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Giant magnetoresistance in zero-band-gap Hg12xCdxTe
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The exceptionally high carrier mobilities found in zero-gap Hg12xCdxTe (x'0.10) give rise to giant mag-
netoresistance~GMR!. A two-carrier, high-field model provides a good description of the magnetoresistance
and Hall effect at temperatures 6,T,300 K and magnetic fields up toH510 T. The high-field data have a
significant influence on the interpretation of the low-field results, in particular revealing the presence of
acceptors despite the fact that the low-field Hall coefficient is negative. Surprisingly, at low fields the curvature
of the GMR,d2R/dH2, is larger than that expected by up to a factor 30. The enhancement of the GMR makes
Hg12xCdxTe potentially useful for read-head devices for magnetic media.@S0163-1829~98!09419-3#
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I. INTRODUCTION

Solid solutions of mercury cadmium telluride with com
position Hg12xCdxTe have been extensively investigat
during the past 30 years.1,2 The interest in these materials
date derives primarily from the compositional dependence
their band gap, which makes them useful as both emit
and detectors of photons with a selectable character
wavelength.3,4 In particular, Hg12xCdxTe with x'0.2 is
marketed commercially as a detector for the industrially i
portant infrared region at wavelengths of;10 mm.5 More-
over, Hg12xCdxTe is a rich model system in which to ex
plore the basic physics of bulk and lower-dimension
narrow- and zero-gap semiconductors.6 Such explorations
usually focus on the very high electron mobilities exhibit
by Hg12xCdxTe in the zero-gap (x'0.10) composition re-
gion.

The majority of the studies of Hg12xCdxTe to date have
been carried out on bulk single crystals, although some
sults have been reported on thin-film materials. Typica
Hg12xCdxTe is electrically characterized by measuring t
low-field magnetotransport properties as a function of te
perature and composition, with the carrier mobility servi
as ade factofigure of merit.7,8 However, in this work we
show that in order to account properly for the low-field g
vanomagnetic behavior of Hg12xCdxTe one must also take
into account the high-field behavior. We report high-fie
magnetoresistance~MR! and Hall effect measurements o
molecular-beam epitaxy~MBE! grown Hg12xCdxTe with
x'0.10. The experiments, done over the range 6,T,300 K
and at magnetic fields up toH510 T, indicate that single-
carrier models found commonly in the literature7,9–11are in-
adequate for the interpretation of the data at high fields
low temperatures. However, as we demonstrate in this pa
an elegant picture emerges from a two-band model, wh
includes both electrons and holes: Hg12xCdxTe (x'0.10) is
a zero-band-gap semiconductor, of which the electron d
sity follows a power lawn0(T)5AnT3/2; at low temperature
acceptors are evident with a density that exceeds the d
density byNA2ND53.531022 m23. We observe high elec
570163-1829/98/57~19!/12239~6!/$15.00
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tron mobility me'10 m2/V s; the hole mobility is much
smaller, withme /mh'200.

Because of the high electron mobility, the MR o
Hg12xCdxTe is indeed properly characterized as ‘‘gian
~hence GMR! at high fields. Surprisingly, at the magnet
fields relevant in magnetic media (H,1000 G!, the GMR is
anomalously large, with the low-field curvatured2R/dH2 ex-
ceeding that at high field by up to a factor 30. The use of
Corbino geometry12 further boosts the response; in such
sample we have observed GMR as large asDr/r528% at
T5300 K andH5500 G. This material therefore has signifi
cant potential for applications in MR-based devices for hig
density magnetic data storage and retrieval and may h
qualities superior to those of spin valves13 for use as read
heads for magnetic storage media.

II. EXPERIMENTAL DETAILS

The Hg12xCdxTe films studied were grown by conven
tional MBE methods using a Riber 32P MBE system.14 Onto
single-crystal Si substrates were deposited a 4-mm buffer
layer of undoped CdTe followed by the Hg12xCdxTe layer of
thicknessd54.6 mm. The sample composition was dete
mined to bex50.10 with an accuracy ofDx560.015, using
energy dispersive x-ray analysis with a Hg0.78Cd0.22Te stan-
dard. The samples used in this study were undoped
unannealed. They were determined to be homogeneous
length scale of 3 mm, to within the accuracy of th
measurement.15

