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Quantum magnetoresistance of layered semimetals
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A model is proposed for the linear magnetoresistance recently observed in layered rare-earth diantimonides.
It is based on a graphitelike energy spectrum with a small hopping between the layers and the assumption that
the distance between the lowest-Landau bands exceeds both the temperature and the bandwidth along the main
axis.[S0163-182€99)13829-3

[. INTRODUCTION consideration are definitely metals, and for them the electron
density is too small. In principle, there exists such a possi-
Recently a huge linear positive magnetoresistance walility in complex compounds, as, e.g., layered superconduct-
discovered in nonstoichiometric silver chalcognideks ing cuprates, where some atoms, or layers, play the role of
characteristic feature was a surprising stability with magneti¢'charge reservoirs” for conducting layers, but this is un-
field and temperature. The interpretafiomas based on a likely to happen in relatively simple compounds. Therefore,
rather exotic model of an inhomogeneous material consistingne can think about semimetals, where the carriers are cre-
of clusters of metallic atoms imbedded in a medium with aated by a small intersection of neighboring bands.
very small electron concentration and a gapless spectrum
with a linear dependence of energy on momentum. The lin-
earity of the magnetoresistance with magnetic field was a
consequence of the extreme quantum situation in such a A very attractive candidate is graphite, where the spec-
model, when only one Landau band was filled with electronstrum, according to Slonczewski and Wefsis obtained as
The author proposed to call it “quantum magnetoresistancéhe result of a slight overlap of the wave functions of adja-
(QMR).” A natural question appeared, whether this phenom-cent layers, which originally have a two-dimensional gapless
enon could take place in a more general situation, not requirspectrum with a linear dependence of the energy on momen-
ing such an exotic model. tum in both matching branches. Due to an additional depen-
The answer came again from experiment. In a recentlence orp,, graphite becomes a semimetal with alternating
publicatiorf Bud'ko et al. discovered a linear magnetoresis- electron and hole “pockets” along,. The small density of
tance in layered rare-earth diantimonides. First of all, thecarriers is defined by the weak overlap of the wave functions
zero-field resistance increases with temperature, and thi®r small hopping between the laygrs
shows that these substances are metals. The linear magne-We will consider a model of this type, first, because it
toresistance effect is most strongly pronounced at low teminvolves in a natural way a small carrier density, second,
peratures with the magnetic field perpendicular to the layerbecause there definitely exists a substance with a similar
and the current parallel to the layers. spectrum, and, third, since in real substances the overlap,
It is very simple to understand why this could be a favor-defining the carrier density, can be further reduced by inter-
able situation. Indeed the conditions for QMR are that thecalation. In order to avoid complications we assume a sim-
distance between the bottoms of the Landau bands should Ipdified version with the Hamiltonian
larger than the temperature and the Fermi energy in the low-
est band. The effect was observed at fields higher tha at e
temperatures of a few K. The conditiohQ)>T, where H=V Py— EAy)
Q=eH/mc is the Larmor frequency, does not require a very

small effective mass. On the other hand the small hoppingyhere we supposed that the magnetic field is directed along
between the layers mans that the effective mass for the mgpe axis, andA,=Hx, A,=A,=0. The problem in the

tion perpendicular to the layers is large, and hence the Fermjiane js similar to the one considered in Ref. 2. The bands in
energy in the Landau band is reduced. For a quadratic spegse apsence of the field are

trum it is easy to obtain an estimafeere we writefi explic-
ity; in the future we seti=1):

1. MODEL
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wheren is the electron density is the large hopping mass, o= —t cog p,d)

and m is the mass in the layers. Fdi~1T and M 0 =

~1000 m this gives=10"cm™3, and this is not very small .

for doped semiconductors. However, the substances under ey)=+vy2eHnc—tcogp,d), n=1, (4)
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i.e., a sequence of Landau bands with the width Phe
eigenfunctions are/{;)e'PZ" Py (a=1,2) with

1
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FIG. 1. Dependence of the chemical potential on magnetic field
i at different temperatures. Hera= u/t, 6=T/t, 2t is the band-
(-)_ _ . width; h=H/H,, Hy=mngcd/e, ng is the excess carrier density,
=—,_1(x—cp,/eH);n=1. _ . o0 0 N

V2 V2 Y1 Py ) is the interlayer distance. The curves corresponé-t@,1,2.
Here they, are th(=T usual norn"!ali;ed Landau eigenfunctionsg pure metah,=0, and hence, the right-hand side of E8).
of a free electron in a magnetic field vanishes. This means that the solutiomis-0 at any tem-

) perature.
wn: (Znn! )—1/2(3/71_) 1/4e—(ﬁ/2)[x—(py 18)]
(6) I1Il. HALL CONSTANT AND RESISTIVITY

XHa[VB(X—py/B)]

To define the Hall constant we act very similarly to Ref.

