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Band effect: A possible mechanism for large magnetoresistance in nonmagnetic materials
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Motivated by a recently observed unusual magnetoresistance in sliver chalcogenides, we propose a mecha-
nism for large magnetoresistance in nonmagnetic materials. We show that the Zeeman splitting can play a very
important role in MR under certain conditions. In general, the electron density of states can be divided into two
parts, one for spin-up electrons and the other for spindown. The two parts will shift against each other in an
external magnetic field due to the Zeeman effect, leading to a substantial change in the effective carrier density
when the original Fermi level is near the edge of the band and the Lande factorg of electrons is large such that
the electron density of states at the Fermi level is sensitive to the external magnetic field.
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Recently, there has been great interest in studying la
magnetoresistance~MR!1–4 because of its potential applica
tions in information industry. Both giant magnetoresistan
~GMR!1–3 and colossal magnetoresistance~CMR! ~Ref. 4!
are found in layered structures and granular systems con
ing magnetic elements. However, the reliability of magne
materials related to the magnetic domains and the magn
hysteresis limits its application. This limitation leads to
great deal of interest in nonmagnetic materials with la
MR in recent years. Liu and Chien5 found a large positive
MR in bismuth nanowires. Thioet al.6 reported a large posi
tive MR in zero-band-gap Hg12xCdxTe. Xu et al.7 discov-
ered a large positive MR in nonmagnetic silver chalc
genides with slightly altered stoichiometry. The mechani
for the large MR in silver chalcogenides is still unknow
while the large MR in bismuth nanowires can be explain
by the Lorentz deflection of electrons with an excessiv
long elastic mean free time,5 and the large MR in zero-band
gap Hg12xCdxTe materials can be understood by a tw
carrier model.6

The recently observed large MR in silver chalcogenid
has some strange features.7 The materials show no appre
ciable MR with ideal stoichiometry, Ag2Se and Ag2Te,
while large MR appears with only a small alteration of t
stoichiometry, Ag21dSe and Ag21dTe with d being as small
as 0.01. In fact, MR decreases whend is further increased
At high field of tens of kOe, MR is positive and reaches
quite high value of above 100% even at temperatures as
as 300 K. It is known that Ag2Se and Ag2Te are intrinsic
narrow-gap semiconductors while there should be a few e
trons in the conduction band for Ag21dSe and Ag21dTe. For
magnetic materials, GMR is associated with the spin-rela
scattering process. The picture is that spin-up and spin-d
electrons are scattered by the magnetic components with
ferent scattering rates. When the magnetic field is increa
magnetic moments in the system are gradually aligned s
that one of the scattering rates decreases. Thus, resistan
reduced~negative MR! and GMR results. On the other han
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it is believed that CMR is related to the metal-insulator tra
sition induced by the magnetic field though the detai
mechanism is still illusive.

Obviously, the mechanisms originated from magne
spin cannot be applied to the silver chalcogenides. Neit
does the mechanisms for bismuth nanowires and for z
band-gap Hg12xCdxTe apply. Furthermore, the mechanis
proposed by one of the authors8 for GMR in a granular ma-
terial or a quantum dot array containing nonmagnetic e
ments cannot explain the large MR in silver chalcogenid
either. Therefore, there must be a new unknown mechan
for large magnetoresistance. In this paper, we propose a
universal mechanism for a large MR. We show that a n
magnetic material with a large Lande factorg may have a
very large positive MR when the electron density of states
the Fermi level is very sensitive to an external magne
field. The possible candidates with such properties are se
metals and/or lightly doped narrow-gap semiconductors s
as silver chalcogenides. It is known that band structure o
material depends on methods of the material preparat
Thus, this mechanism should also be sensitive to the de
in material preparation. In this sense, the mechanism p
posed here is not universial. It is interesting to notice tha
recent experiment9 on the silver chalcogenides shows an M
substantially smaller than that of Xuet al.7 while another
experiment on the silver chalcogenides prepared by va
deposition method does not show any pronounced MR.10

