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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 neafT.. A qualitative comparison is made between the results and the experimental
temperature dependences of the Hall mobility and magnetoresistance ratio in the ternary
semiconducton-HgCr,Se,, 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 obtained99@ American
Institute of Physicg.S1063-783#09)01701-3

1. Many compounds, which according to bond type areheavy fermions, and magnetic semiconductors. The discov-
intermediate ion-covalent compounds, form extended conery of giant magnetoresistance in the perovskites
centration regions with their own components, often of theLal_,((Ca,Sr,Pb,Be]()\/lnoy4 drew additional attention to
berthollide type: This is facilitated by the characteristic fea- this problem, since the microscopic mechanism of giant
tures of the electronic shell structure of transition, rare-earthmagnetoresistance is still not clear.
and actinide elements. Interestingly, in these cases the effects The carrier dispersion laws in magnetically ordered sub-
due to nonstoichiometry and strong Coulomb correlations arstances depend on both temperature and magnetic field on
present at the same time. In turn, in such compounds stoichaccount of the exchange interaction. This makes an addi-
ometry is only a special case or it is unattainable, if thetional contribution to the temperature and field dependences
ordinate of the compound corresponding to the highest desf the electric resistance. Many physical properties of con-
gree of ordering of the ions falls outside the range of exis-ducting magnets can be described in the narrow-Isa+uiff)
tence of these phases. Nonstoichiometry in semiconductanodel?? where the carrier is a spin polare— a quasiparti-
compounds is of special interest. In such compounds thele, whose motion is similar to that of an “irregular sgh
main cation is ad element, since transition-element com- = 1/2 on the background formed by a lattice of regular spins
pounds form the largest group of semiconductots. S.” This model is applicable when the(f) electrons are well

We are interested in compounds dff) elements, at localized and their contribution to the density of states at the
whose Fermi level there is a contribution not only from dif- Fermi level is zero. This naive picture is unsuitable in the
fuse sp states, which form wide bands, but also from morecase of partial delocalization dff) electrons, where narrow
localizedd(f) states, which form narrow bands. Ordinarily, in d bands must be taken into account together with strong
a two-band model it is not difficult to calculate the transportelectronic correlations and hybridization with the more dif-
relaxation time, using Fermi’'s golden rule to calculate thefuse sp states. A synthesis of the-d(f) model and Ander-
probabilities of quantum transitions. But for substances withson’s periodic model makes it possible to do this, and we
quite strong localization of thd(f) electrons the electronic shall use it below to calculate the temperature and field de-
correlations make it impossible to use a simple two-bangendences of the resistance. The computational results will
model, since the correlations renormalize not only the pabe compared with the experimental data for the magnetic
rameters of the carrier dispersion law in a narrow béhd  semiconducton-HgCr,Se,.
bandwidth and the effective madsut also the hybridization The paper is organized as follows. In Sec. 2 the elec-
parameters of the states of the wide and narrow bands. Suttonic structure of a degenerate semiconductor is described in
materials include compounds with variable valencethe periodic Anderson model taking into accowd ex-
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change and scattering by impurities and intrinsic defects. Invhere the superscripts enumerate states of th¥ @nd

Sec. 3 the electrical conductivity is calculated. In Sec. 4 theCr?* ions:

experimental results pertaining to the present calculation are

briefly listed and compared with the relations obtained. Cr3+:|1>:‘sz §;5Z2§>; |2)= ’E }>
2. Let us consider a multielectron model of a magnetic 2 2 2°2

semiconductor taking into account the real multielectronic

orbital structure of the 8 states. Following this model, the 13)= §; — E> |4)= P — §>
Hamiltonian can be written as a superposition of the periodic 2 2 2 2
Anderson model and thed exchange model Crt:(5)=|2,2): |6)=2;1):;

A= Hot Hat Rz R, 7)=12:0; 18)=[2;-1); [9)=[2;~2).

