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Band effect: A possible mechanism for large magnetoresistance in nonmagnetic materials

Gang Xiong
Department of Physics, Hong Kong University of Science and Technology, Hong Kong, China
and Department of Physics, Wuhan University, Wuhan 430072, China

Shi-Dong Wang and X. R. Wang
Department of Physics, Hong Kong University of Science and Technology, Hong Kong, China
(Received 13 December 1999

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 daaftetectrons is large such that
the electron density of states at the Fermi level is sensitive to the external magnetic field.

Recently, there has been great interest in studying largi is believed that CMR is related to the metal-insulator tran-
magnetoresistand®IR)*~* because of its potential applica- sition induced by the magnetic field though the detailed
tions in information industry. Both giant magnetoresistancenechanism is still illusive.

(GMR)'2 and colossal magnetoresistan@MR) (Ref. 4 Obviously, the mechanisms originated from magnetic
are found in layered structures and granular systems contaifPin cannot be applied to the silver chalcogenides. Neither
ing magnetic elements. However, the reliability of magneticdoes the mechanisms for bismuth nanowires and for zero-
materials related to the magnetic domains and the magnetfg@nd-gap Hg.,Cd,Te apply. Furthermore, the mechanism
hysteresis limits its application. This limitation leads to aProrosed by one of the authBifsr GMR in a granular ma-
great deal of interest in nonmagnetic materials with largd€fal or @ quantum dot array containing nonmagnetic ele-

MR in recent years. Liu and Chieiound a large positive MENts cannot explain the large MR in silver chalcogenides,
MR in bismuth nanowires. Thiet al® reported a large posi- either. Therefore, there must be a new unknown mechanism

tive MR in zero-band-gap Hg,Cd,Te. Xu et al” discov- for. large magnetoresistance. In this paper, we propose a non-
- ; L universal mechanism for a large MR. We show that a non-
ered a large positive MR in nonmagnetic silver chalco-

. . ) - .~ magnetic material with a large Lande facipmay have a
genides with sI|ght.Iy a.ltered st0|ch|onjetry..The_ mechanis ery large positive MR when the electron density of states at
for the large MR in silver chalcogenides is still unknown

, o ) ~"""the Fermi level is very sensitive to an external magnetic
while the large MR in bismuth nanowires can be explainedie|q The possible candidates with such properties are semi-
by the Lorentz deflection of electrons with an excessivelymetals and/or lightly doped narrow-gap semiconductors such
long elastic mean free tinfeand the large MR in zero-band- 55 silver chalcogenides. It is known that band structure of a
gap Hg_4Cd,Te materials can be understood by a two-material depends on methods of the material preparation.
carrier modef. Thus, this mechanism should also be sensitive to the details
The recently observed large MR in silver chalcogenidesn material preparation. In this sense, the mechanism pro-
has some strange feature¥he materials show no appre- posed here is not universial. It is interesting to notice that a
ciable MR with ideal stoichiometry, Age and AgTe, recent experimefion the silver chalcogenides shows an MR
while large MR appears with only a small alteration of the substantially smaller than that of Xet al.” while another
stoichiometry, Ag. ;Se and Ag. sTe with § being as small experiment on the silver chalcogenides prepared by vapor
as 0.01. In fact, MR decreases whéris further increased. deposition method does not show any pronounced'fR.
At high field of tens of kOe, MR is positive and reaches a According to the standard electronic transport theory of
quite high value of above 100% even at temperatures as high €lectron gas, only the electrons near the Fermi level can
as 300 K. It is known that AgSe and AgTe are intrinsic  Participate in electron conduction. Therefore, the electron
narrow-gap semiconductors while there should be a few elecconductivity depends on the electron density of stafE3S)
trons in the conduction band for AgsSe and Ag, sTe. For  at the Fermi level, the electron scattering timeand the
magnetic materials, GMR is associated with the spin-relateglectron effective massi. In general,r andm are not very
scattering process. The picture is that spin-up and spin-dowgensitive to an external magnetic field in nonmagnetic mate-
electrons are scattered by the magnetic components with difials. One expects that the dominant source of large MR
ferent scattering rates. When the magnetic field is increase§omes from the magnetic-field dependence of the electron
magnetic moments in the system are gradually aligned sucROS at the Fermi level. Thus, the conductivityis
that one of the scattering rates decreases. Thus, resistance is
reducednegative MR and GMR results. On the other hand, oxp(Eg), (1)
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E E E where E(F’ is the Fermi level aH =0. Substituting Eqs(4)
and (5) into the above equation, the Fermi energy can be
determined from the following equation

