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Abstract

The extrinsic magnetoresistance of a metallically doped InSb sample has been investigated. At high temperatures,
where no magnetogquantum oscillations occur, an additional linear magnetoresistance (LMR) arising from a difference in
the Hall voltages can be observed. This effect is shown to be due to macroscopic variations of the electron concentration
and of the thickness. At low temperatures these two contributions can be measured independently with the help of the

superimposed magnetoquantum oscillations.

1. Introduction

Since the first detailed investigations of Kapitza [1]
the magnetoresistance of metals has been studied inten-
sively [2]. Besides a quadratic magnetoresistance at low
magnetic fields and magnetoquantum oscillations no
magnetoresistance is expected in the classical high field
limit (.t 1, w, is the cyclotron frequency and 7 the
scattering time of the electrons) where only one type of
carrier exists. Therefore, an experimentally observed lin-
ear magnetoresistance (LMR} in simple metals like alu-
minium has been puzzling the scientific community for
a long time and the question whether this effect is rather
intrinsic or extrinsic remained open.

An important part of the LMR in a transverse ge-
ometry, where a current is flowing in the direction per-
pendicular to the applied magnetic field, could be at-
tributed to thickness variations of a sample parallel to
the field [3]. These thickness variations lead to different
Hall voltages in different parts of the sample which have

* Corresponding author.

to be compensated by an additional voltage drop along
the current direction.

Apart from wmetals, extrinsic magnetoresistance
effects also occur in strongly doped semiconductors
like InSb or InAs [4]. Due to the low effective
mass in such systems the condition w.t> 1, which is
necessary to observe a strong LMR, can be easily fulfil-
led, even at room temperature. Furthermore, due to the
low electron concentration, the absolute value of LMR
which is proportional to the Hall voltage is several orders
of magnitude higher than in normal metals. Tt can there-
fore be easily measured with standard phase-sensitive
AC-detection (signals of a few m€) whereas in metals
normally only very low DC-signals (a few n£) can be
observed.

In this paper we will report on the magnetoresis-
tance in InSb. We will show that the observed LMR
arises from two contributions, namely variations of the
thickness perpendicular to the current direction and
macroscopic fluctuations of the electron concentration.
The LMR of a stepped sample at low temperatures will
be shown being proportional to the Hall voltage differ-
ence between the voltage probes where the resistance is
measured.
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Fig. 1. (a) Geometry of a stepped sample where a strong LMR occurs. (b) Voltage drops in the sample (top view). (c) Designation of the

contacts. (d) Schematic current distribution for tan 9 = 2.

2. Models

The phenomenon of an extrinsic LMR is illustrated in
Fig. 1. Suppose a simple geometry of an edge-shaped
sample having a uniform Hall resistivity p,, = B/ne (n is
the clectron concentration) with a thick part (thickness
dq)and a thin part (thickness 4,) where a total current [ is
injected. The Hall voltages in the two parts are
Uy, = Ip,/d, and Uy, = Ip./d,, respectively. Since in
a stationary case (dB/dt = 0} the total voltage drop over
a closed path is zero, an additional voltage Uy, — Uy,
has to be built up along one side of the sample (Fig. 1{b)).

There exist mainly two models which explain the ex-
trinsic contribution to the LMR of metals. The first is
based on traditional electrodynamics [5]. Solving Max-
well’s equations with appropriate boundary conditions
leads to an explicit expression for the extrinsic effects on
the magnetoresistance of a metal (or 2 metallic semi-
conductor),

A second theory is based on the so-called transmission
approach which has initially been developed for ballistic
transport in mesoscopic systems and in two-dimensional
electron gases where the quantum Hall effect occurs [6]
and then extended to the case of a macroscopic three-
dimensional metal [7]. In this model the skipping-orbits
along the edges of the sample are only partly transmitted
on a step in the thickness.

Without going into the details of the theory we can
summarize the main results [5, 7]. The experimentally

measured voltages U" and U~ on two contact-leg pairs
1-2 and 3-4, respectively, (Fig. 1(c)) can be given by

U =Ug+ AUy — U, (B) (1)
and
U™ =Uy - U,(B). (2)

This magnetoresistance contains three terms, namely

pxxI ll 12
- L2 3
Vo= (24 2) o

(the quantities &, {, [;, d, and d, for the sample dimen-
sions are defined in Fig. 1) which is the contribution
arising from the intrinsic resistance of the sample and

AUy=U* U~ :nyf(i*dil) )
being the difference of the Hall voltages in the two parts
of the sample which has to be compensated. In an in-
verted magnetic field this LMR occurs on the other
sample side, ie. the voltages U* and U are inter-
changed.