According to the standard electronic transport theory
an electron gas, only the electrons near the Fermi level
participate in electron conduction. Therefore, the elect
conductivity depends on the electron density of states~DOS!
at the Fermi level, the electron scattering timet, and the
electron effective massm. In general,t andm are not very
sensitive to an external magnetic field in nonmagnetic ma
rials. One expects that the dominant source of large M
comes from the magnetic-field dependence of the elec
DOS at the Fermi level. Thus, the conductivitys is

s}r~EF!, ~1!
14 335 ©2000 The American Physical Society
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where r(EF) is the electron DOS at the Fermi levelEF .
What we need to study is how an external magnetic fieldH
influencesr(EF) so that a large MR may appear under c
tain conditions. In general, the electron DOSr(E,H) can be
divided into two parts, one for spin-up electrons, i.
electron- spin component along the fieldH beingSz51, and
the other for spin-down

r~E,H !5r↑~E,H !1r↓~E,H !, ~2!

where r↑(E,H) and r↓(E,H) denote the DOS for spin-up
and spin-down electrons, respectively.r↑(E,H) and
r↓(E,H) are identical in the absence of a magnetic fie
because electronic states with up-spin and down-spin are
generated. This is illustrated in Fig. 1~a!. We shall define
r0(E) as

r↑~E,H50!5r↓~E,H50![r0~E!. ~3!

Thus, we have

r~E,H50!52r0~E!. ~4!

The energy is measured by choosing the bottom of the c
duction band at zero field as zero, that is,r0(E)50 whenE
is less than zero or larger than the width of the conduct
band.

In an external magnetic fieldH, the Zeeman energyDe
52gmBHSz is added into the electron energy, whereg is
the Lande factor of electrons, andmB is the Bohr magneton
As the Zeeman energyDe is a constant for electrons with th
sameSz , the shape of the DOS for spin-up and spin-do
electrons remain the same. However, as shown in Fig. 1~b!,
r↑(E,H) shifts downward by the Zeeman energyuDeu while
r↓(E,H) shifts upward by the Zeeman energyuDeu in com-
parison with those at zero field, that is,r↑(E,H)5r0(E
1uDeu) andr↓(E,H)5r0(E2uDeu). Thus, one obtains

r~E,H !5r0~E2uDeu!1r0~E1uDeu!. ~5!

Due to the splitting, some spin-down electrons will
converted into spin-up state. Thus, more electrons will be
the spin-up states. One expects that the Fermi level will a
change with the Zeeman splitting which in turn depends
the strength of the magnetic field. At zero temperature,
considering the conservation of total electron number,
obtains

E
0

EF
0

r~E,H50!dE5E
2uDeu

EF
r~E,H !dE, ~6!

FIG. 1. Illustrations of the change of the Fermi levelEF induced
by the Zeeman splitting. The parts filled with black color are oc
pied by carriers.~a! H50; ~b! 0,H,Hc ; ~c! H.Hc when all
electrons are in spin-up part. The electron energyE is measured
from the bottom of the band at zero field.
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whereEF
0 is the Fermi level atH50. Substituting Eqs.~4!

and ~5! into the above equation, the Fermi energy can
determined from the following equation

E
0

EF
0

2r0~E!dE5S E
0

EF1uDeu
1E

0

EF2uDeu D r0~E!dE. ~7!

Now one can see that the total DOS at the new Fermi le
EF is generallyH dependent

r~EF!5r0~EF2uDeu!1r0~EF1uDeu!. ~8!

With the use of Eq.~1!, one obtains the following MR

MR~H ![
R~H !2R~0!

R~0!
5

r21~EF!22r0
21~EF

0 !

2r0
21~EF

0 !
, ~9!

whereR(H) andR(0) denote the resistance with and wit
out external magnetic field, respectively. One can see tha
MR depends onr0(E) and EF

0 , and EF
0 is determined by

r0(E) and carrier concentration which is given by the s
ichiometric index d in silver chalcogenides such a
Ag21dSe. In other words, the MR is determined by the ba
strcuture, and we shall call it the ‘‘band effect.’’

Strictly speaking, the above arguments are valid only
low temperature. At high temperature the carriers will
activated, and the contribution to the conductivity will b
extended to electrons withDE5uE2EFu<kBT, kB the Bolt-
zmann constant,T the temperature. However, this mech
nism should still exist although the effect is expected to
suppressed with the increase of temperature.