Ep+|A¢| Ep—|A€|
f + f )PO(E)dE- @
0 0

Now one can see that the total DOS at the new Fermi level
Er is generallyH dependent

0
AEH) pPUEH) pEH) pyEH) PHEI)N PyEH) f 52 po(E)dE=
@ (®) (©) 0

FIG. 1. lllustrations of the change of the Fermi let&! induced
by the Zeeman splitting. The parts filled with black color are occu-

pied by carriers(a) H=0; (b) 0O<H<H,; (c) H>H_; when all Eo)= Ec—|Ael)+ Ec+|A 8

electrons are in spin-up part. The electron enefgis measured P(Er)=po(Er | El) Po(Er | El)' ®

from the bottom of the band at zero field. With the use of Eq(1), one obtains the following MR

where p(Eg) is the electron DOS at the Fermi leve . _ R(H)—-R(0) p %Ep)—2py ((ED)

What we need to study is how an external magnetic fi¢ld MR(H)= R(0) - 205 {EQ) G
o \Er

influencesp(Eg) so that a large MR may appear under cer-
tain conditions. In general, the electron DP&E,H) can be  whereR(H) andR(0) denote the resistance with and with-
divided into two parts, one for spin-up electrons, i.e.,out external magnetic field, respectively. One can see that the
electron- spin component along the fi¢icbeingS,=1, and MR depends orpo(E) and EZ, and E? is determined by
the other for spin-down po(E) and carrier concentration which is given by the sto-
ichiometric index 6 in silver chalcogenides such as
p(E,H)=p(E,H)+p (E,H), 2 Ag, ., sSe. In other words, the MR is determined by the band
where p;(E,H) and p,(E,H) denote the DOS for spin-up strcuture, and we shall call it the “band effect.”
and spin-down electrons, respectively,(E,H) and Strictly speaking, th_e above arguments are \(alld o_nly at
p,(E,H) are identical in the absence of a magnetic field!OW temperature. At high temperature the carriers will be
because electronic states with up-spin and down-spin are déctivated, and the contribution to the conductivity will be
generated. This is illustrated in Fig(al. We shall define ~€xtended to electrons withE=|E—Eg|<kgT, kg the Bolt-

po(E) as zmann constantT the temperature. However, this mecha-
nism should still exist although the effect is expected to be
p1(E;H=0)=p (E,H=0)=po(E). (3)  suppressed with the increase of temperature.
Let us discuss the conditions under which the band effect
Thus, we have may be considerable. In order to obtain a substantial MR, the

Zeeman energy should be large enough such that the Fermi
P(E,H=0)=2po(E). (4) energy can have a noticeable change in the magnetic field.
The energy is measured by choosing the bottom of the corfFurthermore, the electron DOS should not be too smooth. As
duction band at zero field as zero, thatdg(E)=0 whenE  the Bohr magnetom is very small (-107° meV/Oe), the
is less than zero or larger than the width of the conductiort-ande factorg of the material should be large. The Fermi
band. level E(F’ at zero field should be close to the bottom of elec-
In an external magnetic fielt, the Zeeman energie tron band. This requires carrier density to be low. For a silver
=—gugHS, is added into the electron energy, wherés  chalcogenide, such as Ag;Se, this means that the stoichio-
the Lande factor of electrons, anpd; is the Bohr magneton. metric indexé should be small. For a conventional metal or
As the Zeeman energye is a constant for electrons with the a semiconductor, the Lande facgr 1, and the band effect
sameS,, the shape of the DOS for spin-up and spin-downin such a material should be very small and undetectable.
electrons remain the same. However, as shown in Rly, 1 However, some semimetals and lightly doped narrow-gap
p1(E,H) shifts downward by the Zeeman eneigye| while ~ semiconductors have a large Lande factor, and the band ef-
p,(E,H) shifts upward by the Zeeman energye| in com- fect in these materials may be considerable. For example, the
parison with those at zero field, that is,(E,H)=po(E  effective mass of silver chalcogenidesis of the order of

