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Resistivity and Hall measurements were made on n-type Cd;_,Mn,Se samples with x=0.01,
0.05, and 0.10 at temperatures 0.3 <7 <300 K and in magnetic fields H <80 kOe. For each value
of x, several samples with different room-temperature carrier concentrations nrr were studied.
They cover the range from slightly below n. to n > n., where n, is the carrier concentration at the
metal-insulator transition. The zero-field data indicate that for samples grown in the same manner
n. increases with increasing x. For T <4.2 K a large magnetoresistance (MR), and large changes in
the Hall coefficient R with H, are observed. In some cases the H-induced change in the resistivity
exceeds a factor of 10. At low H the MR is always positive. For samples with x=0.05 and 0.10 the
MR goes through a maximum at a field H .., and it then decreases at higher H. The value of H .
decreases with decreasing T. For x=0.01 the resistivity at 7 >2 K increases monotonically with
H, but well below 2 K a weak peak in the MR is observed. The variation of the shape of the MR
curve with x and with ngr is discussed. The positive MR at low H is accompanied by an increase
in | R |, but the behavior of R at high fields depends on x and on ngr. A strong correlation be-
tween the MR and the magnetization of the Mn spins is found. This correlation indicates that the
s-d interaction is primarily responsible for the MR. Several competing mechanisms by which the
s-d interaction can produce large MR effects are discussed. However, the precise mechanisms
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which are responsible for the effects observed here have not been identified as yet.

I. INTRODUCTION

The metal-insulator (M-I) transition in ordinary, non-
magnetic, semiconductors has been studied extensively for
many years. Reviews of works prior to 1978 are given in
Ref. 1. The important advances which were made since
then, including the scaling theory of localization and the
effects of electron-electron interactions, are summarized
in Refs. 2 and 3. From studies of nonmagnetic semicon-
ductors it is known that the low-temperature resistivity of
samples which are near the M-I transition is very sensi-
tive to perturbations, e.g., to stress.* This sensitivity of
the resistivity near the M-I transition is also present in
magnetic semiconductors (MS’s) and in dilute magnetic
semiconductors (DMS’s). The unique feature of MS’s and
DMS?’s is the existence of a strong s-d interaction® be-
tween the localized spins of the magnetic ions and the
spins of electrons and holes near the band edges. This in-
teraction allows one to perturb the carriers near the band
edge by applying a magnetic field H, which aligns the lo-
calized spins. Dramatic changes in the resistivity as a
function of H are therefore observed in these materials
near the M-I transition. Many of the works on the
electrical-transport properties of MS’s were carried out
some time ago. These were reviewed by Nagaev® and by
Leroux-Hugon.” An example of a more recent work on

34

the M-I transition in a MS may be found in Ref. 8. Only
a few studies of the electrical properties of DMS’s were
carried out thus far, most of them in the last few years.
Examples are the works in Refs. 9 and 10. A general re-
view of DMS’s was given by Furdyna.'!

In this paper we present the results of a systematic
study of the magnetoresistance (MR) and Hall effect near
the M-I transition of the DMS Cd;_,Mn,Se. The study
covers the Mn concentrations x =0.01, 0.05, and 0.10.
For each value of x, several n-type samples with different
carrier concentrations were measured. Many of the re-

sults for x=0.01, and a few for x =0.05, were reported

briefly earlier.!>!3 For this reason there is a greater em-
phasis in the present paper on the results for x=0.10.
The series of samples for this Mn concentration covers a
wide range of carrier concentrations n. It extends from
below n,. to well above n., where n. is the carrier concen-
tration at the M-I transition.

Experimental studies of the MR of Cd,_,Mn,Se have
also been carried out recently by other groups. Dietl,
Antoszewski, and  Swierkowski studied several
Cdg 9sMng osSe samples with n <<n..'* The MR of one
Cdy 9sMng ¢sSe sample, which was metallic but in the
weakly localized regime, was measured by Sawicki et al.
in fields up to 17 kOe.!® Stankiewicz, von Molnar, and
Giriat carried out magneto-transport measurements on in-
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sulating samples of Cdy ¢Mng 4Se.'® Strictly, the three in-
vestigations just referred to do not overlap with the
present work because the combinations (x,7) in these stud-
ies are all outside the range which is covered here.
Nevertheless, the qualitative features of the MR data re-
ported by these groups are similar to our results. MR
measurements in the parent compound CdSe are reported
in Refs. 14, 15, and 17. The M-I transition in CdSe is
also discussed in Ref. 17.

The carrier concentration n, at the M-I transition is
usually estimated from the Mott relation’

n,=(0.26/ay)’ , (1

where ay is the effective Bohr radius for the donor. For
n-type CdSe this equation gives n, =3x 10" cm 3, which
agrees (at least approximately) with the data in Ref. 17.
The results which are reported below and in Ref. 16 indi-
cate that in Cd,_,Mn,Se, n, increases with increasing x.
Nevertheless, the value of n, in the parent compound sets
the order of magnitude of the carrier concentrations
which are required for studying the M-I transition in
samples with x <0.1. This is of practical importance be-
cause samples of Cd;_,Mn,Se which are not doped inten-
tionally usually have carrier concentrations which are
below 1 10'7 cm~3. Thus, intentional doping is required
in order to reach n,. The development of techniques for
controlled doping of the crystals'® was a prerequisite for
the present work.