Magnetotransport measurements were done in both
Hall bar and Corbino geometries;12 in the latter geometry the
current and voltage leads are concentric circles. Electr
contact was made to the samples by evaporating pure I
lithographically defined patterns as illustrated in the insets
Fig. 1. The six-probe Hall geometry (833 mm2) allows the
simultaneous measurement of the Hall voltage and the m
netoresistance. The effect of the geometry on the meas
ments will be discussed in Sec. IV. Copper wires were
tached to the In contacts using conductive silver pa
~Dupont No. 4929N!. The contacts were found to be Ohm
12 239 © 1998 The American Physical Society
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down to T54 K; nevertheless, all the resistance measu
ments were done in a four-probe configuration in order
eliminate any effects of contact and lead resistance.
samples were placed on a temperature-controlled sam
holder, in the center of an Oxford superconducting mag
H is applied perpendicular to the film. Automated data ta
ing, including temperature regulation and reading and m
netic field sweeps, was accomplished with LabView so
ware.

III. RESULTS

The magnetoconductivitys(H) is shown in Fig. 1 for the
Hall bar @Fig. 1~a!# and Corbino@Fig. 1~b!# geometries at
selected temperatures as indicated in the legend. In this
ure, as in Figs. 2 and 4, for clarity only selected data po
are shown, by symbols; the solid lines indicate fits to
model described in Sec. IV. The MR, defined asDr(H)/r0
5@r(H)2r(0)#/r0, is positive at all temperatures and ris
quadratically with field at smallH ~see Fig. 2!. For
T>100 K, the MR is quadratic at high magnetic fields
well, but with a curvatured2R/dH2, which is smaller than
that at low field by up to a factor'20. In Fig. 1, a geometric
factor distinguishes the MR measured in the Hall bar sam
and in the Corbino disk:12,16,17In the former a measuremen

FIG. 1. Magnetoconductivitys(H) in ~a! Hall bar and ~b!
Corbino disk, at the temperatures indicated. Symbols indicate
lected data and solid lines are fits.
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of the resistance gives the resistivity 1/neme in the case of
extrinsic conduction, whereas the Corbino disk resista
gives (11me

2H2)/neme . This is also evident in the differ-
ence between the temperature dependences of the M
various fields, as shown in Fig. 3: The Corbino MR is s
nificantly larger than the Hall bar MR forT.100 K; how-

e-

FIG. 2. Magnetoresistancer(H)2r(0) in the Hall bar on a
log-log plot.

FIG. 3. Temperature dependence ofr(H)/r(0) in ~a! Hall bar
and ~b! Corbino disk, at the fields indicated. The solid lines a
guides to the eye.
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57 12 241GIANT MAGNETORESISTANCE IN ZERO-BAND-GAP . . .
ever, at low temperature the MR’s in the two geometries
comparable. The complexity of the MR is reflected in t
temperature and magnetic-field-dependent Hall coeffic
RH , which exhibits a rich behavior; see Fig. 4, where t
Hall voltage Vy;RHH is plotted as a function of field, a
temperatures corresponding to those shown in Fig. 1. FoT
>100 K, RH is negative, indicatingn-type conduction~see
the discussion below on the low-field behavior!. For T
,100 K, Vy(H) is highly nonlinear and shows a crossov
from n-type conduction at low field top-type conduction at
high magnetic field. The temperature dependence of the l
field Hall voltage (H50.1T) is consistent with that reporte
in the literature;7,9–11,18however, as the following discussio
shows, the high-field data have a significant influence on
interpretation of the low-field results. The temperature
pendence of the zero-field conductivity, measured in the H
bar geometry, is shown in Fig. 5;sHB(H50;T) increases
slightly on cooling from room temperature, reaches a ma
mum, and decreases sharply on further cooling.

IV. DISCUSSION

From the data of Figs. 1–3 it is clear that Hg12xCdxTe
indeed shows giant magnetoresistance: The GMR is as l
asDr(H)/r05275 atH510 T andT'75 K. The tempera-
ture dependence ofsHB(T) ~Fig. 5! and the maximum in
Dr(H)/r(0) ~Fig. 3! suggest that the dominant transpo
mechanism at low temperature is different from that at h
temperature. A similar crossover occurs in the Hall eff
~Fig. 4!. We now discuss the details of the magnetotransp
to address these features.

