity at 4.2 K.

PRT HRrT P42 K
Sample no. x Dopants (cm™?) (Q cm) (cm?/V's) (Q cm)
1 0.050 In,Al 1.2x 10" 0.20 260 40
2 0.045 In,Al 1.7x 10" 0.135 270 33
3 0.050 In,Al 2.1x 10" 0.124 240 0.8
4 0.048 In 2.9x10" 0.033 650 0.06
SA 0.044 In,Al 5.9x 10" 0.023 460 0.035
5B 0.044 In,Al 6.6 X 10"7 0.020 470 0.026
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FIG. 1. Temperature variation of the resistivity p at zero
magnetic field. The room-temperature carrier concentration
ngr (in electrons/cm®) is indicated next to the sample number.

compared with the expected value 7. =1X10'" cm™? for
CdTe, obtained from Mott’s relation'®

n,=(0.26/ay) , (1)

where ay; is the effective Bohr radius for the donor. To
obtain ay we used m*=0.10m for the electron effective
mass, and a low-temperature static dielectric constant
k=10.1"20 The factor-of-2-higher n, estimated from the
data in Fig. 1 is consistent with the previously observed
increase of n, with increasing x.!"'? The Mott minimum
metallic c:onductivity18 for CdTe is 0, =5 (Q cm) ™!, cor-
responding to p,=0.2 Qcm. The data in Fig. 1, which
are at relatively high temperatures, are consistent with
this value.

IV. MAGNETORESISTANCE AND HALL EFFECT
BELOW ~ 80 kOe

A. Experimental results

Examples of the MR below ~ 80 kOe are shown in Fig.
2. As H increases, the resistivity p first increases, then
goes through a maximum, and finally decreases. These
qualitative features were observed in all the samples at
temperatures from about 1.2 to 4.2 K.

Examination of the MR data for all the samples shows
the following general trends. (1) The field H,,,, where
the resistivity is at its maximum, decreases as T de-
creases. (2) At a fixed 7, the field H_,, increases slowly
with increasing carrier concentration. The only excep-
tion is sample 4. This exception may be related to the
fact that sample 4, unlike the others, was doped with In
only. (3) The ratio p(H_,,)/p(H =0) increases with de-
creasing T, in this temperature range. (4) The magnitude
of the MR is much smaller for samples with n >>n_ (sam-
ples 5A and 5B) than in samples with n Sn.. These gen-
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FIG. 2. Magnetoresistance of sample 2 at 4.22 and 1.49 K.

eral trends are similar to those observed earlier in
Cd, _,Mn,Se under similar conditions. !"!?

Figure 3 shows the Hall coefficient R and the Hall mo-
bility =R /pl which correspond to the MR at 4.22 K
in Fig. 2. These data indicate that the positive MR in
fields below H,_,, is associated with a large increase of
[R|. On the other hand, the decrease of p in fields above
H_.. is largely due to an increase of p.

B. Theoretical models for the MR below ~ 80 kOe

The qualitative features of the MR of the present sam-
ples, in fields H <80 kQe, are similar to those observed
earlier in n-type Cd,_,Mn, Se.®” 13 The main causes of
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FIG. 3. Magnetic field dependence of the Hall coefficient R
(solid circles) and the Hall mobility u (open circles) for sample 2
at 4.22 K.
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this MR are believed to be related to the giant spin split-
ting of the conduction band (CB), which occurs when a
magnetic field is applied.”” %! 713 The present theoreti-
cal understanding of the MR is based mostly (but not en-
tirely) on models for metallic samples, with carrier con-
centrations n close to but higher than n.. The MR of
samples with n slightly below n, (which is qualitatively
similar to the MR of metallic samples) is presumed to
arise from similar mechanisms.

1. Spin splitting of the conduction band

The spin splitting of the CB is sketched in Fig. 4. The
splitting is almost entirely due to the s-d interaction.
This interaction leads to a splitting energy 8 which is pro-
portional to the magnetization M (see, e.g., Refs. 3-5).
In the field range under consideration, § is well represent-
ed by the equation

8=6,(M/M;), (2)

where 8, varies from about 11 meV for x =0.03 to about
16 meV for x =0.05.2"*2 The ratio M /M, in Eq. (2),
which is the magnetization divided by the technical satu-
ration value, '® is well approximated by?'