There is strong evidence that the large MR effects
which are reported here are caused primarily by the s-d
interaction. However, as yet there is no complete theoreti-
cal understanding of the detailed mechanisms by which
the s-d interaction produces these effects; some mecha-
nisms are known but their relative contributions are not
always known, nor is it certain that still other mecha-
nisms are not involved. For this reason it is important to
distinguish between (i) experimental facts and some infer-
ences based on these facts, which are believed to be reli-
able, and (ii) theoretical conjectures concerning detailed
mechanisms which may account for the data. The struc-
ture of the paper emphasizes this distinction. The experi-
mental techniques are described in Sec. II. Experimental
results, and inferences based on these results, are present-
ed in Sec. III. Theoretical conjectures are discussed in
Sec. IV.

II. EXPERIMENTAL TECHNIQUES

A. Samples

Electrical-transport measurements were carried out on
n-type single-crystal samples of Cd;_,Mn,Se. These
were obtained from boules grown by a modified Bridgman
method. The desired carrier concentrations were achieved
by adding controlled amounts of Ga into the melts from
which the samples were grown, and by using two anneal-
ing procedures. First the entire boule was annealed. Then
a thin slice, approximately 0.8 mm in thickness, was cut
from the boule and was annealed in Cd vapor. A sample
for electrical-transport measurements was then cut from
the annealed slice. The crystal-growth and annealing pro-

TABLE I. Electrical properties of Ga-doped Cd,_,Mn, Se samples at zero magnetic field.?

Ha2k
(cm?/V's)

P42 K
(10! Qcm)

N4rx
(10" cm™3)

H11 K

(cm?/V's)

P17K
(1072 Qcm)

ny7TK
(10" cm—3)

HMRT

(cm?/V's)

PRT

(1072 Qcm)

nrr
(10" cm™?)

Ga in melt
(10" atoms/cm?)

x
0.01
0.01
0.01
0.05
0.05
0.10
0.10
0.10
0.10
0.10
0.10

Sample No.

~310
~260
~340
~140
~290

2.5

~0.8
~24
~4.2
~2

~49

819
683
584
511
438
576
364
313
331

4.8

1.6
23

4.1 652

23
3.0

43

1-1

1.0

4.0
2.9

576
557
464
443

3.6
2.6

42

10
12
10
17
10
12
14
19
19
70

1-2
1-3

5-1

0.43
2.1

0.44

55

3.7
2.1

5.7
3.0
8.0
6.4

4.5

32
5.3
2.3

4.7

2.7

5-2

10-1

~75
~110
~ 140
~235
~230
~280

~0.16
~1.5
~4.4
~5.2
~5.4
~18

1.4
2.7

429
343
323

6.4

3.8

5.0
3.6
2.7

2.8

3.7
5.3
6.0
6.2
19

10-2

1.0

0.52
0.50
0.12

293+4 K), 77 K, and 4.2 K. Values of n and u at 4.2 K are estimates based on extra-

44
0. The concentration of Ga in the melt from which the sample was grown is also given.

10-3

34
34
1.2

5.5

379

10-4A
10-4B

10-5

334
292

5.5
19

360

293

1.1

*Carrier concentration n =1/ | Re |, resistivity p, and Hall mobility y at room temperature (RT=

polation to H
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cedures are described in detail in Ref. 18.

The samples in this paper are designated by two num-
bers separated by a dash. The first number indicates the
Mn concentration x, in percent. The second number in-
creases sequentially with increasing room-temperature
carrier concentration ngt. For example, sample No. 10-1
is the sample with the lowest carrier concentration among
all the samples with x =0.10. In one case, two samples
were cut from the same slice. These are samples Nos. 10-
4A and 10-4B. All other samples were obtained from
slices which originated from different boules.

Table I lists the Ga concentrations in the melts from
which the various samples were grown. The values of
ngr are also given in this table. They range from 2 10"’
to 1910 cm~3. The ratio between ngxr and the Ga
concentration in the melt shows some variation, but is
typically equal to 0.3. An analysis for the Ga concentra-
tion in the crystal (as distinguished from the concentra-
tion in the melt) was carried out only in one case, using
atomic absorption.!® This analysis was performed on a
portion of the slice from which sample No. 10-5 was cut.
The Ga concentration (4.5+0.5)x 10'® atoms/cm*® which
was found should be compared with the Ga concentration
7.0x10"®  atoms/cm® in the melt and with
ngr=1.9%x10"% cm™3.

In many cases a comparison was made between the
resistivity of the sample and the resistivity of the entire
slice from which that sample was cut. Both resistivities
were measured at room temperature. (The van der Pauw
method was used for the slice.) The results always agreed
to better than 10%, which was well within the combined
experimental uncertainty. In addition, the resistivities and
carrier concentrations of samples No. 10-4A and No. 10-
4B, which were cut from the same slice, agreed to within
several percents. These results are consistent with a
reasonably uniform carrier concentration within a given
slice. It is also shown in Ref. 18 that slices obtained from
the same boule using the same annealing procedures have
the same resistivities to within 10% or so.

As already stated, all samples which are included in
this paper were grown and annealed using the procedure
in Ref. 18. Not included are several samples with
x =0.05 which were obtained before the crystal-growth
and annealing procedure was standardized. The results
for these early samples were qualitatively similar to those
reported below, but they indicate that the carrier concen-
tration n, at the M-I transition depends on the crystal
growth and annealing procedure. This dependence, at
least in part, may be due to a change of n, with compen-
sation. The agree of compensation was not determined in
the present work.

B. Resistivity and Hall measurements

Resistivity and Hall measurements were made on bar-
shaped samples with typical dimensions of 7X1.6X0.8
mm?. Five thin copper leads (two for current and three
for voltage) were attached to each sample using indium
and an ultrasonic soldering iron. The contacts were Ohm-
ic. Measurements were made with dc currents, which
varied between 1 pA and 10 mA, depending on the tem-
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perature and on the sample. The proportionality between
the measured voltage and the current was always checked,
to ensure Ohmic behavior and the absence of self-heating.

