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MAGNETISM AND FERROELECTRICITY

Characteristic features of the extrinsic electric resistance in ferromagnets with low
carrier density
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Switching from simple semiconductors to more complicated chemical compositions, we
encounter mainly nonstoichiometric or undoped compounds. Combined with other characteristic
features ofd(f) compounds, this can lead, together with the ordinary scattering by spin
disorder in magnetic semiconductors, to an unusual impurity contribution to the total scattering
of carriers even in intrinsic semiconductors. A unique scheme for calculating the energy
structure of the conduction-band bottom of a ferromagnetic semiconductor and the temperature
and field dependences of the impurity contribution to the resistivity is proposed on the
basis of a model Hamiltonian. The computed magnetoresistance ratio is negative and has a
maximum nearTc . A qualitative comparison is made between the results and the experimental
temperature dependences of the Hall mobility and magnetoresistance ratio in the ternary
semiconductorn-HgCr2Se4, which is nonstoichiometric with respect to the chalcogen. To identify
previously unobserved temperature oscillations of the resistance, a careful analysis is made
of the low-temperature part of the resistance using the relations obtained. ©1999 American
Institute of Physics.@S1063-7834~99!01701-3#
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1. Many compounds, which according to bond type a
intermediate ion-covalent compounds, form extended c
centration regions with their own components, often of
berthollide type.1 This is facilitated by the characteristic fea
tures of the electronic shell structure of transition, rare-ea
and actinide elements. Interestingly, in these cases the ef
due to nonstoichiometry and strong Coulomb correlations
present at the same time. In turn, in such compounds sto
ometry is only a special case or it is unattainable, if t
ordinate of the compound corresponding to the highest
gree of ordering of the ions falls outside the range of ex
tence of these phases. Nonstoichiometry in semicondu
compounds is of special interest. In such compounds
main cation is ad element, since transition-element com
pounds form the largest group of semiconductors.2,3

We are interested in compounds ofd~ f ! elements, at
whose Fermi level there is a contribution not only from d
fuse sp states, which form wide bands, but also from mo
localizedd(f) states, which form narrow bands. Ordinarily,
a two-band model it is not difficult to calculate the transp
relaxation time, using Fermi’s golden rule to calculate t
probabilities of quantum transitions. But for substances w
quite strong localization of thed(f) electrons the electronic
correlations make it impossible to use a simple two-ba
model, since the correlations renormalize not only the
rameters of the carrier dispersion law in a narrow band~the
bandwidth and the effective mass! but also the hybridization
parameters of the states of the wide and narrow bands. S
materials include compounds with variable valen
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heavy fermions, and magnetic semiconductors. The disc
ery of giant magnetoresistance in the perovski
La12x(Ca,Sr,Pb,Ba)xMnOy

4 drew additional attention to
this problem, since the microscopic mechanism of gi
magnetoresistance is still not clear.

The carrier dispersion laws in magnetically ordered s
stances depend on both temperature and magnetic fiel
account of the exchange interaction. This makes an a
tional contribution to the temperature and field dependen
of the electric resistance. Many physical properties of c
ducting magnets can be described in the narrow-bands–d(f)
model,2,3 where the carrier is a spin polaron — a quasiparti-
cle, whose motion is similar to that of an ‘‘irregular spinS
61/2 on the background formed by a lattice of regular sp
S.’’ This model is applicable when thed(f) electrons are well
localized and their contribution to the density of states at
Fermi level is zero. This naive picture is unsuitable in t
case of partial delocalization ofd(f) electrons, where narrow
d bands must be taken into account together with stro
electronic correlations and hybridization with the more d
fuse sp states. A synthesis of thes–d(f) model and Ander-
son’s periodic model makes it possible to do this, and
shall use it below to calculate the temperature and field
pendences of the resistance. The computational results
be compared with the experimental data for the magn
semiconductorn-HgCr2Se4.