M/M;=Bs,;[SupgH /kg(T +T¢)], 3)

where Bj, is the Brillouin function for spin 3, up is the
Bohr magneton, kj is the Boltzmann constant, and T, is
a phenomenological parameter. For Cd,_,Mn,Te the
value of T, when x is near 0.05 is approximately
T,=47x, where T is in units of K.2""?2 For a given x,
the technical saturation value M, is a constant.

In theoretical models for metallic samples the relative
magnitudes of the spin splitting 6, the thermal energy
kgT, and the Fermi energy E, are important. In the

N(E) ™ NeE) T

FIG. 4. Schematic showing the spin splitting of the conduc-
tion band. E is the energy. N *(E) and N ~(E) are the densities
of states for the majority (+) and minority (—) spin subbands,
respectively. § is the spin-splitting energy. E; and E; are the
Fermi energies of the subbands. The shaded area represents oc-
cupied states.
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present experiments, kg7 <0.4 meV, which is much
smaller than Ez~20 meV for the metallic samples. The
magnetic field necessary to produce a splitting 8 compa-
rable to kz T is about 1 kOe at 4.2 K, and is still lower at
lower temperatures. Substantially higher fields are neces-
sary to produce a splitting § comparable to E.. For fields
near 80 kOe and when T <4.2 K, the Brillouin function
in Eq. (3) is nearly saturated so that §6=§,=15 meV.
Such a splitting is comparable to the Fermi energy E(0)
at H=0. [For a parabolic band with m*=0.10m,,
E(0) varies between 16 and 26 meV when n varies be-
tween 3X 10" and 6X10'7 cm ™ 3.] For fields near H
8% 5 meV in the present experiments.

max?

2. MR mechanisms associated with the spin splitting
of the CB

The MR mechanisms associated with the spin splitting
of the CB in wide-gap DMS’s can be divided into two
groups. First, there is a positive MR associated with the
quantum corrections to the conductivity which arise
from the electron-electron interaction. This mechanism
was proposed by Sawicki et al. and Dietl et al.®°!* The
data presented by these authors, on n-type Cd,_ ,Mn, Se,
suggest that it is the dominant MR mechanism at low
fields where & is of the order kzT. Even at higher fields
this mechanism is important, although it cannot be the
cause of the decrease of the resistivity in fields above
H ... The rise of the Hall coefficient at low fields can
also be explained, at least qualitatively, with this mecha-
nism.?

Second, there are MR mechanisms associated with the
redistribution of electrons between the two spin sub-
bands.'? As shown in Fig. 4, the splitting 8 causes elec-
trons to shift from the minority-spin subband (—) to the
majority-spin subband (+). This redistribution of elec-
trons is substantial when § is a sizeable fraction of E.(0).
Thus, the effects of the electron redistribution are be-
lieved to be particularly important in fields H > H,,,.