+|A€l) andp (E,H)=po(E—|A€]). Thus, one obtains 10°m, (my the mass of a free electrphand the Lande
factor g is as large as 0 In a magnetic fieldH~10* Oe
p(E,H)=po(E—|A€|)+po(E+|A€]). (50  which is the same order of magnitude in Xtial’s experi-

ment, the Zeeman energyAss~ meV, which can be com-
Due to the splitting, some spin-down electrons will be parable with the Fermi energy at very smallThus the band
converted into spin-up state. Thus, more electrons will be ineffect might be a possible mechanism for the large MR in
the spin-up states. One expects that the Fermi level will alsehose materials. In this case, the contribution to MR will
change with the Zeeman splitting which in turn depends offinally reach a saturation at a high magnetic field when
the strength of the magnetic field. At zero temperature, anghe Zeeman splitting converts all the electrons in the spin-
consjdering the conservation of total electron number, ongown part into the spin-up part. For even highgrall the
obtains electrons remain in spin-up part, and it is clear g ,H)
o B does not change anymo[r_eee F_ig. )] _
IEFP(E,H=0)dE=f p(E,H)dE, (6) To illustrate the phy5|cal.p|cture mermoned above, we
0 Ae| carry out two model calculations. In the first model calcula-
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FIG. 2. The MR induced by Zeeman splitting for a conventional  FIG. 3. The MR induced by Zeeman splitting for a band edge
band edge,(E)=EY2 with po(E)=E®%2

tion, we assume a band witho(E)=CEY2 For conve-
nience, we use the ratio of Zeeman energy and origin ) ) ) ) s
Fermi energsh=|A e|/E2 as the independent variable for the €rlike one in relatively higth, which is similar to the ob-
calculation of MR. We numerically solve E¢7) to obtain served MR behavior in silver chalcogenides. This shows that

the H-dependent Fermi levédr, and then calculate the MR theAbehaviﬁr of MR.LS.I.SenSr:tiVS todtheffchangep@(IE).b
with the use of Eq(9). In the calculation, we neglect the . S another possibility, the band e E.’Ct may also be con-
coefficiencyC and just takepo(E)=EY2. In fact, the coeffi- siderable for a narrow band whose width is comparable to

ciency C has no influence on the MR because it is just athe Zeeman energy in a high magnetic field. We may con-

constant, independent & and H. The result is plotted in sider the deep impurity band in some lightly doped semicon-
Fig. 2 'I"he MR is positive. It increases slowly whén ductors as an example. In this case the MR can reach very
<0.06. while gets a suddeﬁ increase frdm-0.06 to h high value or even be divergent in highlimit. For example,
~0.08. Finally it reaches a saturation value of about 60ogUPPOSE that at zero field the narrow band is nearly half-
whén H~0 08. As the width of a conventional band is illed. As discussed before, in a high magnetic field all elec-
~ eV, for ;che.case of silver chalcogenide with a small sto-tronS Wi.” be in t_he spin-u_p part, then the spin-up part will be
ichiom'etric index 5~0.01 we may estimate thaE(F) nearly filled while the spin-down part is empty, leading to a

nearly insulating behavior and a divergent MR.
~0.01 eV. Then, when MR reaches60%, the Zeeman In summary, we show that the change of the DOS at the

. O .
energy is~0.08Ec~ meV. As discussed before, the mag- permj energy due to the coupling of the electron spin and the

netic field in Xuet. al's experiment can induce a Zeeman gy terpg| magnetic fieldd can lead to a considerable MR
energy of the same order of magnitude. Thus the band effegina the original Fermi level is near the edge of the band

alone can considerably contribute to the MR in that experiyng the Lande factag of electrons is large, which may be a

ment. possible mechanism for the large MR in nonmagnetic mate-

Tgrl‘ze second model calculation is on a band W{E)  (ials with a large Lande factay such as silver chalcogenides.
=E*“ The result is shown in Fig. 3. The MR is also posi-

tive, monotonically increasing and saturated at a value of We would like to thank Dr. Y. Q. Wang for stimulating
about 30% whem~0.06. However, unlike the first one, the discussions. This work was supported by UGC, Hong Kong,
increase of MR is steady in the whole region. Furthermore, ithrough RGC/DAG and RGC/CERG grants.
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