Since Hg12xCdxTe with x50.10 is close to the zero
band-gap composition,1 both electrons and holes are e
pected to contribute to the transport properties. We there
use a two-band model for the magnetoconductivity and
Hall coefficient. Furthermore, since the electron mobilit
are very high, the high-field limitmeH.1 is reached at rela
tively small fields; for this reason we use a model that
appropriate at both low and high fields:17,19

FIG. 4. Field dependence of the Hall voltage at selected t
peratures. Symbols indicate selected data and solid lines are fi
e
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sHB~H !5(
c

sHcF 11S (
c

sHcmHc

(
c

sHc

D 2

H2G , ~1!

sCorb~H !5(
c

sHc , ~2!

RH~H !5

(
c

sHcmHc

S (
c

sHcD 2F 11S (
c

sHcmHc

(
c

sHc

D 2

H2G ,

~3!

where sHB and sCorb denote the effective conductivitie
measured in Hall bar and Corbino geometries, respectiv
The index c denotes the electrons and holes;sHc

5NcemHc /(11mHc
2 H2) and mHc5sgn(qc)mH , the Hall

mobility modified by the sign of the carrier. Equations~1!–
~3! reduce to the usual low-field (mHH,1) expressions
when H50, namely, sHB5sCorb5neme1pemh and RH

5(pemh
22neme

2)/(pemh1neme)
2.

In fitting the model to the data, we adopt the simple
possible field dependence for the carrier densities (n,p) and
mobilities (me ,mh), which are consistent with the data a
well as with a reasonable physical picture for a zero-ba
gap semiconductor. The assumption of a field-independ
electron mobilityme(H)5me0 gives a good fit at highH, but
fails to describe adequately the low-field data where
magnetoconductance has a higher curvature than at higH
~see Fig. 2!. We assume that at high temperature the elect
density is independent of the field and assign the ano
lously enhanced conductivity at zero field to an enhancem
of the electron mobility, which decreases quadratically w
field. For the purpose of fitting to the data, we use a Lore
zian form in order to disallow negative mobilities at highH;
the complete expression for the electron mobility is th
me(H)5me01A/(B1H2). A similar expression is required

-
.

FIG. 5. Temperature dependence of zero-field conductivity~in
the Hall bar!. The solid line is a guide to the eye.
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for the hole mobility in order to fit the data at all temper
tures and magnetic fields consistently.

The external magnetic field is expected to induce a fin
gap given by the cyclotron frequencyEg5\vc5\eH/m*
~SI units!. The electron density is therefore expected to
crease with field, following~to lowest order! a quadratic field
dependence, also expressed as a Lorentzian with widthHn :
n(H)5n0 /(11H2/Hn

2). This approximation is sufficient a
high temperature~indeed we find thatHn becomes much
larger than 10 T forT.200 K!. At low temperatures and
high field one expectsn(H) to decrease exponentially wit
H; however, at high field the transport properties are do
nated by holes to such an extent that the electron contr
tion is not apparent in the data at all. In this regime, the M
does show that the hole density decreases with the app
field.

The field dependences of the carrier densities used in
ting the data to the model are summarized as

n~H !5
n0

11H2/Hn
2

,

p~H !5p0 exp ~2QH! ~4!

and for the carrier mobilities

me~H !5me01
A

B1H2
,

mh~H !5mh01
C

D1H2
. ~5!

The Hall bars are rather short and wide, which introdu
a reduction of the measured Hall voltage by a geometr
factor G: Vy,meas5GVy .17 For a length-to-width ratiol /w
52.7 and with the Hall voltage probes positioned about 3
along the length of the sample,G.90%, so the uncertainty
in the fitting parameters from the geometrical effect is le

FIG. 6. Carrier density atH50: electronsn0(T) ~solid circles!
and holes p0(T) ~open circles!. The solid line showsn0(T)
5AnT3/2 and the dotted line showsp0(T)5n0(T)1NA .
e

-
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than 10%. Moreover, the correction vanishes at high m
netic fields, at which the Hall angle becomes large~which is
satisfied formHH.1, or H.0.1 T for the electrons!.