+ The operatorsl,, in this representation are quasi-Fermi op-

HO:% gkckgck"JrZ [(E”_n“); X{” erators. This is because the highest excited states of chro-
mium are neglected, and it corresponds to the single-electron
transition?A,«— °E. We also call attention to the existence
of similar concepts in the theory of defects in semiconduc-
tors, referring to “local population levels®The presence of
a hybridization term in the Hamiltonian is due to the possible
entanglement of the andd states by the distant coordination
spheregtrigonal corrections to the crystal field in the case of

Here ¢, is the operator annihilating e electron with  HgCr,Se;). Of the different processes responsible for elec-
momentumk, spin o, and energy§y=ex—u, measured tron scattering by impurities, we take into account in out
from the chemical potentigk. It is assumed that theband  calculation the standard potential scattering of carriers in
is formed mainly by the ¢ states of the magnetic i0Xf?  states and fluctuations of the energies of dHevel
=|fp){fq| are Hubbard operators, describing the transition
pf a magnetlcllon at a lattice sifédfrom a Iocgllzed stat&g) H,= 2 pHAl(k—q)e’”'(k"‘)czocq(,
into a statgp); E, andE,, ; are the energies of the ground kptq
state configurationsl™ and d"*! of the magnetic ion; the
indices y and I' refer to the orbital degenera_\cy of these + > palo(Fddy, . 2
terms; S and o are the spin operators of tteeion andc fo
conduction electronsyY and J are hybridization and ex-
change interaction parameters of thandd electrons. The
signal-electron operatodg,, can be expressed in terms of the
Hubbard operators in the standard manner ds
=3 pq(plds,|a)XP?. For specific calculations we shall con-
sider only thed® andd* configurations. This makes it pos-

+<En+1—<n+1m>; xf”};

H1=Ef { —JoS&+ VY, (¢ di, + h.c.)]. (1)

Here p4; and p, are projection operators, equal to 0 in the
absence of impurities and 1 in the nearest-neighbor environ-
ment of an impurity atom or defect. The second terniin
presumes random fluctuations of the crystal field without a
change in symmetry of the field. We chose the form of the

HamiltonianH, describing the interaction with impurities so

S'ble. to compare the results with experimental data on th%s to illustrate the characteristic features of potential scatter-
semiconductor HgGBe,, where the*A, ground state of the ing and multicomponent semiconductors

Cr* ion is Orb'ta"}f nong{egenerate and corre.qunds to spin Depending on the specific physical situation the follow-
S=3/2. When the ext'ra electronicurrent carr|+e)r|§ trgns- ing are possible: independent fluctuations of the impurity
ported along the multl_electronlﬁAz s'Fates, Ci™(d*) 'OQS parameterspq;- Ps=0 or correlated fluctuationgqs- poy

are formed. For chromium, the energies of the tefigd”) =p;. We turn to the first case, which we shall identify below

5 4 . .
and _E(d ) can compete with one anothe_r, attestm_g to th(?Wi'[h the presence of intrinsic defects in the sublattices of
possible presence of two types of donor single-particle €XClpoth theA cations and th& anions. For the system of equa-

tations of different symmetry with energie€(°T,) ti : ) .
. . ons for the two-time Green'’s functions not averaged over
—E(®A,) and E(°E)—E(®A,) in this compound. Here we the impurities g
e

shall confine ourselves to the latter case, although th
method described below for calculating the linear response  Gi1=({Cis|Ci,)), Goo={(dis|ds,)),
makes it possible, where it is important to do so, to take into

account the excited states of"Crand Cf#* (for the valence G1o={((Ckoldis))

band, as done in Ref. 5 in a calculation of absorption coef-

L 5 _ is obtained in the standard manher
ficients. If °E is the ground state of the €F ion,

e VBose 1 oar 1o, Gk k') =G G+ GIT' 2 pardy(k—g)el a7
d”:xf-+7xf'+ﬁxf'+ixf' ; , d
X G11(9,K")
J3 1 1 .
du:x?'g“L TX?B—F Exfahr Exfl'ev + Gg-%)qu P2l €T IHGy(g,k"),
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Goi(k,k) =G Sy + Gy

X% Pre' YA (k= a)Gay(q,k’) R
+G) > parda€ TG (g,k ). 3)
]

The second pair of equations is obtained by interchanging S~ -

the indices - 2. Here the initial Green’s functions describe Ny
the c andd states in the generalized Hartree—Fock approxi-
mation: Dos,, arb.units
o,
(E—&)(E—Q)—K,V?
—1 =05
S L)
(E-&J(E—Q)—K,V?
KU’(E_EK)
6% @