The paper is organized as follows. In Sec. 2 the el
tronic structure of a degenerate semiconductor is describe
the periodic Anderson model taking into accounts–d ex-
© 1999 American Institute of Physics



.
th
a

ti
ni

d

io

d

se

-

e

-
-
th

p

th
xc

th
ns
nt

ef

p-
hro-
tron
e

uc-

ble
n
of
c-
ut
n

e
ron-

t a
he
o
tter-

w-
rity

w
of
-

ver

60 Phys. Solid State 41 (1), January 1999 V. A. Gavrichkov and S. G. Ovchinnikov
change and scattering by impurities and intrinsic defects
Sec. 3 the electrical conductivity is calculated. In Sec. 4
experimental results pertaining to the present calculation
briefly listed and compared with the relations obtained.

2. Let us consider a multielectron model of a magne
semiconductor taking into account the real multielectro
orbital structure of the 3d states.5 Following this model, the
Hamiltonian can be written as a superposition of the perio
Anderson model and thesd exchange model

H5H01H11H21H3 ;

H05(
ks

jkcks
1 cks1(

f
F ~En2nm!(

g
Xf

gg

1~En112~n11!m!(
G

Xf
GGG ;

H15(
f

H 2Js fSf1V(
s

~cfs
1 dfs1h.c.!J . ~1!

Here cks is the operator annihilating ac electron with
momentumk, spin s, and energyjk5«k2m, measured
from the chemical potentialm. It is assumed that thec band
is formed mainly by the 4s states of the magnetic ion.Xf

pq

5ufp&^fqu are Hubbard operators, describing the transit
of a magnetic ion at a lattice sitef from a localized stateuq&
into a stateup&; En andEn11 are the energies of the groun
state configurationsdn and dn11 of the magnetic ion; the
indices g and G refer to the orbital degeneracy of the
terms;Sf and s f are the spin operators of thed ion andc
conduction electrons;V and J are hybridization and ex
change interaction parameters of thec andd electrons. The
signal-electron operatorsdfs can be expressed in terms of th
Hubbard operators in the standard manner asdfs
5(pq^pudfsuq&Xf

pq . For specific calculations we shall con
sider only thed3 and d4 configurations. This makes it pos
sible to compare the results with experimental data on
semiconductor HgCr2Se4, where the4A2 ground state of the
Cr31 ion is orbitally nondegenerate and corresponds to s
S53/2. When the ‘‘extra’’ electron~current carrier! is trans-
ported along the multielectronic4A2 states, Cr21(d4) ions
are formed. For chromium, the energies of the terms3T1(d4)
and 5E(d4) can compete with one another, attesting to
possible presence of two types of donor single-particle e
tations of different symmetry with energiesE(3T1)
2E(3A2) and E(5E)2E(3A2) in this compound. Here we
shall confine ourselves to the latter case, although
method described below for calculating the linear respo
makes it possible, where it is important to do so, to take i
account the excited states of Cr21 and Cr41 ~for the valence
band!, as done in Ref. 5 in a calculation of absorption co
ficients. If 5E is the ground state of the Cr21 ion,

df↑5Xf
1.51

A3

2
Xf

2.61
1

A2
Xf

3.71
1

2
Xf

4.8;

df↓5Xf
4.91

A3

2
Xf

3.81
1

A2
Xf

2.71
1

2
Xf

1.6,
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where the superscripts enumerate states of the Cr31 and
Cr21 ions:

Cr31:u1&5US5
3

2
;Sz5

3

2L ; u2&5U32 ;
1

2L ;

u3&5U32 ; 2
1

2L ; u4&5U32 ; 2
3

2L ;

Cr21:u5&5u2, 2&; u6&5u2;1&;

u7&5u2;0&; u8&5u2;21&; u9&5u2;22&.

The operatorsdfs in this representation are quasi-Fermi o
erators. This is because the highest excited states of c
mium are neglected, and it corresponds to the single-elec
transition2A2↔ 5E. We also call attention to the existenc
of similar concepts in the theory of defects in semicond
tors, referring to ‘‘local population levels.’’6 The presence of
a hybridization term in the Hamiltonian is due to the possi
entanglement of thec andd states by the distant coordinatio
spheres~trigonal corrections to the crystal field in the case
HgCr2Se4). Of the different processes responsible for ele
tron scattering by impurities, we take into account in o
calculation the standard potential scattering of carriers ic
states and fluctuations of the energies of thed level

H25 (
kpfq

pl fD1~k2q!e2 i f–~k2q!cks
1 cqs

1(
fs

p2fD2~ f!dfs
1 dfs . ~2!