The additional correction U (B) which arises on both
sides of the sample saturates for high fields (w. 73> 1) to
a value of the order of (b/1YU, and can be neglected in the
case where the distance ! between the voltage probes is
large as compared to the sample width .
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3. Experimental results and discussion

We have studied LMR effects on an n-doped InSb
sample with an electron concentration n x 54 x 10?2 m ™3
and a mobility of g~ 68m?V-'s7! (at 42K). The
sample was spark cut in the standard Hall bar geometry
with the same thickness of 1.7 mm along the x-axis (fur-
ther on referred to as flat sample). Later, the thickness in
half of the sample has been reduced to about 1.4 mm to
get the form shown in Fig. 1{a) {stepped sample).

3.1 The classical regime

In order 1o separate extrinsic effects clearly from in-
trinsic magnetoquantum oscillations, the flat sample has
first been measured at 77 K where no oscillating quan-
tum effects occur. The resuits for the two transverse
resistances R | ; (defined by the voltage measured between
the contact legs 1 and 2 divided by the applied current}
and R,, and the two Hall resistances R, and R;, are
shown in Fig. 2. For the definition of the contact legs we
refer to Fig. t(c). (For the moment a flat sample is con-
sidered, 1.e. d) = d;).
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Fig. 2. The transverse resistance R, and Ry, (a) and the Hall
resistances R, and R,, (b) in the flat sample at 77 K.

As can be seen in Fig. 2(b), the Hall voltages measured
on two different contact-leg pairs (1-3 and 2-4} differ by
about 5%. This difference has to be mainly due to a dif-
ferent electron concentration. To produce the same mag-
nitude with a step, a thickness variation of about 0.1 mm
would be necessary. Already from this result we can
estimate that the macroscopic concentration fluctuations
in the sample on a length scale defined by the contact-leg
distance are of the order of a few percent.

However, as we deal with a good metal (g, p.x, i.6.
w73 1), such a small variation in the Hall voltage can
nevertheless lead to an appreciable supplementary LMR
on either R, or R4, (depending on the orientation of the
magnetic field). This observation is shown in Fig. 2(a}.
The resistance R,, on one side of the sample is in fact
considerably larger than Rs, on the other side. The
difference AR = R, — R, agrees with the difference of
the Hall voltages ARy = Ryy — Ry

We have also verified that in an inverted magnetic field
the additional LMR is observed on the opposite side. The
expected relations

Rl.Z = Ria. R;4 = R1_2;

(5)

o + + -
Riz = —Ris, Rzy=—Ry

are well fulfilled. Here R7 is the resistance between / and
jin a magnetic field pointing in the + z-direction, respec-
tively.

To conclude, it can be stated that the LMR which
occurs in metallically doped semiconductors can be used
as a method to determine macroscopic concentration
fluctuations in such a system [4]. The length scale on
which this can be done is defined by the distance of the
voltage probes and the relative accuracy is given by the
relative flatness of the sample on this length scale.

3.2. The magnetoquantum-oscillatory regime

The influence of a geometrically induced linear mag-
netoresistance (LMR), i.e. a magnetoresistance propor-
tional to a difference of two Hall voltages, can be parti-
cularly interesting when also the intrinsic resistance
shows a pronounced behaviour which depends, as the
LMR, on the electron concentration. Superimposing
these two contributions allows us to distinguish clearly
between a LMR which is due to variations either of the
sample thickness or of the electron concentration.

To investigate such effects we have reduce the thick-
ness of the sample on half of its length to about 1.4 mm
(80% of the original thickness) and measured the resist-
ances R, and R, as well as the Hall resistances R,
(thick side) and R,, (thin side} at liquid-helium temper-
ature (4.2 K). The results are plotted in Fig. 3. For the
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Fig. 3. The transverse resistances R, and K,4 (a) and the Hall
resistances Ry, and Rzy (b) in the stepped sample at 4.2 K.

definition of the contact-leg numbers we refer again 1o
Fig. l{c). The designation of the contact legs as well as the
orientation of the magnetic field are the same as for the
flat sample in Fig. 2.