(E—&)(E-Q)—K,V?
. - FIG. 1. Density of states near the conduction-band bottom of the compound
and Q=E,—E;—u is the transition energy between the Hgcr,Se? for T=4.2 (solid line) and 300 K(dashed ling The symbol(}

terms of thed* andd? configurationsZ,= & — cJ(S,), K, ~ denotes the initiadl level: E(’E) ~ E(°Ag) .
=(d; dyo+ de,dy ) =1/4(5/2+ 20(S,)),° o=+1/2, and
(S,) is the average spin of the €rion. The spectrum of

the bandsE,,, can be represented by the expression key for further understanding, and for this reason we shall
1. _ explain in greater detail the physical reasons for this and our
ELZE(SWQi VE— Q)2 +4K,V2). approach to the compound HgSe,. In the paraphase, as

one can easily understand, all stafe(i=1—4) of the

We call attention to the fact that strong correlations notCr** ijon which differ by the spin projection are equally
only determine the energy of a localizedevel () but they likely. However, as temperature decreases, in the ferrophase
also renormalize the hybridization. In the case of no correlathe statg1) with maximum spin projectiors,= 3/2 is pre-
tions K,=1 and hybridization is determined by the param-dominantly populated, and the single-particle densitydof
eterV. On account of the restrictions imposed on the Hilbertstates loses symmetry to spin flip, sirdf% anddfl acting on
space by strong correlatiorts,,= 1 and the effective hybrid- the same initial statgl) place carriers in completely differ-
ization VKY? depends on botff andH as a result ofS,),  ent four-particle @) states|5) and |6), respectively. The
and it is different for the spin subbands. differences between the multielectron states can lead to a

The functions(4) make it possible to construct a plot of zero density of states in the limiit—0 K for a carrier with
the density of states at the conduction-band bottom of thene of the spin projections, as happens, for example, in the
semiconductor. Figure 1 shows a plot of the density of statesase of*T,; symmetry of the ground state for €r (Fig. 1).
obtained under the assumption of a semielliptic density of/e note that in our approach it is not necessary to introduce

states for the initiat band: a giant spin splitting of thel bands, which still cannot de-
2 e | 2112 scribe the presence of a large spin on thé*Cion in the
()= ——|1—|— paraphasdthe Curie—Weiss lay Similar features of the
90 W W ' ) . . .
m density of states are also observed in other magnetic semi-

whereW is the width of the initialc band. conductors — both ferromagnetic and antiferromagrietic.
As is well known, in the band theory the influence of ~ To perform the configurational averaging, we shall em-

magnetic order reduces to splitting of the spin subbands. I@loy an impurity diagram techniqueWe shall average each

our approach the amplitud® of the d peak, corresponding term in the series of the syste(®) using the rules

to the one-electron transitiofA,«— °E, changes without a

change in energy of thd states. Since in a semiconductor ik =k \ L

with a completely filled valence band and empty conduction <2f Zepie'™! )> =CiZds 1=1.2,

band, the band contribution to the magnetizatiofiiig =0.

Shifts of the peak) are possible only as a result of Heisen- wherec,; andc, are the concentrations of defects of the first

berg exchange, but they are of the ordeifg~0.01 eV and and second kinds. Intersecting plots were dropped when

much less than thed exchange interaction, which is respon- writing the corresponding equations. This is valid only for a

sible for the spin splitting of the band. The difference in the degenerate semiconducton )/, where the Fermi level

temperature behavior of the density ®andd states is the lies in the conduction band and the substitution KT
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makes sense. As a result, the solution of these equations for

the average Green’s functio,; and G4, has the form

~ i -
Gli(k,E)=| E— &+ —— signE)
277

K, V2 -

(K,V)?
(E-Q)?

E-Q+ signE)

g
275

(Ko\V)?

Gok,E)=K,| E-Q+— > sign(E)

275 (E-Q)

K V2 -t

o

: )
E—&+ — signE)
277
Here (%) '=c;g3fdw|A(6)?|/4m; E=E—-K,V%(E
—Q), gg is the density of states in the initialband at the
Fermi level. The Green's functionéb) have a two-band
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~ i -1

Giy(k.E)=| E~Z,+ 5 —signE) 7)
o

We do not discuss here the specific form of the dispersion
relation &, since the further calculations concerning the
conductivity will make it possible to leave it in the general
form. In what follows, we shall consider the particular case
of a quadratic dispersion law near the bottom of the inttial
band, and we shall present the conductivity formula corre-
sponding to this case.