with B=eH/c, andH, being the Hermite polynomials. 2. After some calculations we obtain a natural result
We will consider the case when the following conditions
are observed: the temperature and the width of each Landau _€ecChy H 1 (10)

band are much less than the magnetic splitting. In the model ¥TH Py~ acny’ R= ecny’
under consideration with~10° cm/s in a field of 1 kOe, the
temperature has to be less than 100 K and the bandwidth le
than 10 meV. These requirements are not very restrictive.
In the case of a pure metal the densities of electrons an

holes must be equal, i.e., the bame O is half-filled. Let us

;’ge simplicity of this result at large fields must not be a
source of confusion. It is possible to show that at smaller
fields, when the band with=1 starts to be filled, the Hall
constant will depend on magnetic field a§=const. The
consider a more general case of a slightly doped metal witfjaMe iS true for a tilted magnetic field.n=0, o, =0, and

g ghtly €op 1ere is no Hall effect. We will see below that such an as-

an excess of some carriers, say electrons. The chemical p on d fit th : ld .
tential is defined by the relatiofwe assume the spin splitting f’:rizgt'on oes not fit the experimental data on magnetoresis-

to be small. - .

I The conductivity depends on electron scattering. If the
eH [(w/d 1 scatterers are ions, the screening is important. In the usual
5re f, ﬁ/d{ o Tooa A AT | way we obtain

dp, o 8me’ eH J‘w/d dp, 1
—6[—cos(pzd)]}ﬁ=no, (7) £, 2mC 5 J_ma2m [iw,+p+tcogp,d)]?
. . . . eH e2 1 rir
Ny being the excess electron density ahtbeing the inter- =— —— 2| {cosh?[(m+cogmx))/26] (12)
layer distance. Transforming the integral and introducing di- C exdtJo
mensionless variables we obtain
dx
112 1 1 1 + cosh [ (m— cog 7x))/26]} R
fo [e[cos(ﬂx)m]/oJrl_ e[cos(wx)+m]/6+l]dxzﬁv (8) _ _ _ _
where we used the same dimensionless variables, as in Eq.
where =T/t, m=pu/t, h=H/H,, andHy= mnocd/e. (8); &, is the part of the dielectric constant associated with
For T=0 the solution of Eq(8) is the ion cores. At#=0 the integral is equal to (2)(1
—m?) "2 and at®>1 it equals 1. The spread of the electron
N wave functions in the plane is the magnetic lengtretH) /2,
m=sin /. (9 and the value of the ratia2/(eH/c) is, according to Eq.

(11), (e%/e..d)/t, or larger, wheru is close to the boundary
The band edges are reachedhat =2. The functionm(h) of the band. Ife., andd are not too large, this ratio is always
for different values off is presented in Fig. 1. In the case of large, sincet is the small hopping energy. This means that
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! A A Integrating ovemp,, we get
FE ev?eH 1 ¢ fw dw 2 1 (=
T S T 2mc 472 26Av2 ) 27 %" 2T wd o
FIG. 2. Diagrams corresponding to impurity scattering in the dy
non-Born approximation. X 5 5
(w+pttcosy) +(1/27)
even if the scatterers are ions, the Coulomb interaction is e2 1 (= do 1 O(t—|w+ )
screened at distances smaller than the spread of the wave =_—— 2w 5 5175+
function, and hence, it can be regarded, as a point interac- 87 T J - COSIT(w/2T) 27(w) [t°~ (0+ p)7]

tion. This is also true for neutral scatterers. Therefore, wesypstituting 1/2 according to Eq(12) and integrating over

take it asU &(r). _ _ _ o we obtain the final result
In our previous work it was mentioned that in strong
magnetic fields the Born approximation can fail. Therefore, ecN sinh(1/6)
we sum up the diagrams in Fig. 2. The result is a geometric T "TH cosHm/ 6) + cosim/ @)’ (14)

progression containing powers of ] ) ] _
where we used dimensionless variables introduced before.

eH [=/d ) . Two situations are possible: eithdf<<ng, or N;>ng. In
U 7 7ﬂ/d[w+ i6+u+tcogp,d)] H(dp/2m) the first caser,,< oy, andp,,= axxloiy. _In the second case
xS Oy andp,,= 1oy, . Both assumptions lead to a resis-
eH o(t—|m+w)) tivity linear in H. However, the dependence on temperature
=Y 5cd [t2— (m+w)2]72 is different. In the model considered in Ref. 2 the doping was
. _ _ external, and the first case was definitely more adequate. In
Summing up the whole series we obtain the present situation this is not so clear. Singg decreases
1 with temperature, and so does the magnetoresistivity in Ref.
1__ L, eH ot [utel) 3, our model can fit the experiment only in the case that
=—Im Ni Ul1+iu 5 51 s . . . .
27 2mcd [t°—(put+w)7] o0y, .., if the excess density of carriers exceeds the

whereN. is the concentration of scattering centers concentration of impurities. Whether this is true can be de-
' 9 : cided only from the Hall measurements which were not per-

onmg Z‘g?ﬁ“%ﬁﬁf;{:g usetl:fo Cvitigg '2 ;T;gr?cz(?rgsﬁggdf%rmed on rare-earth antimonides. Particularly, in the case of
P ‘ gy an exactly half-filled bandhy=0, and there is no linear in

Coulomb interaction, then field Hall effect. This would mean that our model is wrong.