The redistribution of electrons, between the spin sub-
bands, can affect the resistivity in several ways. One
mechanism, discussed by Fukuyama and Yosida,??
focuses on the fact that the mobility of an electron in-
creases with energy. This is especially true for samples
with n <n,, in which the mobility depends strongly on
the energy separation from the mobility edge. As & in-
creases, the electron redistribution raises the Fermi ener-
gy Ef in the majority-spin (+) subband, and lowers E
in the minority-spin (—) subband. (For either subband,
E is measured from the bottom of that subband.) The
rise of E}L increases the mobility in the majority-spin
subband, and the fall of E; lowers the mobility in the
minority-spin subband. It was shown by Fukuyama and
Yosida that when the contributions of both subbands are
added, the net effect of the changes in the Fermi energies
is a negative MR, i.e., the rise of E,.?L dominates. This is
the most likely cause of the decrease of the resistivity in
fields above H,_,,, particularly for the samples with
n <n, in which the Fukuyama-Yosida mechanism is ex-
pected to be important.
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Other treatments of the MR associated with the elec-
tron redistribution focus on the resistivity due to ionized
impurity scattering. An early model by Shapira and
Kautz?* used the Brooks-Herring formula for ionized im-
purity scattering, and the Thomas-Fermi approximation
for the screening radius. In this model there are two
competing MR effects: the change in the screening ra-
dius with & tends to produce a positive MR, while the
changes of E; tend to produce a negative MR. Esti-
mates based on a simple parabolic conduction band show
that for the present metallic samples the MR should be
negative and of the order 10%. This is comparable to the
observed decrease of the resistivity above H, ,, in these
metallic samples. For the samples with n <n_, the ob-
served decrease of p above H_,, is much larger (see Fig.
2). For these samples, a stronger dependence of the mo-
bility on energy must be assumed, as in the Fukuyama-
Yosida model.

Larger MR effects can arise when exchange effects,
neglected by Shapira and Kautz, are included in the
treatment of ionized impurity scattering. When the con-
duction band splits, the screening of ionized donors is
mostly by “+" electrons. Exchange effects then cause
the scattering of + electrons to be stronger than that of
“—> electrons. This effect was discussed by Kim and
Schwartz in the context of ferromagnetic metals,?® and
by Gan and Lee?® in the context of DMS’s. The sign of
the MR at low fields depends on the choice of parame-
ters. For large 8, when the conduction is predominantly
due to the majority (+) subband, we expect that ex-
change effects will lead to a positive MR.

There is no clear evidence that exchange effects are im-
portant in the present experiments. First, as discussed
later, the MR at very low H (8§ S kgzT) follows the behav-
ior expected from the quantum corrections to the con-
ductivity. This implies that the MR effects associated
with the redistribution of electrons between the two spin
subbands (including the exchange effects) are not impor-
tant in this low-field region. Even at high fields, but
below H_,,, the quantum corrections mechanism seems
to dominate. Finally, at fields above H ., the resistivity
decreases with H. Such a negative MR is not expected
from exchange effects in the region of large §, but is ex-
pected from the mechanism involving the rise of E .

3. Tests of predictions based on quantum corrections
to the conductivity

As mentioned, Sawicki et al. and Dietl et al.%13 at-
tribute the positive MR in fields H < H_,, to the effect of
the CB spin splitting on the quantum corrrections to the
conductivity. The relevant correction in this case is that
due to the electron-electron interaction (not the correc-
tion due to interference). The theory of the positive MR
associated with the interaction term was developed ear-
lier.?” =% The dominant contribution in the present case
is expected to be due to particle-hole diffusion. Other
contributions are expected to be smaller and they should
not change the 7 and H dependences of the MR
significantly, although they will have a small effect on the
magnitude of the MR. For this reason we focus solely on
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the MR due to the particle-hole channel. This MR was
first discussed by Lee and Ramakrishnan (LR).?”?® Their
theory indicates that the spin splitting of the CB leads to
a change in the conductivity, Ao(H), which is given by

Ao(H)=— AT"%g,(h) , 4)

where A is a positive constant which does not depend on
T or H, and g;(h) is a definite integral involving
h =08(H)/kgT. Analytical expressions for g;(h) can be
given in two limits:

g3(h)=0.0564h%, when h <<1 (5)
and
g3(h)=h'"?>—1.3, when h>>1. (6)

The prefactor 0.0564 in Eq. (5), from our calculations,
differs slightly from 0.053 given by LR.

The value of g4(h) for an aribitrary 4 can be obtained
by numerical integration. Our numerical results show
that Eq. (5) is actually a good approximation over a much
wider range than is implied by the condition & <<1. The
deviations at A =1, 2, and 2.5 are 2.5, 9, and 14%, re-
spectively [the actual values are smaller than those given
by Eq. (5)]. When Eq. (5) applies, one can use Egs. (2)
and (4) to obtain

Ao(H)=—a(M/M,)? /T, (7
where
a=0.0564 48% /k} . (8)

The value of M in Eq. (7) depends only on x, and is in-
dependent of T or H. Equation (7) therefore implies that,
at low H, Ao is proportional to M?/T*/%. For large H,
where 8/kz T >>1, Egs. (4) and (6) give

Ao(H)x —[8'2—1.3(kp,T)'?], 9)

which means that Ao (H) is linear in M '/? at high fields.