Let us discuss the conditions under which the band ef
may be considerable. In order to obtain a substantial MR,
Zeeman energy should be large enough such that the F
energy can have a noticeable change in the magnetic fi
Furthermore, the electron DOS should not be too smooth
the Bohr magnetonmB is very small (;1026 meV/Oe), the
Lande factorg of the material should be large. The Ferm
level EF

0 at zero field should be close to the bottom of ele
tron band. This requires carrier density to be low. For a sil
chalcogenide, such as Ag21dSe, this means that the stoichio
metric indexd should be small. For a conventional metal
a semiconductor, the Lande factorg;1, and the band effec
in such a material should be very small and undetecta
However, some semimetals and lightly doped narrow-g
semiconductors have a large Lande factor, and the band
fect in these materials may be considerable. For example
effective mass of silver chalcogenidesm is of the order of
1022m0 (m0 the mass of a free electron!,7 and the Lande
factor g is as large as 102. In a magnetic fieldH;104 Oe
which is the same order of magnitude in Xuet al.’s experi-
ment, the Zeeman energy isDe; meV, which can be com-
parable with the Fermi energy at very smalld. Thus the band
effect might be a possible mechanism for the large MR
those materials. In this case, the contribution to MR w
finally reach a saturation at a high magnetic fieldHc when
the Zeeman splitting converts all the electrons in the sp
down part into the spin-up part. For even higherH, all the
electrons remain in spin-up part, and it is clear thatr(EF ,H)
does not change anymore@see Fig. 1~c!#.

To illustrate the physical picture mentioned above,
carry out two model calculations. In the first model calcu
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tion, we assume a band withr0(E)5CE1/2. For conve-
nience, we use the ratio of Zeeman energy and orig
Fermi energyh[uDeu/EF

0 as the independent variable for th
calculation of MR. We numerically solve Eq.~7! to obtain
theH-dependent Fermi levelEF , and then calculate the MR
with the use of Eq.~9!. In the calculation, we neglect th
coefficiencyC and just taker0(E)5E1/2. In fact, the coeffi-
ciency C has no influence on the MR because it is jus
constant, independent ofE and H. The result is plotted in
Fig. 2. The MR is positive. It increases slowly whenh
,0.06 while gets a sudden increase fromh;0.06 to h
;0.08. Finally it reaches a saturation value of about 6
when h;0.08. As the width of a conventional band
; eV, for the case of silver chalcogenide with a small s
ichiometric index d;0.01 we may estimate thatEF

0

;0.01 eV. Then, when MR reaches;60%, the Zeeman
energy is;0.08EF

0; meV. As discussed before, the ma
netic field in Xu et. al.’s experiment can induce a Zeema
energy of the same order of magnitude. Thus the band e
alone can considerably contribute to the MR in that exp
ment.

The second model calculation is on a band withr0(E)
5E3/2. The result is shown in Fig. 3. The MR is also pos
tive, monotonically increasing and saturated at a value
about 30% whenh;0.06. However, unlike the first one, th
increase of MR is steady in the whole region. Furthermore

FIG. 2. The MR induced by Zeeman splitting for a convention
band edger0(E)5E1/2.
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shows ah2-like behavior in lowh while changes into a lin-
earlike one in relatively highh, which is similar to the ob-
served MR behavior in silver chalcogenides. This shows t
the behavior of MR is sensitive to the change ofr0(E).

As another possibility, the band effect may also be co
siderable for a narrow band whose width is comparable
the Zeeman energy in a high magnetic field. We may c
sider the deep impurity band in some lightly doped semic
ductors as an example. In this case the MR can reach
high value or even be divergent in highH limit. For example,
suppose that at zero field the narrow band is nearly h
filled. As discussed before, in a high magnetic field all ele
trons will be in the spin-up part, then the spin-up part will
nearly filled while the spin-down part is empty, leading to
nearly insulating behavior and a divergent MR.

In summary, we show that the change of the DOS at
Fermi energy due to the coupling of the electron spin and
external magnetic fieldH can lead to a considerable MR
when the original Fermi level is near the edge of the ba
and the Lande factorg of electrons is large, which may be
possible mechanism for the large MR in nonmagnetic ma
rials with a large Lande factorg such as silver chalcogenide
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l FIG. 3. The MR induced by Zeeman splitting for a band ed
with r0(E)5E3/2.
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