The MR and Hall data were taken in fields up to 80
kOe, using Nb-Ti superconducting magnets. The magnet-
ic field H was always perpendicular to the direction of the
current in the sample. The standard procedure of revers-
ing the direction of H was used to separate the resistive
and Hall components of the voltage. The main source of
uncertainty in the resistivity measurements was the finite
size of the contacts, which made the distance between the
two voltage probes uncertain to within 10% or so. Thus,
the accuracy of the resistivity p was approximately 10%.
However, changes of p as the function of H or tempera-
ture T were measured with a precision of 0.1%. Because
the results for the Hall mobility u depend on p, the accu-
racy and precision for u were limited by those for p.

The voltage contacts in the Hall measurements consist-
ed of one of the voltage contacts used in the resistivity
measurements and another on the opposite side of the
sample. A small unintentional offset between these two
contacts, along the direction of the current, was always
present. The resistive voltage component due to this
offset was eliminated by using only the voltage com-
ponent which was odd in H. However, because the field
reversal was never perfect, there was some uncertainty in
the Hall voltage. This uncertainty was significant at low
H and low T, where the Hall voltage was small and the
resistive voltage was sensitive to the magnitude of H. The
total uncertainty in the Hall coefficient R, due to this and
other sources, will be indicated in figures which show
Hall data.

All the samples were measured in the temperature
range 1.5—300 K. In addition, some of the samples were
also measured between 0.3 and 1.5 K, or between 0.5 and
1.5 K. The measurements below 1.5 K were carried out
with the samples immersed in liquid *He.

III. RESULTS
A. Behavior at H =0

The resistivity p, carrier concentration n, and Hall mo-
bility p at room temperature (RT) are given in Table I
Here, and throughout this paper, n is obtained from the
Hall coefficient R using the relation n =1/| Re |, where
e is the electron’s charge. As mentioned above, the values
of p and u are subject to a typical uncertainty of 10%.
Nevertheless, the results in Table I strongly suggest that
the room-temperature mobility pgry decreases with in-
creasing X.

On cooling from room temperature to 200 K the resis-
tivity of each of the samples decreases slightly. On fur-
ther cooling, p goes through a broad minimum and then
starts to increase with decreasing 7. A typical example is
the behavior of sample No. 10-2. For this sample p de-
creases from 5.0 10™2 Qcm at room temperature to a
minimum value of 4.5X 1072 Q cm at 185 K. Below 185
K, p increases with decreasing 7. The electrical proper-
ties of all the samples at 77 and 4.2 K are summarized in
Table I. The values of n and u at 4.2 K are estimates
based on extrapolations from finite H to H =0.
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FIG. 1. Temperature dependence of the resistivity p at zero
field for samples with x =0.01. The room-temperature carrier
concentration ngy for each sample (in electrons/cm’) is indicat-
ed.

The temperature variation of the zero-field resistivity at
low temperatures is shown in Figs. 1—3. (The results for
sample No. 10-4A are omitted in Fig. 3 because they are
very close to those for sample No. 10-4B.) By definition,
a sample is on the metallic or insulating side of the M-I
transition depending on whether its resistivity at 7 =0 is
finite or infinite. In what follows we use the data in Figs.
1—3 to estimate the carrier concentration n, at the M-I
transition, for each value of x. These estimates are sub-
ject to some uncertainty because they involve extrapola-
tions of data at relatively high temperatures to 7 =0.

T T T T
Cdo,95MngosSe
H=0

T T TTTT]
Lt el

e
(5]
So'F -
<« C n
- 5.2 -
i 8.3x10'7 -1
1072 | 1 L |
) 0 i5 20

10/ T (k™)
FIG. 2. Temperature dependence of the zero-field resistivity
of samples with x =0.05. Values of ngy are indicated.
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FIG. 3. Temperature dependence of the zero-field resistivity
of samples with x =0.10. Values of ngr are indicated.

Nevertheless, we believe that our main conclusion con-
cerning the dependence of n,. on x is valid.

Consider first the results in Fig. 1 for x=0.01. For
sample No. 1-3 the resistivity is very nearly independent
of T at the lowest temperatures. Data down to 0.5 K for
this sample (not shown) indicate that p increases by only
3% between 2 and 0.5 K. These results suggest that sam-
ple No. 1-3 is metallic, although the possibility that the
sample is just on the insulating side of the M-I transition
cannot be ruled out entirely. For sample No. 1-2, p in-
creases by 25% between 4.2 and 1.0 K. This relatively
small increase places the sample near the M-I transition.
Sample No. 1-1 appears to be on the insulating side of the
transition, but still fairly close to it. From these results
and the values of ngt we conclude that the estimate
n,=3x10" cm™3, which was based on Eq. (1) and the
parameters for x =0, is consistent with the behavior of
the samples with x =0.01.

For x =0.10 the estimate n,=3x10'7 cm 3 is clearly
too low, as can be seen from the behavior of sample No.
10-2 in Fig. 3. For this sample, with ngt=3.7x10"7
cm™3, the resistivity at low T is activated. Sample No.
10-3, with ngr=>5.3%10"7 cm~3, still shows a small ac-
tivation energy at low temperatures (a 42% increase in p
between 4.2 and 1.6 K) and is probably on the insulating
side of the M-I transition. Sample No. 10-4B, with
nrr=6.2x10'7 cm~3, exhibits only an 8% increase in P
between 4.2 and 1.5 K, which places this sample near the
M-I transition. Sample No. 10-5 (ngp=1.9%10'® cm—3)
is metallic; its resistivity changes by less than 0.19% be-
tween 15 and 1.6 K. On the basis of these results we esti-
mate that n,=6X%10"7 cm~® for x=0.10, which is
roughly a factor of 2 higher than for x=0.01. For
x=0.05 the data in Fig. 2 suggest that n,=5x10'"
cm 3. Thus, we conclude that n, increases with increas-
ing x. This conclusion is consistent with the data in Ref.
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16, which give n. > 1.5x 10" cm~* for x =0.4.