Here p1f and p2f are projection operators, equal to 0 in th
absence of impurities and 1 in the nearest-neighbor envi
ment of an impurity atom or defect. The second term inH2

presumes random fluctuations of the crystal field withou
change in symmetry of the field. We chose the form of t
HamiltonianH2 describing the interaction with impurities s
as to illustrate the characteristic features of potential sca
ing and multicomponent semiconductors.

Depending on the specific physical situation the follo
ing are possible: independent fluctuations of the impu
parametersp1f•p2f50 or correlated fluctuationsp1f•p2f
5pf . We turn to the first case, which we shall identify belo
with the presence of intrinsic defects in the sublattices
both theA cations and theB anions. For the system of equa
tions for the two-time Green’s functions not averaged o
the impurities

G115^^cksucks
1 &&, G225^^dksudks

1 &&,

G125^^cksudks
1 &&

is obtained in the standard manner7

G11~k,k8!5G11
~0!dkk81G11

~0!(
fq

p1fD1~k2q!ei f–~q2k!

3G11~q,k8!

1G12
~0!(

fq
p2fD2fe

i f–~q2k!G21~q,k8!,
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G21~k,k8!5G21
~0!dkk81G21

~0!

3(
fq

pf1ei f–~q2k!D1~k2q!G11~q,k8!

1G22
~0!(

fq
p2fD2fe

i f–~q2k!G21~q,k8!. ~3!

The second pair of equations is obtained by interchang
the indices 1↔2. Here the initial Green’s functions describ
the c andd states in the generalized Hartree–Fock appro
mation:

G11
~0!5

E2V

~E2 j̃k!~E2V!2KsV2
,

G12
~0!5

AKsV

~E2 j̃k!~E2V!2KsV2
,

G22
~0!5

Ks~E2 j̃k!

~E2 j̃k!~E2V!2KsV2
, ~4!

and V5E42E32m is the transition energy between th
terms of thed4 andd3 configurations,j̃k5jk2sJ^Sz&, Ks

5^dks
1 dks1dksdks

1 &51/4(5/212s^Sz&),
5 s561/2, and

^Sz& is the average spin of the Cr31 ion. The spectrum of
the bandsEks

1 can be represented by the expression

Eks
1 5

1

2
~ j̃k1V6A~ j̃k2V!214KsV2!.

We call attention to the fact that strong correlations n
only determine the energy of a localizedd level V but they
also renormalize the hybridization. In the case of no corre
tions Ks51 and hybridization is determined by the para
eterV. On account of the restrictions imposed on the Hilb
space by strong correlations,Ks51 and the effective hybrid-
ization VKs

1/2 depends on bothT and H as a result of̂ Sz&,
and it is different for the spin subbands.

The functions~4! make it possible to construct a plot o
the density of states at the conduction-band bottom of
semiconductor. Figure 1 shows a plot of the density of sta
obtained under the assumption of a semielliptic density
states for the initialc band:

g0~«!5
2

pWF12S «

WD 2G1/2

,

whereW is the width of the initialc band.
As is well known, in the band theory the influence

magnetic order reduces to splitting of the spin subbands
our approach the amplitudeV of the d peak, corresponding
to the one-electron transition2A2↔ 5E, changes without a
change in energy of thed states. Since in a semiconduct
with a completely filled valence band and empty conduct
band, the band contribution to the magnetization is^s i&50.
Shifts of the peakV are possible only as a result of Heise
berg exchange, but they are of the order ofTc'0.01 eV and
much less than thesdexchange interaction, which is respo
sible for the spin splitting of thec band. The difference in the
temperature behavior of the density ofc and d states is the
g

i-

t

-
-
t

e
s
f
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n

key for further understanding, and for this reason we sh
explain in greater detail the physical reasons for this and
approach to the compound HgCr2Se4. In the paraphase, a
one can easily understand, all statesu i &( i 5124) of the
Cr31 ion which differ by the spin projection are equal
likely. However, as temperature decreases, in the ferroph
the stateu1& with maximum spin projectionSz53/2 is pre-
dominantly populated, and the single-particle density od
states loses symmetry to spin flip, sincedf↑