The preceding theoretical predictions are for samples
which are well in the metallic region, i.e., kpl, >>1,
where ky is the Fermi momentum and /, is the elastic
mean free path. Experimental tests of these predictions,
however, were usually carried out on samples which were
metallic but not too far from the M-I transition, i.e.,
krl,~1. The reason is that samples with kz/, >>1 have a
very small MR. The prediction that Ac is linear in 8172,
for large 8, was verified in several nonmagnetic semicon-
ductors.***! Both this prediction and the prediction for
low & were verified by Sawicki et al. in n-type
Cd,_,Mn,Se.?

A test of Eq. (7) was carried out on sample 4. Between
4.2 and 1.3 K the resistivity of this sample increases only
by 1%, showing that the sample is metallic. However,
the sample is not too far from the M-I transition: the ra-
tio between the conductivity at 4.2 K and Mott’s
minimum metallic conductivity is only 3, and kp/,=1.
The MR of this sample was measured at four tempera-
tures between 4.2 and 1.6 K in low magnetic fields. The
results for Ag(H)/o(0) as a function of H? are shown in
Fig. 5(a). These data show that Ao /o is proportional to
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H? at low H, with a proportionality constant which in-
creases rapidly with decreasing T. The highest values of
8/kyT for the four data sets in Fig. 5(a) are about 2.5
(i.e., h £2.5), so that a comparison of these data with Eq.
(7) is reasonable.

Figure 5(b) shows the same data plotted as a function
of (M /M,)*/T?**. Here, M /M, was calculated from Eq.
(3) using the value T;=2.26 K for this Mn concentration.
The results in Fig. 5(b) show that the data for all four
temperatures lie close to a single straight line which
passes through the origin. This is precisely the behavior
which is expected from Eq. (7) at low fields.

The confirmation of Eq. (7) is a very strong evidence
that the positive MR at low fields arises mainly from the
quantum corrections to conductivity, due to the interac-
tion term. Although other mechanisms can also give rise
to a MR which is proportional to M? at low M (because
the MR is even in M), the 1/T3/? factor in Eq. (7) is
specific to these quantum corrections.

The magnitude of the MR in Fig. 5(b) is also in agree-
ment with theoretical estimates. The prefactor 4 in Eq.
(4) can be evaluated using equations given in Refs. 27-29
and the known properties of the sample [n, o(0), and
m*]. The only unknown factor is the interaction
strength parameter F, (cf. Ref. 28), which is expected to
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FIG. 5. (a) Fractional change in the conductivity,

Ao (H)/0(0), as a function of H? for sample 4 at four tempera-
tures. (b) The same data plotted as a function of
(M /M,)*/T*?, where M is the magnetization, M, is the techni-
cal saturation value of M, and T is the temperature.
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be of order 1. The magnitude of the MR calculated by
setting F, =1 is only a factor of 2 smaller than that ob-
served.

A test of the LR predictions for fields higher than
those in Fig. 5 was also carried out on sample 4. In this
test the MR was measured at 4.22 K in fields up to 76
kOe generated by the superconducting magnet. The re-
sults for Ao (H)/o(0) versus (M /M,)!/* are shown in
Fig. 6. [The choice of (M/M,)'/? as the variable is
motivated by Eq. (9).] The value of 6, for sample 4 is
15.3 meV, so that Fig. 6 corresponds to values of
h=56/kgT up to about 40. The condition 6=k T is met
at (M /M,)'?=0.15.