3. The dispersion laws of the hybridizég], bands can
give the impression that the problem of calculating the elec-
trical conductivity reduces to the standard problem for a
simple two-band model. Then it would be possible to use
Fermi’s golden rule to calculate the probabilities of quantum
transitions and to write down easily the transport relaxation
time. In the present problem, there is one circumstance that
makes it necessary to use a more complicated computational
method in terms of the Green’s function, specifically, the
localization ofd electrons on account of the strong electronic
correlations. Strong correlation effects result in a renormal-
ization of the hybridization paramet¥¥— K V2, whereK
is determined by the magnetization and depends on both
temperature and the applied magnetic field. The renormal-

structure. For a degenerate semiconductor, the contributioized hybridization parameter appears in the effective relax-
of the top bandE,, can be neglected and a single-pole ation time. In all other respects, the picture is indeed similar

expression can be used:

o7k E Uko £ Kok,
1(k, )__Dko' 2 K,E)= Dy,

2 v
o ukovkcr Ko
GLk E)= 5=

ko

N AT A

Dy,=E—E,, +i| —+ signE). (6)
71 273

u,;, andv?, determine the probability of finding a carrier
guasiparticle in the lowest conduction bagg, in thec and
d relaxation channels

&EIZ(J' (Q - Eka') .

2 2 2
uku— ~ N vko':l_uk(f;
&gk (El:rzr_ Eko’)
( ) K,V?
u U'v a — 1
(B~ Ei)?
1 Ko, 1. , , o
—=—F——1Is the effective relaxation rate of a carrier in
Tq U 72

ad channel. Specifically, when the level lies far below the
¢ band of the diffuse state$§|k:kFH0 and in accordance

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

1
laxation rate— —co.
Tq
In the limit ) —, where an unoccupied level lies
high above the Fermi energy, f&,— &, vﬁgﬂo and the

Green’s functionG,; assumes the standard form for the

single-band model

to the model of two bands for quasiparticles with band struc-
ture, depending on the carrier density, temperature, and mag-
netic field.

On account of the initial atomic description of ti3el
states appearing in the lower conduction bahg,, the
width of the initiald band is 0, and conduction in this band
occurs by charge transfer alowgstates. The expression for
the current density can be written in the fdrm

e? dE
ja(q,V)=—z%‘: szg(kik+q)
xl;[ (k+q,k,E+v,E)A?(q,v), (8)

1;[ <k+q,k,E+v,E>=§ (G{y(k,p,E)p(p.p+0)

XG{(k+a,p+g,E+v)), (9
; o ” _ I&
where  AP(q,v)=ivE"(q,v)/c, palkk+a)==2"
+ —fgk“‘ andE(q,v) is the intensity of the external elec-
a(k+q),’ '

tromagnetic field. The vertex pat®) can be found in a lad-
der approximation from the system of equations

(o8

IT (k,E+v,E)=

T8k o .

X(1+A5(E,v)) +Giyk,E)
XGy(K,E+v)AZ(E, )},
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o v 1200
W, -
IT (kK,E+v,E)=—"{G(k,E)GI,(k,E+v) b
22 ak
X (1+A9y(E,v))+GIyk,E) 1
~
» 2
X Gk, E+v)AS(E,v)}, (10 ; 400
o~ 3
where, confining our attention to the normal skin effect £
v(g)<<1/7, we have introduced the notation =
D
o Ci "n|12172 ’ ' E 400
kA”(E,v)=E |A;(k—=k")|*TT5 (k' ,E+ v,E)dK’. S
11
Since in our model the impurity potentidl, does not de- —
pend on the momentum, the integration over angles leads tc 0 700 200 0 700 200
A,,=0, so that a transport relaxation time does not arise for T,K

d states. Foc electrons the transport relaxation time is
FIG. 2. Temperature dependence of the mobility for Hg&r with differ-
71 ent carrier densitya — Experiment/ b — theory.n=5x10® cm~2 (1),
Ty = clggf dQ|A(0)|?(1—cog 6))/4. 1.23< 108 (2), and 1.4 107 cm 2 (3).