The zero-field resistivity of two samples with x =0.10
was measured below 1.5 K. For sample No. 10-2, p in-
creased by a factor of 26 between 4.2 and 0.50 K. In this
temperature range, logf was linear in 1/7'/2, (We note,
however, that this T''/? behavior was not found in sample
No. 10-1 between 6 and 1.5 K.) For sample No. 10-4A, p
increased by a factor of 1.7 between 4.2 and 0.33 K. Over
this temperature range logp was approximately linear in
1/T.

A spin-glass behavior was reported for x =0.10 at
T <0.5 K. We have therefore searched for hysteresis
effects in the zero-field resistivity of sample No. 10-4A at
0.40 and 0.33 K. The zero-field resistivity was first mea-
sured after cooling in zero field, and was then remeasured
after a field of 10 kOe was applied and was reduced back
to zero. No difference was found.

B. Magnetoresistance at T'<4.2 K

1. General features

Typical examples of the magnetoresistance (MR) at low
temperatures for samples with different x are shown in
Fig. 4. For the sample with x =0.01 the resistivity in-
creases monotonically with increasing H. For the sample
with x =0.05 the resistivity first increases with increasing
H, then goes through a maximum, and finally decreases.
The MR of the sample with x =0.10 is qualitatively simi-
lar to that for x =0.05, except that the decrease of p at
high fields is more pronounced. For all three samples the
MR is leveling off at the highest fields.

The magnitudes of the resistivity changes in Fig. 4 are
specific to these samples at these temperatures. However,
each of the curves in Fig. 4 has the qualitative features
which are found in all samples with the same x at T <4.2
K. Specifically, the following characteristics are observed

40 T T T T T T T

i Cd,.xMn,Se
20 .

5-1
<174 K

s OF =
a [ N
S o[ —10-3 ]
z L .59 K ]
Ll i
i \l-z 7

.81 K
2 -

| | 1 1 1 1 i 1
0 20 40 60 80

H(kOe)

FIG. 4. Transverse magnetoresistance of sample No. 1-2
(x=0.01, ngr=3.0x10" cm™3), sample No. 5-1 (x =0.05,
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in all samples in the fields below 80 kOe: (i) At low fields
the MR is always positive; (ii) For samples with x =0.05
and 0.10, the resistivity as a function of H goes through a
maximum, and it then decreases at higher H. (iii) For
samples with x =0.01, the resistivity at 2<7T <4.2 K in-
creases monotonically with increasing H, but at tempera-
tures well below 2 K a slight decrease of p occurs at the
highest fields. (iv) In all cases, p tends to level off at the
highest fields.

2. Correlation between the MR and the magnetization

The observed MR is quite large; in several samples p
changes by more than an order of magnitude. Such a
large MR cannot be associated with the classical MR due
to the Lorentz force. One reason is that the classical MR,
which is of order (uH )?, is far too small. For example, an
analysis of the MR of sample No. 10-1 at 4.2 K (not
shown) indicates that the maximum MR is 4 or 5 orders
of magnitude larger than the classical MR. For sample
No. 5-2 at 4.2 K the MR at 4.2 K (Fig. 5) is 2—3 orders
of magnitude larger than (uH)’. Another argument is
that for all samples the MR at room temperature or at 77
K is orders of magnitude smaller than at 4.2 K, even
though the mobilities at RT and at 77 K are higher than
at 4.2 K. In what follows we present evidence that the
MR is governed primarily by the magnetization M. Later
on, in Sec. IV, it will be shown that the connection be-
tween the MR and the magnetization indicates that the
MR is primarily caused by the s-d interaction between the
Mn spins and the spins of the conduction electrons.

Three features of the MR correlate well with the
behavior of the magnetization: (i) Measurements of the
magnetization®! indicate that the slope dM/dH at low
fields increases at T decreases. The same behavior is also
found in the MR, i.e., the increase of the resistivity at low
H is steeper at lower temperatures, for all samples. This
is illustrated by the data in Fig. 5. (ii) At the highest

3.0 T T T T T T T

x=0.05

SAMPLE 5-2

pIHY/pP(0)

Hmax

1

1

40
H(kQe)

60

80

nRT=3.2>< 10”

cm™3),

nrr=>5.3x10"7 cm™?).

and

sample No.

10-3

(x=0.10,

FIG. 5. Transverse magnetoresistance of sample No. 5-2.
The definitions of H . and pp,y are indicated in the inset.
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fields used in the present experiments the magnetization
at low temperatures varies only slowly with H.*' A simi-
lar behavior is also observed in the resistivity, i.e., the
slope dp/dH is relatively small at the highest fields. This
is illustrated by the data in Figs. 4 and 5. (iii) The MR of
samples with x =0.05 and 0.10, as a function of H, exhib-
its a well-defined maximum at H,, (Figs. 4 and 5). It
will be shown later that for a given sample the magnetiza-
tion at H,,, is nearly independent of 7. This is in con-
trast with the appreciable temperature dependence of
H ... Thus, there is a strong correlation between the MR
and the magnetization.