1 anddf↓
1 acting on

the same initial stateu1& place carriers in completely differ
ent four-particle (d4) statesu5& and u6&, respectively. The
differences between the multielectron states can lead
zero density of states in the limitT→0 K for a carrier with
one of the spin projections, as happens, for example, in
case of3T1 symmetry of the ground state for Cr21 ~Fig. 1!.
We note that in our approach it is not necessary to introd
a giant spin splitting of thed bands, which still cannot de
scribe the presence of a large spin on the Cr31 ion in the
paraphase~the Curie–Weiss law!. Similar features of the
density of states are also observed in other magnetic s
conductors — both ferromagnetic and antiferromagnetic.8

To perform the configurational averaging, we shall e
ploy an impurity diagram technique.7 We shall average eac
term in the series of the system~3! using the rules

K (
f

Zfpi fe
i f–~k82k!L 5ciZdkk8 ; i 51,2,

wherec1 andc2 are the concentrations of defects of the fi
and second kinds. Intersecting plots were dropped w
writing the corresponding equations. This is valid only for
degenerate semiconductor^m&\/t, where the Fermi level
lies in the conduction band and the substitution KT⇔m

FIG. 1. Density of states near the conduction-band bottom of the compo
HgCr2Se4

5 for T54.2 ~solid line! and 300 K~dashed line!. The symbolV
denotes the initiald level: E(5E)2E(3A2)m.
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makes sense. As a result, the solution of these equation
the average Green’s functionsG11 andG12 has the form

G11
s ~k,E!5H E2 j̃k1

i

2t1
s

sign~Ẽ!

2
KsV2

E2V1
i

2t2
s

~KsV!2

~E2V!2
sign~Ẽ! J 21

,

G22
s ~k,E!5KsH E2V1

i

2t2
s

~KsV!2

~E2V!2
sign~Ẽ!

2
KsV2

E2 j̃k1
i

2t1
s

sign~Ẽ! J 21

. ~5!

Here (t i
s)215cig0

s*dvuD i(u)2u/4p; Ẽ5E2KsV2/(E
2V), g0

s is the density of states in the initialc band at the
Fermi level. The Green’s functions~5! have a two-band
structure. For a degenerate semiconductor, the contribu
of the top bandEks

1 can be neglected and a single-po
expression can be used:

G11
s ~k,E!5

uks
2

Dks
; G22

s ~k,E!5
Ksvks

2

Dks
;

G12
s ~k,E!5

uks
2 vksAKs

Dks
;

Dks5E2Eks
2 1 i S uks

2

2t1
s

1
Ksvks

2

2td
s D sign~E!. ~6!

uks
1 and vks

2 determine the probability of finding a carrie
quasiparticle in the lowest conduction bandEks in thec and
d relaxation channels

uks
2 5

]Eks
2

]j̃k

5
~V2Eks!

~Eks
1 2Eks

2 !
; vks

2 512uks
2 ;

~uksvks!25
KsV2

~Eks
1 2Eks

2 !2
,

1

td
s 5

Ksvks
2

uks
2

1

t2
s is the effective relaxation rate of a carrier

a d channel. Specifically, when theV level lies far below the
c band of the diffuse statesus

2 uk5kF
→0 and in accordance

with the high density of states atV level, the effective re-

laxation rate
1

td
s→`.

In the limit V→`, where an unoccupiedd level lies
high above the Fermi energy, forEks→ j̃k , vks

2 →0 and the
Green’s functionG11 assumes the standard form for th
single-band model
for

on

G11
s ~k,E!5S E2 j̃s1

i

2ts
sign~E! D 21

. ~7!

We do not discuss here the specific form of the dispers
relation jk , since the further calculations concerning t
conductivity will make it possible to leave it in the gener
form. In what follows, we shall consider the particular ca
of a quadratic dispersion law near the bottom of the initiac
band, and we shall present the conductivity formula cor
sponding to this case.