As a result, we have for the statistical conductivity

o
1 %%

~ \ 2 dQ
, [ 99 & . "’——f—uzA 6)+ K v2A,[?
o=e’2) QOJE(W) Uy 7l ki (12) (et u? e

where the effective relaxation ratall labels referring to the X (1=cog0)),
momenta on the Fermi surface are dropped in what follows  c=c,;=c,. (15
uz K.p2 The latter relation attests to the fact that the arrangement of
(rgﬁ)*1=—0+ A (13 the impurities strongly influences the relaxation rate. If Eq.
Tir Td (13) describes scattering of carriers under the condition that
In the particular case of a quadratic dispersion law forahe the impurities or defects are distributed randomly, then for a
band correlated arrangement of impurities or defects the interfer-
ence of electronic waves, scattered by different impurity at-
e? 2 oms (defects, becomes important.
>~ m 203 Mol Teit (14 4. The conductivity of the semiconductoeHgCr,Se,
has been investigated in detail in a series of wdrké.In
where ngy=n,u? is the effective density of carriers with what follows, we shall briefly sketch the experimental situa-
spin o, which occupyc states with the effective massand  tion, and we shall discuss its possible interpretation. Figure
rate 9§, /dk characteristic of the latter. The effective relax- 2a shows the typical temperature dependences of teh Hall
ation rate(13), in agreement with Mathiessen’s rule, is addi- mobility for different HgCsSe, samples. The mobility in the
tive in the relaxation rates;,* and (r5) ~* with weightsu?  paraphase is 10—-30 &V -s. As temperature decreases, the
and Kavﬂ. They are simply the probability with which the mobility increases stronglyapproximately fromT ~110
carrier participates in scattering by the corresponding poterk), reaching values of the order of 1200 Um-s atT=4.2
tial for the c andd states. The main individual features of the K for n~5x10'® cm 2.° Starting approximately at 2
material, such as the chemical composition, symmetry, anck 10'® cm™3, the carrier density at low temperatures and up
lattice constant, strongly influence the conductivity in thisto 200 K remains virtually constant, in agreement with our
relation through the position of the level relative to the initial assumption that the object of our calculation is a de-
conduction-band bottom and the effective hybridization pa-generate semiconductor.
rameter, and therefore via thu% andvi coefficients. More- In this way, the mobility increases by two orders of mag-
over, since theui and vf, coefficients depend on tempera- nitude in the temperature intervall00 K. A magnetic field
ture, the conductivity also turns out to be temperatureshifts the mobility versus temperature curve as a whole in the
dependent. direction of higher temperatures. As a consequence, a large
To study the case of completely correlated impuritiesnegative magnetoresistance ratio, displayed in Fig. 3a, with a
ps1 X Ps2=Ps, We added diagrams where the dashed lingpeak neafT . is observed.
connects different impurity vertices. Such dependences in magnetically ordered substances
As a result, solving the system in the standard mannemrdinarily are attributed to scattering of carriers by spin
we obtain for the conductivity the expressiti®) but with a  disorder!®!! As correctly noted in Ref. 9, the absence of a
renormalized relaxation time minimum in the mobility versus temperature curve at the
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~0.8 dence. Even though they are different in nature, these mecha-
nisms nonetheless have different concentration dependences,
which ultimately makes it possible to identify the predomi-
nant presence of one of them in the experimental material.
For a specially undopen-HgCr,Se, sample, the carrier
scattering is due to vacancies among the anions and\the
cations. The Se vacancies lead to both the standard potential
scattering and scattering by fluctuations of the crystal field as
a result of energy shifts of thetlevel. The Hg-cation vacan-
cies apparently influence theelevels very little, since they
are located in the second coordination sphere. At the same
time they act as scattering centers for carriers undergoing the
standard potential scattering. For Se vacancies the second
term in Eq.(2) is most important because of the strong lo-
0 00 200 0 00 200  Calization of thed states, and all other defects give rise
T,K mainly to carrier scattering in the channel for ordinary po-
_ ~tential scattering by the potentidl,. Defects in the Se and
E'gGC'rzg'e‘ .zeipé)r(‘?;::i;e‘:]ei?znie?ﬁ:or;fHi‘iog?f)"‘?%rfzs)"szr&ci krggo "Hg sublattice can be distributed differently. We shall assume
3). that these defects are distributed independently, and we shall
employ the results of a calculation with uncorrelated impu-
rities (13) and(14). These relations contain, together with the