3. Magnetoresistance versus magnetization

Because the MR appears to be governed by the magnet-
ization, it seems appropriate to plot the MR as a function
of M. To produce such plots we use a phenomenological
equation for M, introduced by Gaj et al.,?? namely,

M=MBs,,(5ugH /k(T +T,)) , (2)

where Bs,, is the Brillouin function for spin S=3, k is
the Boltzmann constant, up is the Bohr magneton, and
M; and T, are phenomenological parameters which de-
pend on x but which are nearly temperature independent
at T<42 K. Tests carried out on insulating
Cd,_,Mn, Se samples with x =0.05 and 0.10 show that
Eq. (2) gives a good description of the magnetization
when 1.5<T <4.2 K and H <80 kOe.?! Moreover, the
parameters M; and T, vary only slightly between 4.2 and
1.5 K. In what follows we assume that Eq. (2) is obeyed
at all temperatures T <4.2 K, with parameters M, and
T, which depend only on x but not on T or ngp. Al-
though these assumptions hold only approximately, we
expect that any errors in the plots of the MR versus M
will be too small to affect the conclusions.

The parameter M, which is called the technical satura-
tion value, was the subject of recent studies.?> For present
purposes, however, M; is simply a constant for a given x.
The value of this constant does not enter in plots of the
MR as a function of the ratio M /M,. Such plots were
first introduced by Stankiewicz e al.'® To evaluate
M /M; from Eq. (2) one needs to know T,. Based on the
results in Table I of Ref. 21 we set To=1.6 K for

T T T T
20| . x = 0.1 m
a8 SAMPLE 10-4A

1 |
(0] 0.2 0.4 0.6 0.8 .0
M/Mg

FIG. 6. Transverse magnetoresistance of sample No. 10-4A
as a function of reduced magnetization M /M,.
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FIG. 7. Transverse magnetoresistance of sample No. 10-5 as
a function of M /M;.

x=0.05, and Ty=2.4 K for x =0.10. Plots of the resis-
tivity versus M /M, for three samples with x =0.10 are
shown in Figs. 6—8.

Figures 6—8 indicate that for each sample the resistivi-
ty maxima at all temperatures occur at approximately the
same value of M /M. All other samples with x =0.05
and 0.10 exhibit a similar behavior. This is shown expli-
citly in Fig. 9. (The results for sample No. 10-4B are not
shown because they are very close to those for sample No.
10-4A.) The value of M /M; at the resistivity maximum
will be called (M /M;),.,. For most samples the variation
of (M /M)y, with T is no more than a few percents.
The largest change is for sample No. 10-2, in which a
15% decrease occurs between 4.16 and 0.65 K. This 15%
change is still very small compared with the change of
H . for this sample, from 21.9 kOe at 4.16 K to 8.4 kOe
at 0.65 K.

The dependence of (M/M;),,, on the room-
temperature carrier concentration ngy is given implicitly
by the results in Fig. 9 and the values of ngr in Table I.
For x=0.10 it is clear that at a given temperature
(M /M ).y increases with ngy. The results for the two
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FIG. 8. Transverse magnetoresistance of sample No. 10-2,
plotted as a function of M /M,.
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FIG. 9. Reduced magnetization M /M, at H,, for various
samples at various temperatures.

samples with x =0.05 are also consistent with this trend.
Note, however, that the increase of (M /M, ).« With ngr
is fairly weak. For example, the carrier concentration of
sample No. 10-5 is 3 times that of sample No. 10-4A, but
(M /M) nax is larger by only several percents.

Figure 9 also shows that for samples with comparable
values of ngy, or comparable values of ngy/n., the
values of (M /M), are larger for x =0.05 than for 0.10.
Also, for samples with x =0.01 (in the low-temperature
region where the MR has a maximum) the values of
(M /M) .y are larger than for comparable samples with
x =0.05.

4. Maximum MR and the shape of the MR curve

The following brief comments summarize some
features of the MR curve. In samples with x =0.05 and
0.10 the resistivity versus H (or M) reached a maximum
value pn. (Fig. 5). For all such samples the ratio
Pmax/pP(0) increased with decreasing T in the temperature
region 1.5<T <4.2 K. However, some of the samples
which were studied below 1.5 K showed a decrease of
Pmax/p(0) at the lowest temperatures. This decrease was
particularly pronounced in sample No. 10-2 (Fig. 8). In
this sample py,,/p(0) increased from 12.9 at 4.16 K to
20.1 at 1.60 K, but it then decreased to 10.9 at 0.65 K.

There are insufficient data to make definitive state-
ments concerning the correlation between the magnitude
of the MR and the carrier concentration ngy. However,
the data for sample No. 10-5 suggest that samples which
are well on the metallic side of the M-I transition
(ngr >>n.) have a much smaller MR than samples which
are slightly on the insulating side of the transition.

In samples with x =0.05 and 0.10 the shape of the MR
curve is determined, in part, by the magnitude of the de-
crease of p in fields above H,,, in relation to the magni-
tude of the increase below H,,,. A comparison of dif-
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ferent samples indicates that for similar values of ngy/n,
and T the decrease of p above H,,, (relative to the in-
crease below H_,,,) is more pronounced for x =0.10 than
for 0.05. This trend continues as x changes from x =0.05
to 0.01; the resistivity of samples with x=0.01 and
ngrr=n, does not decrease at high fields when 7>2 K,
and shows only a slight decrease when T <<2 K. This
dependence of the shape of the MR curve on x is well il-
lustrated by the results in Fig. 4. For samples with a con-
stant Mn concentration (x =0.10 or 0.05) a decrease in
the carrier concentration ngt results in a stronger de-
crease of p above H,,,, relative to the increase below
H.«. This is illustrated by the results for sample No.
10-2 at 1.60 K (Fig. 8) as compared with those for sample
No. 10-5 at 1.59 K (Fig. 7).