The minimum of ¢ in Fig. 6 corresponds to the max-
imum resistivity at H_, . As discussed earlier, the in-
crease of o (negative MR) at higher fields is attributed to
the rise of E, which is an entirely different mechanism
than the quantum corrections considered by LR. Thus,
the comparison with the LR theory is only meaningful
for fields well below the minimum of o.

To find out the range over which the quantum correc-
tions discussed by LR dominate the MR, the following
procedure was used. The parameter a in Eq. (7) was ob-
tained from the data in Fig. 5. The value of the parame-
ter A in Eq. (4) was then calculated from Eq. (8) and the
known value of §,. The LR prediction for Ao as a func-
tion of (M /M)’ was then obtained from Eq. (4) using
Eq. (2) to relate M /M, to h, and the numerical results for
g3(h). In essence this procedure is an extrapolation of
the data in Fig. 5 to higher fields using the numerical re-
sults for g;(h). There are no adjustable parameters in
this extrapolation.

The results of the extrapolation are given by the
dashed line in Fig. 6. It represents the expected change

0
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b
N
X
b
g -0.4k 4
SAMPLE 4
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- 0.6 1 | |
(0] 0.25 0.50 0.75 1.00
(M/Ms)/2

FIG. 6. Fractional change in the conductivity, Ac(H)/o(0),
as a function of (M /M, )'/? for sample 4 at 4.22 K. These data
correspond to fields up to 76 kOe. The dashed curve represents
the expected variation due to quantum corrections, calculated
by extrapolating the data in Fig. 5 using the Lee-Ramakrishnan
theory (see text).
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in o due to the quantum corrections discussed by LR. A
comparison with the experimental data indicates that this
mechanism dominates the MR over a substantial range of
(M /M,)'?, at least up to 0.5 where §/kzT=10. The
sign of the deviation at higher fields indicates that the
competing mechanism gives rise to a MR of opposite sign
(negative MR). Thus, there is no evidence for another
important positive MR mechanism, i.e., the quantum
corrections discussed by LR seem to be the dominant
cause of the positive MR at all fields below H,, .

4. Summary and conclusions

The preceding analysis leads to the following con-
clusions. The positive MR at low fields (6 SkgT) is due
to the effect of the spin splitting of the CB on the quan-
tum corrections arising from the interaction term. Even
at higher fields, but below H ., this seems to be the
dominant mechanism for the positive MR. These con-
clusions agree with those reached earlier by Dietl et al.
and Sawicki et al. in their study of n-type
Cdg 9sMng osSe. The negative MR above H_,, is prob-
ably due to the rise of Ef which accompanies the elec-
tron redistributions between the spin subbands. The
change in the Thomas-Fermi screening radius, and ex-
change effects in ionized impurity scattering, do not seem
to dominate the MR at any field below ~ 80 kOe.

V. MAGNETORESISTANCE AT HIGH FIELDS

The qualitative behavior of the MR for H 2 80 kOe de-
pends on the carrier concentration. Three effects are ob-
served in this field range. (1) For samples with n <n, the
resistivity exhibits an upturn at the highest fields. (2) In
these samples, as well as in sample 3 (with n=n_), an
anomaly in the resistivity is observed near the first mag-

I 1 1
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30F T=4.2K _
S
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FIG. 7. Magnetoresistance of sample 1 at 4.2 K, showing the
upturn of the resistivity at high fields.

5937

netization step. (3) In metallic samples (n > n_) the resis-
tivity shows oscillations at high fields. Each of these
three effects will be dicussed separately.

A. Upturn of the resistivity in high fields

In some samples the resistivity exhibits an upturn in
high fields. This effect was observed in sample 1 at 4.2
and 1.3 K, and in sample 2 at 4.2 K. Both of these sam-
ples have carrier concentrations below n, i.e., they ex-
hibit hopping conduction at low temperatures (see Fig.
1). An example of the upturn of the resistivity is shown
in Fig. 7. The upturn is attributed to the squeezing of the
donor-electron wave function by the high magnetic field.®
This mechanism is not related to the s-d interaction, and
is not specific to DMS’s. '*

B. MR anomaly near the first magnetization step

At low temperatures the magnetization curve,
M versus H, of a DMS exhibits steps at high magnetic
fields. The steps arise from energy-level crossings for
pairs of nearest-neighbor Mn?™ ions.!® In Cd,_, Mn,Te,
with x =0.05, the first step is near 104 kOe, and the
second is near 195 kOe. Because the width of each step
increases with temperature, these steps are resolved only
at T2 K.