3. The dispersion laws of the hybridizedEks
1 bands can

give the impression that the problem of calculating the el
trical conductivity reduces to the standard problem for
simple two-band model. Then it would be possible to u
Fermi’s golden rule to calculate the probabilities of quantu
transitions and to write down easily the transport relaxat
time. In the present problem, there is one circumstance
makes it necessary to use a more complicated computati
method in terms of the Green’s function, specifically, t
localization ofd electrons on account of the strong electron
correlations. Strong correlation effects result in a renorm
ization of the hybridization parameterV2→KsV2, whereKs

is determined by the magnetization and depends on b
temperature and the applied magnetic field. The renorm
ized hybridization parameter appears in the effective rel
ation time. In all other respects, the picture is indeed sim
to the model of two bands for quasiparticles with band str
ture, depending on the carrier density, temperature, and m
netic field.

On account of the initial atomic description of the3d
states appearing in the lower conduction bandEks , the
width of the initial d band is 0, and conduction in this ban
occurs by charge transfer alongc states. The expression fo
the current density can be written in the form7

j a~q,n!52
e2

2c (
ks

E dE

2p
ra

s~k,k1q!

3)
b

a

~k1q,k,E1n,E!Ab~q,n!, ~8!

)
b

s

~k1q,k,E1n,E!5(
p

^G11
s ~k,p,E!rb

s~p,p1q!

3G11
s ~k1q,p1q,E1n!&, ~9!

where Ab(q,n)5 inEb(q,n)/c, ra
s(k,k1q)5

]j̃k

]ka

1
]j̃k1q

](k1q)a
, andE(q,n) is the intensity of the external elec

tromagnetic field. The vertex part~9! can be found in a lad-
der approximation from the system of equations

)
11

s

~k,E1n,E!5
]j̃k

]k
$G11

s ~k,E!G11
s ~k,E1n!

3~11L11
s ~E,n!!1G12

s ~k,E!

3G21
s ~k,E1n!L22

s ~E,n!%,
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)
22

s

~k,E1n,E!5
]j̃k

]k
$G21

s ~k,E!G12
s ~k,E1n!

3~11L11
s ~E,n!!1G22

s ~k,E!

3G22
s ~k,E1n!L22

s ~E,n!%, ~10!

where, confining our attention to the normal skin effe
n(q)!1/t, we have introduced the notation

kL i i
s~E,n!5

ci

2p E uD i~k2k8!u2P i i
2 ~k8,E1n,E!dk8.

~11!

Since in our model the impurity potentialD2 does not de-
pend on the momentum, the integration over angles lead
D2250, so that a transport relaxation time does not arise
d states. Forc electrons the transport relaxation time is

t tr
215c1g0

sE dVuD1~u!u2~12cos~u!!/4p.

As a result, we have for the statistical conductivity

s5e2(
s

g0
sE dV

4p
S ]j̃k

]k D 2

uks
2 teff

s uk5kF
, ~12!

where the effective relaxation rate~all labels referring to the
momenta on the Fermi surface are dropped in what follo!

~teff
s !215

us
2

t tr
1

Ksvs
2

td
. ~13!

In the particular case of a quadratic dispersion law for thc
band

s5
e2

m (
s

nsus
2teff

s , ~14!

where neff
s 5nsus

2 is the effective density of carriers wit
spins, which occupyc states with the effective massm and
rate ]jk /]k characteristic of the latter. The effective rela
ation rate~13!, in agreement with Mathiessen’s rule, is add
tive in the relaxation ratest tr

21 and (td
s)21 with weightsus

2

and Ksvs
2 . They are simply the probability with which th

carrier participates in scattering by the corresponding po
tial for thec andd states. The main individual features of th
material, such as the chemical composition, symmetry,
lattice constant, strongly influence the conductivity in th
relation through the position of thed level relative to the
conduction-band bottom and the effective hybridization
rameter, and therefore via theus

2 andvs
2 coefficients. More-

over, since theus
2 and vs

2 coefficients depend on temper
ture, the conductivity also turns out to be temperatu
dependent.

To study the case of completely correlated impurit
pf 13pf 25pf , we added diagrams where the dashed l
connects different impurity vertices.