5. MR at low fields

Detailed measurements of the MR at low fields were
carried out on samples No. 10-2 and No. 10-4A. The re-
sults, as a function of H?, are presented in Figs. 10 and
11. These data show, once again, that the initial rise of
the resistivity becomes steeper with decreasing 7. Be-
cause the MR is an even function of H, one expects it to
be proportional to H? at low H. This prediction is clearly
obeyed at the higher temperatures, but at the lowest tem-
peratures the MR versus H? shows a marked curvature
even in fields below 1 kOe. Presumably, the field range
over which the MR is proportional to H? is quite narrow
at these low temperatures.

C. Hall measurements at low T

Hall measurements were carried out on all samples at
4.2 K. For samples with x=0.01, Hall data were also
taken between 1.6 and 1.8 K. The Hall data were always
analyzed on the assumption that the anomalous Hall term
was negligible compared to the ordinary Hall term. This
assumption can be justified on both theoretical and experi-
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FIG. 10. Transverse magnetoresistance of sample No. 10-2 at
low fields.
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mental grounds. First, the anomalous Hall effect is
caused by a spin-orbit interaction, which is negligible in
the present conduction band (s band). Second, the
anomalous Hall voltage is proportional to M, but the sus-
ceptibility of the present samples is orders of magnitude
smaller than those in ferromagnetic metals and ferromag-
netic semiconductors. To evaluate the anomalous Hall
term experimentally we focused on cases in which the
resistivity at the highest fields was nearly constant. It is
reasonable to assume that in such cases the carrier concen-
tration at these high fields is nearly constant. The ordi-
nary Hall voltage should then be nearly proportional to
H, whereas the anomalous Hall voltage should be nearly
constant because the magnetization at these high fields
varies only slowly with H. The fact that the observed
Hall voltage was nearly proportional to H was therefore
taken to mean that the anomalous Hall term was small
compared with the ordinary term. A good example of a
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Hall voltage which is proportional to H is provided by the
results in Fig. 3 of Ref. 12. In this figure, the Hall coeffi-
cient R (proportional to the ratio between the Hall voltage
and H) is nearly constant between 40 and 70 kOe when
T=1.63 K. A similar behavior is suggested by the high-
field results in Fig. 12, and by the high-field results for
sample No. 10-5 (not shown).

Some of the Hall data for x =0.01 were presented ear-
lier.!> Examples of results for samples with x =0.05 and
0.10 are shown in Figs. 12 and 13. The Hall mobility
uw=|R/p| is also shown in these figures. Because p is
measured with high precision, the precision for p (in per-
cents) is the same as for R. The resistivity data which
correspond to Fig. 12 are shown in Fig. 5. The resistivity
data which correspond to Fig. 13 are not shown, but are
very similar to the data for sample No. 10-4A in Fig. 6.
The fields at the mobility minima in Figs. 12 and 13 are
slightly lower than the fields at the corresponding resis-
tivity maxima.

In discussing the Hall data we distinguish between the
field region where p increases with H, and the region
H > H_,, where the resistivity for x =0.05 and 0.10 de-
creases with increasing H. For fields where p increases
with H, the magnitude of R also increases with H, in all
cases. At the same time the Hall mobility u decreases
with increasing H, except in fields just below the resistivi-
ty maximum. :

The behavior of the Hall coefficient in fields above
H .., depends on both the Mn concentration x and the
carrier concentration ngt. Consider first the two samples
with x =0.05. In sample No. 5-1, the Hall coefficient in
fields above H,, decreases slightly with increasing H,
but the major cause for the decrease in p is the increase of
. In sample No. 5-2, which has a higher carrier concen-
tration and which is near the M-I transition, | R | in-
creases monotonically with H even in fields above H,,,.
Thus, the decrease of p above H ,,, is solely due to an in-
crease of u. This is shown in Fig. 12.

T T T T T T T ez ! ' ! 240
|7+ —250
e —230
| -
a _ 8 220
® & )
o a - 3
5 —210 3 i ~
° » 5 >
@ > -
. g &« 8
14 J190 - 14 —H200 ~
x=0.05
SAMPLE 5-2
T=4.20K CdQS Mno'l Se
3 di70 SAMPLE 10-48 |
| T=4.23K
T . | L | . | . T
0 20 40 60 80 10 1 1 i 180
H (kOe) o 20 40 60 80
FIG. 12. Magnetic field dependence of the Hall coefficient R H (kOe)

(solid circles) and Hall mobility . (open circles) for sample No.
5-2 at 4.20 K.

FIG. 13. Magnetic field dependence of R (solid circles) and p
(open circles) for sample No. 10-4B at 4.23 K.
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In those samples with x =0.10 which are on the insu-
lating side of the M-I transition or near the M-I transi-
tion, the decrease of p above H,,, is due to both a de-
crease of | R | and an increase of u. The two contribu-
tions are comparable. This is illustrated by the results in
Fig. 13. However, in sample No. 10-5, which is well on
the metallic side of the M-I transition, | R | increases
monotonically with H and the decrease of p above H .,
is solely due to an increase of . This behavior is qualita-
tively similar to that of sample No. 5-2 in Fig. 12.

IV. DISCUSSION

A coherent theoretical picture which accounts for the
preceding experimental results is not available at present.
The picture which exists consists of (i) experimental evi-
dence connecting the observed MR with the s-d interac-
tion, (ii) some general theoretical results concerning the
influence of the s-d interaction on electrons near the bot-
tom of the conduction band, and (iii) several proposed
mechanisms which can lead to a large MR. These three
topics are discussed below, after a brief comment concern-
ing n,.