A weak MR anomaly was observed at the first magne-
tization step in samples 1 and 2 (both with n <n_). The
anomaly was also observed, but less clearly, in sample 3
(n=n.). Figure 8 shows the results in sample 2. The
anomaly appears as a slight increase of the negative slope
of the MR curve. This is more readily seen in Fig. 9
which shows the derivative —3dp/dH of the data in Fig.
8. The observations of the anomaly associated with the

125 T T T T 25
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100 T=1.24K
E 75
(8]
(o]
Q
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25

0 1 | ] | 0
0 40 80 120 160 200
H(kOe)

FIG. 8. (a) Magnetoresistance of sample 2 at 1.24 K. (b) Ex-
panded view of the data near the first magnetization step at 104
kOe.
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first magnetization step were made at 1.2<7 <1.4 K.
As expected, no such anomaly was found at 4.2 K.

The results in Figs. 8 and 9 are interpreted as follows.
In the field region where the anomaly is observed, the
MR due to the s-d interaction is negative. The mecha-
nism causing this negative MR is probably the rise of E
with increasing M. Because a magnetization step is asso-
ciated with an increase in the slope dM /dH, it leads to an
increase in the magnitude of dp/dH =(dp/
dM)(dM /dH).

No magnetoresistance anomaly was observed near the
second magnetization step at 195 kOe. There are two
reasons for this. First, the magnetization step at 195 kOe
is near the very top of the available field range. Thus, at
best no more than a portion of the anomaly associated
with this step could have been observed. Second, the MR
anomaly associated with the second step was probably
masked by the positive MR associated with the squeezing
of the donor wave function. This positive MR is not re-
lated to the magnetization, so that it should not be
affected by the magnetization step. The strong H depen-
dence of the positive MR tends to mask the weak anoma-
ly in the negative MR near the second step. For sample 1
the upturn of the resistivity p as a function of H starts
well before the second magnetization step, i.e., the posi-
tive MR dominates the behavior near the second step.
For sample 2 (Fig. 8), the positive and negative MR
mechanisms seem to balance each other near the second
magnetization step.

C. Shubnikov-de Haas
oscillations in metallic samples

The MR of the three metallic samples (nos. 4, SA, and
5B) exhibited oscillations at high magnetic fields. The os-
cillations were observed both at 4.2 and 1.3 K, but were
slightly more pronounced at the lower temperature. The
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FIG. 9. The derivative —3p/dH obtained by numerical
differentiation of the data in Fig. 8.
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FIG. 10. Magnetoresistance of sample 4 at 4.22 and 1.34 K,
showing the oscillatory behavior at high fields.

oscillations consisted of only two cycles, even at the
lowest temperature. Figure 10 shows the result for sam-
ple 4. Corresponding oscillations, but with a different
phase angle, were also observed in the magnitude of the
Hall coefficient. An example of the oscillations in the
Hall coefficient is shown in Fig. 11.

The observed oscillations are interpreted as SdH oscil-
lations. They arise from Landau levels in the majority-
spin subband, although some contribution from the
minority-spin subband cannot be ruled out. This inter-
pretation is based on the model calculations described
below. SdH oscillations are known to be periodic, or very
nearly periodic, in 1/H (Ref. 32). The observed period,
estimated with an accuracy of several percent, was

19 T T T
.24 K
w18 —
=
3
2 4,22 K
le]
7 —
SAMPLE 5B
16 | | 1
0 50 100 150 200
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FIG. 11. Magnetic field dependence of the Hall coefficient R
of sample 5B at 4.22 and 1.24 K, showing the oscillatory behav-
ior at high fields.
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AH '=4.8X107° Oe™! for sample 4, 3.6 X107 Oe ™'
for sample 5A, and 3.3X107% Oe™! for sample 5B. The
model calculations show that these periods are close to
those expected from the majority-spin subband.