point T, associated with increasing diffusion through spinparameter¥=0.15eV,J=0.8 eV, andl=—-0.25eV (0 is
disorder with increasing temperature, casts doubt on the exneasured from the bottom of the initi@ band in the
istence of the standard mechanism of scattering of carriers bjaraphasg two unknown parametergs and uq:
spin disorder in this compound. We also mention that the
increase in the mobility by two orders of magnitude up to o=e2 nguiﬂeﬁ,
values characteristic for widegap semiconductors attests to o
serious temperature changes in the semiconductor band ) -
structure itself. As an acceptable mechanism, the authors of _efu, Koo
Ref. 9 proposed a mechanism of carrier scattering by spin 'U“eff_ﬁ(_ )
disorder in a narrow band af states, the nature of the band,
just as in our case, being associated with the states?f.Cr At low temperaturesT— 0) thec band of the diffuse states
However, the IT relation presented for the mobility in Ref. drops below the) level as a result of thed exchange
9, with no features af., appears to be incorrect for this interaction(Fig. 1), and for this reason the fraction of carriers
scattering mechanism. Moreover, it has long been known foin the ¢ states is highuZ—1 and e — s~ 1/c;. As tem-
transition-metal alloysthe Mott modet®) that the residual perature increases, the action of #wexchange interaction
impurity scattering may be temperature-dependésg that  on thec band becomes weake{S,)—0), causing the band
it cannot be neglected when identifying the real scatteringo rise above th&l level. In the process, the carriers pass
mechanism according to the temperature dependence. Thisigo current-freed states, and their fraction in the states
also supported by the unusual, for semiconductors, deperlvri—>0. Therefore, in the paraphase foB T pe— pq/Ky
dence of the mobility on the defect density. The highest mo- Ms Her(T—0)
bility occurs in the sample obtained at the highest excess 1icz. Hence -~ K (T>To)'
Md oMeff c
mercury vapor pressure, and hence with the highest conteperimental data, this ratio is approximately 100. The quantity
of uncompensated Se vacancies. Since the high-temperatysg was determined from the absolute valueugfi(4.2 K) for
part of the mobility is essentially independent of the defecn~5x10'® cm™2 and was found to be-2000 cni/V-s.
density, the presence of defects increases the temperatufdext, the temperature dependeneg(T) shown in Fig. 2b
dependent part of the mobility. (solid line) was calculated. We shall assume that the role of
An alternative to the generally accepted explanatiorthe excess mercury vapor reduces to simply decreasing the
could be the presence of a record-high “red” shift of the number of Hg vacancies, the number Se vacancies remaining
optical absorption edge in Hgg3e,.!® For a semiconductor constant and equal to ¥ocm™3. Then the temperature de-
gapE4(300 K)~0.8 eV, the shift reaches 0.5 eV aBg(4.2  pendences for samples with a different carrier density can be
K)~0.3 eV, which attests to a large rearrangement of theasily calculatedFig. 2b.
lower conduction banéFig. 1). Together with the restructur- Characteristically u.f is always less than the parameter
ing of the spectrum and the density of states, the carriepns. Thus, it follows from Eq(16) that asuf,eo (thed level
scattering mechanisms change: impurity and phdfiaglust  drops much below the bottom of tlieband ey —0. This
as in the case of transition-metal alloys, we can encounter signifies that all carriers are in theescattering channel, and
situation where the spin disorder scattering mechanism wilin accordance with the high density dfstates their contri-
compete with the impurity scattering mechanism among théution to the mobility is minimal. In the intermediate case
d states, which exhibits an analogous temperature depeml-f,~v,2, the effective mobility u.4~uy and scattering by

-0.5

]
=
o

i
S
»

(R(H)-RON RO
g

2 2\ -1
uO’ KU'v(T

(16)

Ttr 7d Ms Md

According to the ex-
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fluctuations of thed levels makes the main contribution to 1.3 v &
the carrier scattering. Finally, only in the limif—0, when a ° b
thed level ) — o, we haveu 4~ s, i.€. the parameteu is =
the maximum possible mobility that can occur if théevel : 4
were located infinitely high above the bottom of théand. —_ &
Then the carriers undergo mainly the standard potential scat§ 12 g
tering. We note also that fon?, v2#0, in the limit us < i 2
—oo, we obtain from Eq(16) o E;
E:\‘ ?’ 0
o=, enulu*, wpr= Kﬂdz , 17 Q:g 1 E;
ol %‘:’_2
i.e. the conductivity is finite even with an infinitely long free E
path of carriers inc states. This effect is due for carrier 1.0 & _,
scattering by the fluctuation potential, of the crystal field. 0 20 40 0 20 40
The computed value of the magnetoresistance ratio T, K T, K