As a result, solving the system in the standard man
we obtain for the conductivity the expression~14! but with a
renormalized relaxation time
t

to
r

n-

d

-

-

s
e

r,

~teff
s ! tr

215
cg0

s

us
2 E dV

4p
uus

2D1~u!1Ksvs
2D2u2

3~12cos~u!!,

c5c15c2 . ~15!

The latter relation attests to the fact that the arrangemen
the impurities strongly influences the relaxation rate. If E
~13! describes scattering of carriers under the condition t
the impurities or defects are distributed randomly, then fo
correlated arrangement of impurities or defects the inter
ence of electronic waves, scattered by different impurity
oms ~defects!, becomes important.

4. The conductivity of the semiconductorn-HgCr2Se4

has been investigated in detail in a series of works.9–12 In
what follows, we shall briefly sketch the experimental situ
tion, and we shall discuss its possible interpretation. Fig
2a shows the typical temperature dependences of teh
mobility for different HgCr2Se4 samples. The mobility in the
paraphase is 10–30 cm2/V•s. As temperature decreases, t
mobility increases strongly~approximately fromTc;110
K!, reaching values of the order of 1200 cm2/V•s atT54.2
K for n;531018 cm23.9 Starting approximately at 2
31018 cm23, the carrier density at low temperatures and
to 200 K remains virtually constant, in agreement with o
initial assumption that the object of our calculation is a d
generate semiconductor.

In this way, the mobility increases by two orders of ma
nitude in the temperature interval;100 K. A magnetic field
shifts the mobility versus temperature curve as a whole in
direction of higher temperatures. As a consequence, a l
negative magnetoresistance ratio, displayed in Fig. 3a, wi
peak nearTc is observed.

Such dependences in magnetically ordered substa
ordinarily are attributed to scattering of carriers by sp
disorder.10,11 As correctly noted in Ref. 9, the absence of
minimum in the mobility versus temperature curve at t

FIG. 2. Temperature dependence of the mobility for HgCr2Se4 with differ-
ent carrier density. a — Experiment,17 b — theory.n5531018 cm23 ~1!,
1.2331018 ~2!, and 1.431017 cm23 ~3!.
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point Tc , associated with increasing diffusion through sp
disorder with increasing temperature, casts doubt on the
istence of the standard mechanism of scattering of carrier
spin disorder in this compound. We also mention that
increase in the mobility by two orders of magnitude up
values characteristic for widegap semiconductors attest
serious temperature changes in the semiconductor b
structure itself. As an acceptable mechanism, the author
Ref. 9 proposed a mechanism of carrier scattering by s
disorder in a narrow band ofd states, the nature of the ban
just as in our case, being associated with the states of C21.
However, the 1/T relation presented for the mobility in Re
9, with no features atTc , appears to be incorrect for thi
scattering mechanism. Moreover, it has long been known
transition-metal alloys~the Mott model13! that the residual
impurity scattering may be temperature-dependent,14 so that
it cannot be neglected when identifying the real scatter
mechanism according to the temperature dependence. Th
also supported by the unusual, for semiconductors, de
dence of the mobility on the defect density. The highest m
bility occurs in the sample obtained at the highest exc
mercury vapor pressure, and hence with the highest con
of uncompensated Se vacancies. Since the high-temper
part of the mobility is essentially independent of the def
density, the presence of defects increases the tempera
dependent part of the mobility.

An alternative to the generally accepted explanat
could be the presence of a record-high ‘‘red’’ shift of th
optical absorption edge in HgCr2Se4.15 For a semiconducto
gapEg(300 K)'0.8 eV, the shift reaches 0.5 eV andEg(4.2
K)'0.3 eV, which attests to a large rearrangement of
lower conduction band~Fig. 1!. Together with the restructur
ing of the spectrum and the density of states, the car
scattering mechanisms change: impurity and phonon.14 Just
as in the case of transition-metal alloys, we can encount
situation where the spin disorder scattering mechanism
compete with the impurity scattering mechanism among
d states, which exhibits an analogous temperature de

FIG. 3. Temperature dependence of the magnetoresistance ratio
HgCr2Se4. a — Experiment,17 b — theory.H510.2 ~1!, 5.6 ~2!, and 1 kOe
~3!.
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dence. Even though they are different in nature, these me
nisms nonetheless have different concentration dependen
which ultimately makes it possible to identify the predom
nant presence of one of them in the experimental materi