SdH oscillations can be observed only if fiw, X k3 T and
.7 1, where w, is the cyclotron frequency, and 7 is the
relaxation time. In the present high-field experiments the
first condition is well satisfied, but the second is probably
met only barely. For a simple Drude model, and ignoring
spin splitting, o.7=pH, where u is the Hall mobility. At
4.2 K and 100 kOe the Hall mobilities of the present me-
tallic samples range between 3 X 10> and 6 X 102 cm?/V's.
These values lead to the estimates w.7=0.3 to 0.6 at this
temperature and field. Similar values are also obtained
from the resistivity at H =0 and the carrier concentra-
tion (assumed to be equal to ngzy at room temperature).
These rough estimates suggest that the requirement
®,7R% 1 was only marginally satisfied even in the high-
field region where the oscillations were observed.

Model calculations were carried out using the follow-
ing simplifying assumptions for the metallic samples. (1)
The conduction band is parabolic, with an effective mass
equal to that in the parent compound, m*=0.10m,. (2)
The spin splitting 6 in the field region where the oscilla-
tions are observed is approximated by a constant. This
approximation is supported by the data of Isaacs et al.?
For the present values of x we use §=15 meV. The small
uncertainty in the value of §, and the small uncertainty in
m*, have little effect on the results. (3) The carrier con-
centration n, which is the sum of the carrier concentra-
tions nt and n” in the two spin subbands, is constant
and is equal to the room-temperature carrier concentra-
tion ngy. This condition is used to calculate the Fermi
level Ep. If Ep is measured from the bottom of the ma-
jority subband, then Ep =Ep and Egp =Ep—38. These
Ef enter into the calculations of the periods AH ~! asso-
ciated with the two subbands.

Two alternative approximate methods were used to
calculate E. The first method assumes that E, does not
depend on H in the field range where § is taken to be con-
stant. An analogous assumption is often used in treating
SdH oscillations.3? The Fermi level is then calculated us-
ing the zero-field density of states N(E) for each subband,
except that the energy E is now measured from the bot-
tom of the subband. In other words, the spin splitting of
the CB is included but the structure in N(E) due to the
Landau quantization is ignored. The carrier concentra-
tions n ¥ and n~ are then independent of H (for a con-
stant 8). The periods associated with the two subbands
are (see Ref. 32, p. 171)

(AH™Y),=(eti/m*c)/Ef, (AH™ ') _=(e#i/m*c)/Ef ,
(10)

where standard notation is used.

This first method leads to the following results. For
sample 4, with n =2.9X10'7 cm ™3, the Fermi energy at
H =0 is Ep(0)=16.0 meV. At high fields, Ef =22.5
meV, Ep=7.5 meV, nt=2.43%X10" cm™3 and

n~=0.47X10" cm 3. The period AH ~! from the ma-
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jority subband is 5.1X107% Oe™!, which is close to the
observed value 4.8X107¢ Oe™!. The minority subband
gives rise to a period of 15.4X 107 Oe ™!, which is much
larger than observed. The Landau levels responsible for
the observed oscillations are the N =1 and N =2 levels of
the + subband (labeled hereafter as 17 and 2¥). These
levels cross the Fermi level at H,, =130 kOe and
H,, =78 kOe, which are roughly the fields of the ob-
served resistivity maxima. For this particular sample the
Landau level 07, in the minority subband, happens to
cross the Fermi level at 130 kOe, which may enhance the
effect of the 17 level.

Similar  calculations for sample S5A  give
AH '=3.55X10"% Oe™! for the majority subband,
which agrees with the observed value 3.6X107¢ Oe™ .
The minority subband gives a period 6.6X107% Qe .
Again, the maxima of the oscillations in the MR are close
to H,, and H,,. Landau level 1™ crosses the Fermi lev-
el at H,_=101 kOe, which is not too far below
H,, =113 kOe. Thus, it is conceivable that the 1~ level
enhances the effect of the 2% level. Landau level 0~
crosses at H, =304 kOe, which is far too high to affect
the data. Similar results are also obtained for sample 5B.
For this sample the calculated period for the majority
subband is 3.3X 107 % Oe™ !, which is the same as the ob-
served period.