(R(H) — R(O)?/R_(O) as a function of ter_nperatl_Jre is shown FIG. 4. Experimental temperature dependence of the electrical resistance for
in Fig, 3b(solid line). One can see that, just as in the case 0f, ygcr,se, in a 60 kOe field(a) and oscillating part of the resistance

scattering by critical fluctuations of the magnetization, ar _(T) (b).
large negative magnetoresistance with a maximumT at
~T. occurs near the Curie temperature. However, these fea-

tures of the magnetoresistance are due to potential scatteripg the thermodynamic potential, the magnetization, and the
by impurities or defects, as well as by the magnetic fieldresjstance, acquires strong field and temperature depen-
induced redistribution of carriers over different scatteringgences, in contrast to the wedk/ep corrections in the
channels. A direct consequence of these results is that thesrmi-liquid theory. As a result, the quantum oscillations of
simple estimate of the forp=p(H=0)—p(H—=) isin-  the magnetization and resistance which are observed in an
correct for determining the contribution of only the scatter-ayternal magnetic field are no longer periodic as functions of
ing of current carriers by spin disorder to the resistance ofne reciprocal of the field® Similarly, as the temperature
the semiconductor. The computed mechanism of magnetor¢xyries, crossings of the chemical potential with the Landau
sistance is observed, in complete agreement with experimenbyels can occur. Such crossing can lead to temperature
in the form of a uniform shift(without a large change in guantum oscillations, observed thus far only for the
shape of the conductivity versus temperature curve in themagnetizatiorJr.B
direction in higher temperatures in a magnetic field. To single out the oscillating part in the temperature de-
The concentration dependence of the mobility is of spependence of the resistance, it is necessary to subtract the
cial interest. As the density of defects among the nonmagmonotonic dependence, not associated with Landau quanti-
netic cations increases, the effective mobility; of the cur-  ,4ti0n, specifically, the resistan&,(T) determined by Eq.
rent carriers increases from 300 ¥M-s atn~1.4x10"  (15) from the experimental CUNVB(T) (Fig. 449, The

cm™® up to 1850 criV s atn~10' Cm__s-g It can be in-  temperature dependence appearing in(E4) was found on
ferred that this is due to processes, continuing at this defeghe pasis of the spin-wave theory

density, that lead to the formation of an impurity conduction ) 3 5 21
band and therefore to drawbacks in the simplified treatment  (Sg)=3/2—at™Zz(X) = bt Zg)(x) — ct"Z7(x),
of a degenerate semiconductor as a metal with KT simply (18)
replaced byu. It is also possible that as the mercury vaport=T/4xwIS, x=2ugH/T. The parameters in the expansion
pressure increases, the defect concentratjan the Hg cat- (18) a, b, andc were determined by fitting the experimental
ion sublattice decreases, apdg(~1/c;) at low tempera- data on the temperature dependence of the magnetization us-
tures, where scattering of carriers occurs mainly in the staning a simplex method. The results ase=0.8499, b=
dard potential scattering channel, intensifies. In turn, the Se-0.5545, anadt=0.1294. The theoretical temperature depen-
vacancy concentratioo, remains constant, but only at high denceR;,(T) obtained in this manner describes the tempera-
temperaturesT>T;) per~ 1/Co. ture dependence of the resistance neglecting Landau quanti-
In strong magnetic fields, where Landau quantization oczation. The oscillating part of the resistande_(T)
curs for itinerant electrons, unusual quantum oscillations of= Re,(T) —Ri,(T) is shown in Fig. 4b, where indeed a
the magnetization and resistance are observednin single period of the oscillations is observed, just as for the
HgCr,Se,.'® A theoretical description of the magnetization magnetizatiort® The relative amplitude of the oscillations of
was given in Ref. 17 on the basis of the same model as thiéhe electrical resistance is small because of the smallness of
one in the present paper. As one can see from(&q.the the carrier density itself, but, as it turned out, it is approxi-
conduction-band bottom shifts in proportion ¢8,), while  mately five times greater than the magnitude of the magne-
the chemical potential is pinned near tthéevel Q). For this  tization oscillations.
reason, the effective chemical potential, measured from the In conclusion, we note that the potential impurity scat-
band bottom and determining the phase of the oscillating patering mechanism acquires such unusual, for the practice of
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