As pointed out in Sec. III, there is a strong evidence
that the carrier concentration n. at the M-I transition in-
creases with x. Two possible causes for this dependence
are the slow increase of the electron effective mass m*
with x,2* and the increased scattering due to the presence
of Mn ions. The increase of m* leads to a decrease of the
effective Bohr radius ay which, in turn, leads to an in-
crease of n, [cf. Eq. (1)]. The presence of Mn ions should
lead to scattering by alloy potential fluctuations, and also
to some magnetic scattering at low temperatures. The in-
crease in scattering enhances localization and it should,
therefore, increase n,.

A. Spin splitting and spin scattering

The carrier concentrations of our samples are suffi-
ciently high that the mobilities at 4.2 K are of order 10?
cm?/Vsec. This strongly suggests that the low-
temperature conduction is by states which are either above
the mobility edge or not far below it. There are basically
two routes by which the s-d interaction can affect the
resistivity in this case: changes of the energy levels near
the bottom of the conduction band, and scattering of elec-
trons by Mn ions.

1. Spin splitting

In the presence of a magnetic field the s-d interaction
leads to a spin splitting of the conduction band. This
splitting is much larger than that due to the direct action
of the magnetic field on the electron’s spin. To a good ap-
proximation the spin splitting & is proportional to M.!!
Using the results of Refs. 21 and 23 it is easy to show that
in Cd; _,Mn,Se,

8=6M/M,, (3)

where 8, =5.7 meV for x=0.01, 19 meV for x =0.05,
and 26 meV for x=0.10. These values for 8, also agree
with the data in Ref. 25 to within several percents. For
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FIG. 14. Schematic showing the density of states N(E) as a
function of energy E for the conduction band at H =0 and at
H=s£0. The two spin subbands are designated by ( +) and (—).
Shaded areas are regions occupied by electrons at low 7. § is
the spin splitting, and Ef is the Fermi energy measured from
the bottom of the parabolic portion of the band (or subband).

x <0.1 the parameter 8, is approximately equal to the
spin splitting which is reached near 80 kOe when T <4
K.

The conduction-band splitting leads to a redistribution
of electrons between the two spin subbands.”® This is
shown schematically in Fig. 14. To obtain a rough esti-
mate of the energy scale in this figure, we use the effective
mass m*=0.13m, in the parent compound and assume
that there are 3 X 10! electrons/cm?® in the parabolic por-
tion of the band at H =0. This leads to a Fermi energy
Er=13 meV at H =0, measured relative to the bottom of
the parabolic portion of the band. Because the values of
8, are comparable to Er, a substantial electron redistribu-
tion is expected when M approaches M; at the highest
fields. Even for the sample with the highest electron con-
centration (ngr=1.9%x10"® cm™3, x=0.10) an appreci-
able electron transfer between the subbands is expected
from the estimate 8, /Er=0.6. As Fig. 14 indicates, the
electron redistribution raises the Fermi energy Ef in the
majority-spin subband, and lowers Ez in the other sub-
band.

The density of states N (E) which is sketched in Fig. 14
is probably appropriate for samples which are well on the
metallic side of the transition. Near the M-I transition
the band tail may have a different shape, and the Fermi
energy is probably lower.?’ Nevertheless, the conclusion
that a substantial electron redistribution occurs at high
fields should remain valid. Another simplification in Fig.
14 is the implicit assumption that the density of states in
a given subband is independent of 8. Actually, some of
the effects discussed below (e.g., the change in the screen-
ing radius) should affect the shape of the band tail.?®

2. Scattering by Mn spins

The s-d interaction leads to a scattering of electrons by
Mn spins. Two types of such scattering are known:
spin-disorder scattering by Mn spins which are not near
donors or acceptors, and coherent scattering from spin
clusters associated with bound magnetic polarons (or simi-
lar entities) near donors or acceptors.

Spin-disorder scattering in the context of magnetic
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semiconductors was discussed by Haas,” among others.
The MR associated with this type of scattering is nega-
tive.?® However, estimates for Cd,_,Mn,Se samples
which are similar to those used here suggest that spin-
disorder scattering is too weak to be of importance.'*303!

Coherent magnetic scattering from ferromagnetic spin
clusters associated with bound magnetic polarons (BMP’s)
is in some cases stronger than spin-disorder scattering.’
Coherent scattering is most effective when the ferromag-
netic alignment within the cluster, compared to the align-
ment outside the cluster, is appreciable. The latter condi-
tion is not satisfied for the usual BMP’s in Cd; _,Mn,Se,
i.e., for BMP’s which are associated with shallow hydro-
genic donors.>* The reasons why the ferromagnetic align-
ment in these BMP’s is very small are (i) a relatively large
effective Bohr radius ay, and (ii) a relatively weak mag-
netic susceptibility.! A very small ferromagnetic align-
ment is also expected for BMP’s associated with weakly
localized states which exist in samples near the M-I tran-
sition. On the other hand, it is possible that our samples
also contain some deep donors which are not ionized.
Near such donors a stronger ferromagnetic spin alignment
is expected, because the effective Bohr radius is smaller.
This might lead to an appreciable coherent magnetic
scattering. This scattering should be governed by the
difference between the ferromagnetic order inside and out-
side the BMP, and it should, therefore, decrease as the
spins outside the BMP are aligned by a magnetic field.
Thus, a negative MR is expected.

3. Dominant role of the s-d interaction

The spin-splitting & is directly related to M. The MR
associated with magnetic scattering is also expected to be
governed by parameters which are related to M, e.g., the
difference between the magnetization inside and outside
the BMP should depend on the differential susceptibility
OM /3H.?' Thus, the observed strong correlation between
the MR and M is a strong evidence that the s-d interac-
tion is the dominant cause for the MR.

B. Specific MR mechanisms

The observed MR is probably the result of several com-
peting mechanisms, some giving a positive MR and others
a negative MR. The negative MR associated with scatter-
ing from BMP’s was already mentioned. Several other
known mechanisms are listed below.