The model described by Eqs.~1!–~5! is fit to the MR and
Hall effect data taken in the Hall bar geometry. The fi
denoted in Figs. 1, 2, and 4 by solid lines, show that
model yields an excellent fit to both the MR and the H
effect data over the entire field and temperature range of
measurement, including at low temperatures, where the
voltage has a complex field dependence. The solid lines
Fig. 1~b! show the MR in the Corbino disk predicted from
the fitting parameters obtained from the Hall bar. The p
diction shows very good agreement with the data, excep
low fields; we will return to this issue below. The fittin
parameters, which yield the temperature dependence of
carrier densities and mobilities, are all derived from the H
bar data.

The zero-field carrier concentrations are shown in Fig
The electron concentration follows a power-law temperat
dependencen0(T)5AnT3/2; this is exactly what is expecte
for a zero-gap semiconductor with parabolic bands;1 the
power law is obeyed over nearly three orders of magnitu
with An54.031019 m23 K23/2. At low T, however,p0(T)
saturates, indicating a density of acceptorsNA5(3.561)
31022 m23 in this nominally undoped material. The in
crease ofp0(T) at the lowest temperatures is likely to be a
artifact sincep(H) in this region is fitted to an exponential i
H @see Eq.~4!#; if saturation occurs at lowH, the prefactor
p0 is an overestimate of the actual hole density atH50. At
all temperatures,p0(T)5n0(T)1NA , as required by the
charge neutrality condition. The origin of the acceptors m
be residual vacancies on the~Cd,Hg! sites.20 Elimination of
such vacancies requires a postgrowth annealing in a C
Hg atmosphere, whereas the samples studied here are u
nealed. Alternatively, acceptors may arise from vacancies
the Te site, which have recently been found to form a dou

FIG. 7. High-field carrier mobility for electrons~open squares!
and holes~open circles! and their zero-field enhancementA/B ~tri-
angles! and C/D ~inverted triangles!; total zero-field mobilities
me(H50)5me01A/B ~solid squares! andmh(H50)5mh01C/D
~solid circles!.
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57 12 243GIANT MAGNETORESISTANCE IN ZERO-BAND-GAP . . .
acceptor state instead of the usually expected double d
state, due to a lattice relaxation in the local environmen
the Te vacancy.21

The temperature dependences of the carrier mobilities
summarized in Fig. 7, which shows the high-field mobiliti
me0 andmh0, the zero-field enhancementsA/B andC/D for
electron and hole mobilities, respectively, and the total ze
field mobilities. For the electrons, the zero-field enhancem
is apparent at all temperatures, but for the holes the widt
the zero-field effect~given by the parameterD) becomes
comparable to the range of the measurement close
T570 K; above that temperature the data contain no in
mation on the zero-field enhancement for the hole mobil
The assumption that any such enhancement becomes
small atT.70 K ~that is,mh05mh,tot) is consistent with the
fact that the total hole mobility shows no abrupt chang
aroundT570 K. The high-field electron mobility is indee
very high, reaching nearly 20 m2/V s at intermediate tem
peratures. Bothme0 and mh0 decrease at high temperatur
consistent with electron-phonon scattering10 and me /mh
'200, in agreement with results found in the literature.1

In the context of the data of Figs. 6 and 7, the tempera
dependence of the zero-field conductivity can be interpre
as follows. At high temperature,n0'p0, but the conductivity
is dominated by the electrons, which have a much hig
mobility than the holes; in this regionsHB(T) has a weak
temperature dependence~see Fig. 5! because of the compe
ing effects of the decreasing electron mobility and the
creasing electron density. ForT,100 K, a low-field mea-
surement of the Hall effect suggests9–11 that the decrease o
sHB(T) results from a decrease in the electron mobil
me(T). However, the data of Figs. 6 and 7 show that this
not the case; rather, sincep0@n0 for T,100 K, the hole
contribution to the transport properties becomes signific
despite the fact thatme@mh in this region. It is the low hole
mobility that causes the decrease ofsHB(T) at low tempera-
ture.

The above confirms the importance of taking into acco
the high-field data as well as using a two-band model: In F
6, the power lawn0(T);Ts with s53/2 is obeyed over
nearly three orders of magnitude; however, when only lo
field (H<0.1 T! data are considered, a one-band mo
yields n0(T), which shows curvature on a log-log plot. Th
may explain why the exponents has been reported22 to vary
between 1.45 and 2.3. Furthermore, the negative Hall ef
observed at low temperatures~and low field! is commonly
attributed to the presence of donors. In contrast, in the ab
we have shown that if donors are present, their densit
lower than that of the acceptors.