We know already from above that the electron
concentration n; between the contact legs 1 and 3
in the thick part is about 5% smaller than #, between
2 and 4 in the thin part. To confirm this observation we
will first have a look at the quantities r, = eR;;/B with
a = 1 for the contact-leg pair (13) in the thick part and
a =2 for the pair (24) in the thin part. If we suppose
a classical Hall resistivity p,, = B/en, in both parts of the
sample we can write r, = 1/n,d,, where d, is the sample
thickness in the part concerned, r, therefore only con-
tains the thickness of the sample at the place where the
Hall voltages are measured and the corresponding elec-
tron concentration.

On both sides r, contains a constant background
ry onto which magneto-quantum osciilations are super-
imposed (Fig. 4). These oscillations were already ana-
lysed in detail in another paper [8]. The last pronounced
peak in r, occurs at a magnetic field where all the elec-

1.6

1.5

LI B B

1.4

T T T T

1.3

r, {10°%*m?)

1.2

: I S ST W N R SN R TP S SR
0 2 4 6 8 10
B (T)

Fig. 4. The quantities r, = 1/d,n, in the thick part {x = 1) and in
the thin part (x = 2) of the stepped sample at 4.2 K.

trons enter into the lowest spin-split Landau level
This phenomenon can be understood in terms of
a magnetic-field induced metal-insulator transi-
tion which occurs in the tail of the second lowest
Landau level. Since the degeneracy of a Landau level is
propertional to the electron concentration n also the
position of B, depends linearly on the electron concentra-
tion at the corresponding contact. Therefore, we have
two equations which determine fully the ratios i, /n, and
d,/d; namely

ny B, nd, _r[2)

nz_Bz’ nzdzkr?. ©)
From B, =667T and B, = 7T we can first confirm
independently from above the statement n, = 0.95x,.
A difference in the Hall effect arising from this concentra-
tion difference will therefore already give rise to a LMR
on one side of the sample. Since we have moreover
d; = 0.84, a further Hall voltage difference (in the oppo-
site direction) occurs. The sum of these two differences is
represented in Fig. 5. As can be seen the additional
magnetoresistance Ry, — R,, corresponds exactly to
the difference of the Hall resistances R,, — R,s.
The structure in the Hall effect which appears at
different fields in the two parts of the sample is
strongly enhanced in the additional contribution to the
magnetoresistance,

These experimental results open a new method to
investigate precisely small structures in the Hall resist-
ivity which depend on the electron concentra-
tion. A sample could be grown in such a way that two
different parts with different concentrations n, and »,
exist. The thicknesses of the two parts can then be
chosen such that dyn, =d,n,. A magnetic-field and
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Fig. 5. The difference of transverse resistances Ry, — Ry, and of
the Hall resistances Ro, — R, in the stepped sample at 42 K.

concentration-dependent small structure d(n, By<1 in
the Hall resistivity

B
(1 + &{n. BY) {7y

pxy = -
ne

can now be measured accurately by using the LMR
effect. The additional magnetoresistance of one side of

the sample will be given by

AR(B) =

|8(n;, B) — &iny, B)|. (8)

nyde
Of course the same information can, in principle, be
obtained by meusuring the two Hall voltages separately
instead of measuring the voltages U™ and U~ along two
sides of the sample. But since the intrinsic resistance in
the high field case (w,z> 1) is a factor of e, lower than
the Hall resistance, the relative effects on U™ (or U,
depending on the sign of B) are a factor of w.t higher
than on the individually measured Hall voltages. In other
words, changes in p,, can be observed on a scale of p, in
systems where p,,>p,,. Furthermore, the LMR only

contains the difference of two Hall voltages without any
superimposed geometric admixture of p,,.

4. Conclusions

In summary we have shown that the “linear mag-
netoresistance” in metallic semiconductors can be used
to measure small differences of the Hall voltage at two
different contact legs. These differences can be either due
to geometric thickness variations or to variations in the
macroscopic charge catrier concentration. Not only
a linear contribution is observed but also intrinsic prop-
erties of the Hall effect can be investigated with this
method without the need of a Hall bar geometry on the
contact legs.
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