The preceding results assumed that the Fermi level
does not depend on H in the high-field region. This ap-
proximation is not fully justified when the SdH oscilla-
tions involve Landau levels with low quantum numbers.
For this reason we also used a second approximate
method. In this second method the effects of the Landau
quantization on the density of states are included, but
collision broadening of the Landau levels is neglected and
T is set equal to zero. Numerical calculations using Egs.
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FIG. 12. Magnetic field dependence of the Fermi energy Ep,
and energies of various Landau levels in the majority (+) and
minority (—) spin subbands. The solid curve Ex(2) is the Fermi
energy calculated by the second method, while the horizontal
dashed line Eg(1) is the Fermi energy calculated by the first
method (see text). All energies are relative to the bottom of the
+ subband. These results are for sample 4, with n =2.9X 10"’
cm”3,
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(5), (8a), and (23) of Ref. 32 then show that the Fermi lev-
el as well as the ratio n ~ /n * oscillate with H. The oscil-
lations of E change the fields at which the Landau levels
cross the Fermi level. As a result, the periods from the
majority and minority subbands are changed. In addi-
tion, the separation AH ! between two successive cross-
ings of the Fermi level by Landau levels of a given sub-
band (i.e., the effective period in a particular field range)
varies slightly with H at high fields.

Figure 12 shows results of numerical calculations for
sample 4, using the second method. The variation of Ej
with H shifts the fields H,, and H,, to 79.3 and 141.0
kOe, as compared to 77.9 and 129.8 kOe from the first
method. The difference AH ~! is then 5.5X107¢ Oe™ .
This is still reasonably close to the observed period
4.8X10°° Oe™!. The crossing of the 0~ level is at
H,_ =189 kOe, compared to 130 kOe from the first
method. Since H,_ is now well above H, ., the 0~ level
will not enhance the MR oscillation caused by the 1™ lev-
el.

Once the 07 crosses the Fermi level, all the electrons
are in the + subband. This is seen in Fig. 13 which
shows n~/n " as a function of H. The oscillations in
n~/n" for fields below 189 kOe correspond to a back-
and-forth electron transfer between the two subbands.
The peaks of n ~/n" in Fig. 13 correspond to H;.,
H,,,and H,,.

For sample 5A the second method gives H,, =197
kOe and H,, =119 kOe, compared to 188 and 113 kOe
from the first method. The effective period from the ma-
jority subband is then AH ~'=3.3X107¢ Oe ™!, which is
only 8% below the observed period. The results for sam-
ple 5B are similar: the effective period is 3.1X107°
Oe !, which is only 6% below the experimental value.

The two methods of calculating Ep represent two ex-
tremes. The first method neglects the change of E, en-
tirely. The second method, which neglects collision
broadening and sets T =0, tends to exaggerate the oscil-
lations of E, with H. The actual situation is expected to
be somewhere between these two extremes. Either
method leads to a period from the majority subband
which is close to that observed experimentally.

The temperature dependence of the amplitude of the
SdH oscillations is governed by the factor z /sinhz, where
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FIG. 13. Magnetic field dependence of the ratio n ™ /n* be-
tween the electron concentrations in the minority and majority
spin subbands. The solid curve is calculated using the second
method, while the dashed line is from the first method (see text).
The arrows mark the positions at which various Landau levels
cross the Fermi level, as calculated by the second method.
These results are for sample 4.

z=2mkyT /fiw. (Ref. 32). Ordinarily, z>>1 and the
amplitude increases rapidly with decreasing 7. In the
present case, however, the ratio #fiw./ky T is sufficiently
large that z <1. As a result, the amplitude should in-
crease only slightly with decreasing 7. This agrees with
the experimental observations.
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