From the prefactorAn54.031019 m23 K23/2 ~see Fig. 6!
and the ratio of the carrier mobilitiesme0 /mh0'200, it is
straightforward to estimate the electron and hole effec
masses. We findme* /m050.012 and mh* /m052.5; the
former is consistent with the values quoted for Hg12xCdxTe
by Dornhaus and Nimtz,1 me* /m050.008 atn'1022 m23

and me* /m050.016 atn'1023 m23 at the critical value of
x, for which the band gapEg50 (xc'0.15 atT54 K!.

The quadratic field dependence of the MR seen at h
field and high temperature~see Fig. 2! is a consequence o
the material being close to the intrinsic limit. In the ca
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n5p,19,23 Eq. ~1! reduces toDr/r05memhH2. This relation
is valid at all magnetic fields; it is therefore surprising that
low field the curvature of the MR is larger thanmemh by up
to a factor 30. For an extrinsic and nondegenerate elec
gas, appropriate for the densities measured here, the ele
scattering gives rise23 to a MR that formeH,1 has the form
Dr/r05TMmeH

2, whereTM is of order unity. Although for
the material reported here the MR curvature at low field h
a similar temperature dependence asme

2 ,24 the relation is not
expected to be valid in the intrinsic limit attained at hig
temperatures; furthermore, inn-type doped samples25 the
MR curvature does not have the same temperature de
dence asme

2 . Further studies of this enhancement of t
GMR in the technologically relevant field range are und
way.

We now discuss the field dependence of the carrier c
centration at low temperature. ForT<50 K, at high field the
conductivity is dominated by holes andp(H) fits a form@see
Eq. ~3!# exponential in the magnetic field:p(H)
5p0 exp (2QH). This is consistent with the opening of th
band gap by the application of the magnetic field. Since
temperature dependence ofp0 indicates the presence of ac
ceptors, we identify p(H,T)5p0(T) exp@2Eb(H)/kT#,
whereEb is the hydrogenic binding energy of an accep
impurity, which is expected to scale with the band gap~ig-
noring corrections due to the changing effective mass!. From
the temperature dependence ofQ(T), we find Eb /H
545 meV/T; a binding energy ofEb50.45 meV at H
510 T is consistent with the fact that the exponential hig
field behavior is observed only at the lowest temperature

The dominance of acceptors at lowT and highH prevents
the direct measurement of the band gap, but an impu
binding energy of 0.45 meV atH510 T is entirely consisten
with a band gapEg5\vc597 meV at that field. Such a ga
is not apparent in the technologically relevant region arou
room temperature, where the electron concentration is in
pendent of field~Fig. 4! and has the temperature dependen
of a zero-gap semiconductor~Fig. 6!. One path towards ob
taining a finite effect due to the opening of a gap is the use
truly zero-gap material at low temperature (xc'0.15 at
T54 K!,26 but at very low carrier densities, requiring an
nealed, undoped Hg12xCdxTe in which the acceptor concen
tration is minimized. In this case the carrier effective mass
very small, leading to a divergence of the cyclotron fr
quency. Under these conditions the band gap is most se
tive to the applied magnetic field.

The use of a Corbino12 geometry can be used to furthe
increase the GMR~see Fig. 3!. The MR measured in such
sample is larger than that measured in a Hall bar by a fa
11m2H2.16,17 This is a significant factor since the electro
mobilities in Hg12xCdxTe are very high. Indeed, in a
Corbino disk of Hg12xCdxTe we have measured a room
temperature GMR ofDr/r528% atH5500 G. The highest
carrier mobilities have been reported in samples withx5xc
and at low carrier densities.1 Since both the field-induced
band gap and the use of the Corbino geometry fa
Hg12xCdxTe at the critical concentration and low densit
further explorations of such materials will be important f
GMR-based read-head applications.
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V. CONCLUSION

Measurements of the magnetotransport in Hg12xCdxTe
(x'0.10) are well described by a two-carrier model. T
data are consistent with an interpretation based on a z
band-gap semiconductor, withn0(T)5AnT3/2. Residual ac-
ceptors are evident atT,100 K, with a densityNA53.5
31022 m23, and a binding energy that rises approximate
linearly in H and is found to beEb50.45 meV atH510 T.
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