For a specially undopedn-HgCr2Se4 sample, the carrier
scattering is due to vacancies among the anions and thA
cations. The Se vacancies lead to both the standard pote
scattering and scattering by fluctuations of the crystal field
a result of energy shifts of thed level. The Hg-cation vacan
cies apparently influence thed levels very little, since they
are located in the second coordination sphere. At the s
time they act as scattering centers for carriers undergoing
standard potential scattering. For Se vacancies the se
term in Eq.~2! is most important because of the strong l
calization of thed states, and all other defects give ris
mainly to carrier scattering in the channel for ordinary p
tential scattering by the potentialD1. Defects in the Se and
Hg sublattice can be distributed differently. We shall assu
that these defects are distributed independently, and we s
employ the results of a calculation with uncorrelated imp
rities ~13! and~14!. These relations contain, together with th
parametersV50.15 eV,J50.8 eV, andV520.25 eV (V is
measured from the bottom of the initialc band in the
paraphase!5 two unknown parametersmS andmd :

s5e(
s

nsus
2meff ,

meff5
e

mS us
2

t tr
1

Ksvs
2

td
D 21

5S us
2

ms
1

Ksvs
2

md
D 21

. ~16!

At low temperatures (T→0) thec band of the diffuse state
drops below theV level as a result of thesd exchange
interaction~Fig. 1!, and for this reason the fraction of carrie
in the c states is high:us

2→1 andmeff→ms;1/c1. As tem-
perature increases, the action of thesd exchange interaction
on thec band becomes weaker (^Sz&→0), causing the band
to rise above theV level. In the process, the carriers pa
into current-freed states, and their fraction in thec states
us

2→0. Therefore, in the paraphase forT@Tcmeff→md /Ks

;1/c2. Hence
ms

md
'

meff(T→0)
Ksmeff(T@Tc)

. According to the ex-

perimental data, this ratio is approximately 100. The quan
ms was determined from the absolute value ofmeff(4.2 K! for
n;531018 cm23 and was found to be;2000 cm2/V•s.
Next, the temperature dependencemeff(T) shown in Fig. 2b
~solid line! was calculated. We shall assume that the role
the excess mercury vapor reduces to simply decreasing
number of Hg vacancies, the number Se vacancies remai
constant and equal to 1019 cm23. Then the temperature de
pendences for samples with a different carrier density can
easily calculated~Fig. 2b!.

Characteristically,meff is always less than the paramet
ms . Thus, it follows from Eq.~16! that asus

2→0 ~thed level
drops much below the bottom of thec band! meff→0. This
signifies that all carriers are in thed scattering channel, and
in accordance with the high density ofd states their contri-
bution to the mobility is minimal. In the intermediate ca
us

2;vs
2 the effective mobilitymeff;md and scattering by

for
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fluctuations of thed levels makes the main contribution t
the carrier scattering. Finally, only in the limitvs

2→0, when
thed levelV→`, we havemeff;ms , i.e. the parameterms is
the maximum possible mobility that can occur if thed level
were located infinitely high above the bottom of thec band.
Then the carriers undergo mainly the standard potential s
tering. We note also that forus

2 , vs
2Þ0, in the limit ms

→`, we obtain from Eq.~16!

s5(
s

ensus
2ms* , ms* 5

md

Ksvs
2

, ~17!

i.e. the conductivity is finite even with an infinitely long fre
path of carriers inc states. This effect is due for carrie
scattering by the fluctuation potentialD2 of the crystal field.

The computed value of the magnetoresistance r
(R(H)2R(0))/R(0) as a function of temperature is show
in Fig, 3b~solid line!. One can see that, just as in the case
scattering by critical fluctuations of the magnetization,
large negative magnetoresistance with a maximum aT
;Tc occurs near the Curie temperature. However, these
tures of the magnetoresistance are due to potential scatt
by impurities or defects, as well as by the magnetic fi
induced redistribution of carriers over different scatteri
channels. A direct consequence of these results is tha
simple estimate of the formr5r(H50)2r(H→`) is in-
correct for determining the contribution of only the scatt
ing of current carriers by spin disorder to the resistance
the semiconductor. The computed mechanism of magnet
sistance is observed, in complete agreement with experim
in the form of a uniform shift~without a large change in
shape! of the conductivity versus temperature curve in t
direction in higher temperatures in a magnetic field.