U~4mel(s, k%)~ 4mdt/(eHic) If the model is applicable, we get
and hence the second term will have an absolute value of the __HNi sinh(1/6) 15
order of unity(actually, it is 2. Therefore, we can leave only Pxx mecrg cost{m/ )+ coshim/6)

the second term in the brackéh the imaginary part the

mistake is 1/%and get The dependence oH is essentially linear, except for the

variation of m. Introducing the dimensionless varialiien-

1 2xcd stead ofH we obtain
SN [P (w+ o)1t [t o)), (12
T e h sinh(1/6) N; d 16
Pxx=P ; po=— =
The conductivity can be calculated similarly to Ref. 2, > Tocoshim/§) +coshkm/6)" "° n e

and so we arrive at the formula The plot of p,,/p, for 6=0.05 andd#=2 is presented in Fig.

3 [mis defined from Eq(8)]. At low temperatures the curve

2,,2 v .
_ev eH de w (=4 dp, bends down arount=2, i.e., close to the band edge.

- _ =2
=T 2me | 27O o | 7

(13 IV. DISCUSSION
XIm Ggy(@,p) 1M GEfw,p,), , o ,

The results obtained here fit qualitatively the experimental
where we have already integrated out the eigenfunctions erturves in Ref. 3, although, due to the presence of rare-earth
tering the Green functiorithe normalization in Eq(5) con-  atoms various magnetic phase transitions can take place and
tributes a factor 1/ and we are left only with the energy induce deviations from pure linearitgee, e.g., Ref. 3, Fig.
denominators. The-Im GYy(w,p,) in Eq. (13), is under our  23). It should be mentioned that in our model tiogal resis-
assumptions tance is linear in field at low temperatures, and this means

that it is large compared to the value dt&=0. This agrees
1/27 with experimental data.
[w+u—v(2eH/c)Y?+t cogp,d) 1%+ (1/27)? According to our theory, at high fields only one Landau
band participates in the conductivity, and this contradicts the
%i c observation of the Shubnikov—de Haas oscillations. In the
27 2eHv?’ range between 150 and 160 kG the period of these oscilla-
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light on the nature of the spectrum could come from Hall

p/po measurements. Although it is generally believed that for a

6t metal with an even number of electrons per unit cell the
amounts of carriers with opposite charges are equal, and the

5 Hall effect is absent, this is true either at very high fields, or

for an idealized model. Measurements at moderate fields
would give an estimate of the electron concentration and
establish the relevance of the present model.
The alternative to this model is the freeze-out model, ac-
9 cording to which in strong magnetic fields the electrons are
bound to the impurity ions, and the latter transform into neu-
1 tral centergsee Ref. 1 and references thejeidowever, as
we have shown, the screening length in strong fields is short,
1 5 3 1 5 6 _h. and therefore no large difference between charged and neu-
tral scatterers can be expected. There are also other objec-
FIG. 3. Dependence gf/ p, with po=(N;/no)(d/e?), Njisthe  tions to this model discussed in Ref. 3.
density of scatterers on a magnetic field at |Cﬂ¢005) and hlgh The picture would be much clearer if the experiments
(6=2) temperatures. were performed on graphite, preferably with intercalation.

. . , . . There are no magnetic atoms, and hence no magnetic phase
tions is 2 kG. The connection with the spectrunisee, €.9., ansitions. The energy spectrum is definitely of the type

in Ref. 6 considered here. Unfortunately the only experiments were
— 5 performed over 20 years agd.he samples were either poly-
AH =2WehH ' (17) crystalline, or badly characterized, and hence, the results ob-
CSn tained there(linear magnetoresistance with saturation in

strong fieldg cannot be considered reliable. In future experi-

whereS,,, means the extremal area of the Fermi surface cros . Id b iol babl | d doped
section by a plane perpendicular to the magnetic field. SupTents it would be possible, probably, to use clean and dope

stituting the data we get for the Fermi momentymgr~2 samples, and see both possible cases with different tempera-
x10"2gcm s, and this corresponds to a large Fermi syr-ture dependences, mentioned in the previous section.

face and an electron concentration of the order of 1 electro Notte ?d(\j]edp'hn pro&)ngcentl)'/wInttt!l‘g ‘g’ﬂ;oigg M:#]sa—
per atom. Hence, either our assumption about the spectrum raet al. [ - Fhys. Londens. Viattarl, .( ; 9] the
completely incorrect, or the oscillations have a diﬁerentmagnetoresstance was measured in graphite intercalated by
origin ' MoCls. In the most relevant cag€ig. 4, stage Pthe mag-

The possibilities aréa) the oscillations are due not to the netoresistance varied linearly with field, although it repre-

material under investigation but to metallic leads, by sented only a small part of the total resistance, which could

they are associated with the magnetic breakdown in a strong;e due to the presence of other, large parts of the Fermi

field. The objection to the first possibility could be that the urface.

leads are not single crystals, and so the oscillations are ACKNOWLEDGMENTS
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