1. Increase of the Thomas-Fermi screening radius

The scattering due to ionized impurities depends, in
part, on the screening of the Coulomb potential of these
impurities. In the Thomas-Fermi approximation the
screening radius r; is a function of the density-of-states
N(E) at the Fermi energy Er, summed over both spin
subbands. As the conduction band splits, the redistribu-
tion of electrons between the two subbands produces a
change of N(E) at Er. For a parabolic band the spin
splitting leads to an increase of r,.2%3* The maximum in-
crease, for a complete transfer of electrons to the
majority-spin subband, is by a factor of 2!/3. The increase

of r, implies a weaker screening, and hence a stronger
scattering. This should raise the mobility edge E.. In ad-
dition, the density of states at the band tail should change,
i.e., a larger number of electrons will be accommodated in
the tail.?® Both effects should lead to a positive MR.?
However, theoretical estimates by Gan and Lee suggest
that the increase of r; is too weak to account for the large
positive MR observed here.’! A similar conclusion was
also obtained by Stankiewicz et al. from an analysis of
their data.!® They therefore suggested that other mecha-
nisms must also be important.

It may be of interest to note that the positive MR
which accompanies the increase of 7, also follows from
Mott’s early heuristic derivation of Eq. (1) for n..** This
derivation was based on the criterion 7, ~ap at the M-I
transition. When the same criterion is applied to the case
in which the conduction band splits, it leads to an increase
of n.. For a complete transfer of electrons to the
majority-spin subband, n. increases by a factor of 4.3 In
a sample which is near the M-I transition, the increase of
n. with increasing H should result in a positive MR at
low temperatures.

2. Change of the Fermi energy

Consider Fig. 14. As 8 increases, the Fermi energy E
in the majority-spin subband rises relative to the bottom
of the parabolic portion of the subband. The opposite is
true for Ef in the minority-spin subband. The conduc-
tivity due to each subband depends on the difference
Ef —EC‘Jt between the Fermi energy and the mobility edge
for that subband, and is affected by the change in Ef.
When the contributions of both subbands are added, and
the changes in E& are ignored, the net result is a negative
MR.*7 Its magnitude can be appreciable, particularly on
the insulating side of the M-I transition.

3. Effects of electron-electron exchange and correlation

The scattering of an electron from a screened charged
impurity depends on the spin of the scattered electron and
the net spin of the screening electrons. This is a conse-
quence of exchange and correlation effects between elec-
trons. If the screening electrons have a net + spin then
the scattering of a + spin electron will be stronger than
that of a — spin electron. Thus, in the presence of a mag-
netic field, which leads to a net spin polarization of both
the scattered and screening electrons, the mobility for the
minority-spin subband will be higher than that for the
majority-spin subband. The consequences of exchange
and correlation effects in the present context were con-
sidered recently by Gan and Lee.’! An earlier treatment
for the case of a ferromagnetic metal was given by Kim
and Schwartz.®® The H-induced shifts of the mobility
edges E& due to exchange-correlation effects can be much
larger than the change caused by the variation of the
Thomas-Fermi screening radius r,. Thus, a much larger
MR can occur. The sign of the MR at low H depends on
the choice of parameters.
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4. Combined Coulomb and s-d scattering

In magnetic and semimagnetic semiconductors the
scattering from ionized impurities is not always solely due
to the Coulomb potential. Specifically, in the paramag-
netic phase and when H=40 the screening electron cloud
has a net s-spin polarization. This leads to an excess po-
larization of the d spins (Mn spins) in the vicinity of the
impurity, relative to the polarization far away from the
impurity. The complex consisting of the ionized impuri-
ty, the screening electron cloud, and the local excess mag-
netization of the Mn spins is physically similar to a BMP
(or “localized ferron” in Nagaev’s terminology®). The
scattering from this complex involves, therefore, both the
Coulomb potential and the s-d potential due to the excess
polarization of the Mn spins. This problem is discussed
in Ref. 6(b). The MR in the paramagnetic phase is dis-
cussed in Ref. 6(c) and in Ref. 39. Estimates based on
these results suggest, however, that the contribution of the
s-d scattering potential to the MR is small in the present
case. This agrees with the following intuitive argument.
The excess Mn-spin polarization near an ionized impurity
should be comparable to or smaller than the excess Mn-
spin polarization in a BMP associated with a neutral hy-
drogenic donor. The latter excess polarization is very
small in the present case, as already noted.

5. Quantum corrections to the conductivity

Sawicki et al. measured the MR of a sample which was
in the so-called weakly localized regime (WLR).!* To in-
terpret these data, they used expressions for quantum
corrections to the conductivity in the WLR, but modified
them to take into account the spin splitting of the conduc-
tion band.

C. Conclusion

The results in Sec. III, and those in Refs. 12—16, give a
reasonably clear experimental picture of the behavior of
the MR near the M-I transition of Cd;_,Mn,Se. The
theoretical picture, on the other hand, is still unsatisfacto-
ry. Although some MR mechanisms are known, their rel-
ative contributions are not always known. Nor is it clear
that still other mechanisms are not important. For exam-
ple, the decrease of p in high fields, for samples with
x =0.05 and 0.10, might be primarily due to (i) a decrease
of scattering from BMP’s associated with deep donors, or
(ii) to changes in the Fermi energies Ef, or (iii) to still
another (yet unidentified) mechanism. Our understanding
of the H-dependence of the Hall coefficient is even less
satisfactory, although it is clear that conduction in two
subbands with different mobilities has an effect on R.
Thus, the main challenge at present seems to be in the
theoretical area.
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