The concentration dependence of the mobility is of s
cial interest. As the density of defects among the nonm
netic cations increases, the effective mobilitymeff of the cur-
rent carriers increases from 300 cm2/V•s at n;1.431017

cm23 up to 1850 cm2/V•s atn;1019 cm23.9 It can be in-
ferred that this is due to processes, continuing at this de
density, that lead to the formation of an impurity conducti
band and therefore to drawbacks in the simplified treatm
of a degenerate semiconductor as a metal with KT sim
replaced bym. It is also possible that as the mercury vap
pressure increases, the defect concentrationc1 in the Hg cat-
ion sublattice decreases, andmeff(;1/c1) at low tempera-
tures, where scattering of carriers occurs mainly in the s
dard potential scattering channel, intensifies. In turn, the
vacancy concentrationc2 remains constant, but only at hig
temperatures (T@Tc) meff;1/c2.

In strong magnetic fields, where Landau quantization
curs for itinerant electrons, unusual quantum oscillations
the magnetization and resistance are observed inn-
HgCr2Se4.16 A theoretical description of the magnetizatio
was given in Ref. 17 on the basis of the same model as
one in the present paper. As one can see from Eq.~4!, the
conduction-band bottom shifts in proportion to^Sz&, while
the chemical potential is pinned near thed level V. For this
reason, the effective chemical potential, measured from
band bottom and determining the phase of the oscillating
t-
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of the thermodynamic potential, the magnetization, and
resistance, acquires strong field and temperature de
dences, in contrast to the weakT2/«F corrections in the
Fermi-liquid theory. As a result, the quantum oscillations
the magnetization and resistance which are observed in
external magnetic field are no longer periodic as functions
the reciprocal of the field.16 Similarly, as the temperature
varies, crossings of the chemical potential with the Land
levels can occur. Such crossing can lead to tempera
quantum oscillations, observed thus far only for t
magnetization.18

To single out the oscillating part in the temperature d
pendence of the resistance, it is necessary to subtrac
monotonic dependence, not associated with Landau qua
zation, specifically, the resistanceRth(T) determined by Eq.
~15!, from the experimental curveRexp(T) ~Fig. 4a16!. The
temperature dependence appearing in Eq.~14! was found on
the basis of the spin-wave theory

^SÉ&53/22at3/2Z3/2~x!2bt5/2Z5/2~x!2ct7/2Z7/2~x!,
~18!

t5T/4pIS, x52mBH/T. The parameters in the expansio
~18! a, b, andc were determined by fitting the experiment
data on the temperature dependence of the magnetizatio
ing a simplex method. The results area50.8499, b5
20.5545, andc50.1294. The theoretical temperature depe
denceRth(T) obtained in this manner describes the tempe
ture dependence of the resistance neglecting Landau qu
zation. The oscillating part of the resistanceR;(T)
5Rexp(T)2Rth(T) is shown in Fig. 4b, where indeed
single period of the oscillations is observed, just as for
magnetization.18 The relative amplitude of the oscillations o
the electrical resistance is small because of the smallnes
the carrier density itself, but, as it turned out, it is appro
mately five times greater than the magnitude of the mag
tization oscillations.

In conclusion, we note that the potential impurity sca
tering mechanism acquires such unusual, for the practic

FIG. 4. Experimental temperature dependence of the electrical resistanc
n-HgCr2Se4 in a 60 kOe field~a! and oscillating part of the resistanc
R;(T) ~b!.
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multicomponent compounds, temperature and field dep
dences because of a characteristic combination of sev
factors, the initial ones being the breakdown of the stoich
metric laws and the presence of transition elements in
chemical composition of the semiconductor. Such a com
nation could be the first indication of a substantial impur
contribution to the resistance in a semiconductor with te
perature and field dependences that are similar to those
culated here.
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