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Giant magnetoresistance in zero-band-gap Hg ,Cd,Te
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The exceptionally high carrier mobilities found in zero-gap,Hgcd, Te (x~0.10) give rise to giant mag-
netoresistanc€GMR). A two-carrier, high-field model provides a good description of the magnetoresistance
and Hall effect at temperatures<& <300 K and magnetic fields up t8=10 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,d?R/dH?, is larger than that expected by up to a factor 30. The enhancement of the GMR makes
Hg,_Cd, Te potentially useful for read-head devices for magnetic m¢&ia163-18208)09419-3

. INTRODUCTION tron mobility ue.~10 n?/V's; the hole mobility is much
smaller, withue/ w,~200.

Solid solutions of mercury cadmium telluride with com-  Because of the high electron mobility, the MR of
position Hg_,CdTe have been extensively investigated Hg, ,Cd,Te is indeed properly characterized as “giant”
during the past 30 yeal<. The interest in these materials to (hence GMR at high fields. Surprisingly, at the magnetic
date derives primarily from the compositional dependence ofields relevant in magnetic medi&l& 1000 G, the GMR is
their band gap, which makes them useful as both emittergnomalously large, with the low-field curvatutéR/dH? ex-
and detectors of photons with a selectable characteristigeeding that at high field by up to a factor 30. The use of the
wavelengti®® In particular, Hg_,CdTe with x~0.2 is  Corbino geometr further boosts the response; in such a
marketed commercially as a detector for the industrially im-sample we have observed GMR as largeAagp=28% at
portant infrared region at wavelengthsefl0 um.> More-  T=300 K andH =500 G. This material therefore has signifi-
over, Hg ,Cd,Te is a rich model system in which to ex- cant potential for applications in MR-based devices for high-
plore the basic physics of bulk and lower-dimensionaldensity magnetic data storage and retrieval and may have
narrow- and zero-gap semiconductbrSuch explorations qualities superior to those of spin valvgor use as read
usually focus on the very high electron mobilities exhibitedheads for magnetic storage media.
by Hg, ,Cd,Te in the zero-gapX~0.10) composition re-
gion.

The majority of the studies of Hg,Cd, Te to date have Il EXPERIMENTAL DETAILS
been carried out on bulk single crystals, although some re- The Hg _,Cd,Te films studied were grown by conven-
sults have been reported on thin-film materials. Typically,tional MBE methods using a Riber 32P MBE syst&h@nto
Hg,_,Cd,Te is electrically characterized by measuring thesingle-crystal Si substrates were deposited an-buffer
low-field magnetotransport properties as a function of temiayer of undoped CdTe followed by the Hg.Cd, Te layer of
perature and composition, with the carrier mobility servingthicknessd=4.6 um. The sample composition was deter-
as ade factofigure of merit’® However, in this work we mined to bex=0.10 with an accuracy afx= =0.015, using
show that in order to account properly for the low-field gal- energy dispersive x-ray analysis with a J3gCd, ,,Te stan-
vanomagnetic behavior of Hg,Cd,Te one must also take dard. The samples used in this study were undoped and
into account the high-field behavior. We report high-field unannealed. They were determined to be homogeneous on a
magnetoresistancéMR) and Hall effect measurements on length scale of 3 mm, to within the accuracy of the
molecular-beam epitaxyMBE) grown Hg_,Cd Te with  measurement
x=~0.10. The experiments, done over the rangelt< 300 K Magnetotransport measurements were done in both the
and at magnetic fields up td=10 T, indicate that single- Hall bar and Corbino geometrié8jn the latter geometry the
carrier models found commonly in the literatiPe'*are in-  current and voltage leads are concentric circles. Electrical
adequate for the interpretation of the data at high fields andontact was made to the samples by evaporating pure In in
low temperatures. However, as we demonstrate in this papelithographically defined patterns as illustrated in the insets of
an elegant picture emerges from a two-band model, whiclfFig. 1. The six-probe Hall geometry §83 mn?) allows the
includes both electrons and holes:HgCd, Te (x~0.10) is  simultaneous measurement of the Hall voltage and the mag-
a zero-band-gap semiconductor, of which the electron demetoresistance. The effect of the geometry on the measure-
sity follows a power lawng(T)=A,T¥? at low temperature ments will be discussed in Sec. IV. Copper wires were at-
acceptors are evident with a density that exceeds the dontaiched to the In contacts using conductive silver paint
density byN,—Np=3.5x 10?2 m~3. We observe high elec- (Dupont No. 4929N The contacts were found to be Ohmic
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FIG. 2. Magnetoresistance(H)—p(0) in the Hall bar on a
log-log plot.
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of the resistance gives the resistivityng, in the case of
extrinsic conduction, whereas the Corbino disk resistance
gives (1+ ,ugHz)/ne,ue. This is also evident in the differ-
ence between the temperature dependences of the MR at
various fields, as shown in Fig. 3: The Corbino MR is sig-
nificantly larger than the Hall bar MR foF>100 K; how-
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FIG. 1. Magnetoconductivityr(H) in (a) Hall bar and(b)
Corbino disk, at the temperatures indicated. Symbols indicate se-
lected data and solid lines are fits.

——10

down to T=4 K; nevertheless, all the resistance measure-

ments were done in a four-probe configuration in order to

eliminate any effects of contact and lead resistance. The
samples were placed on a temperature-controlled sample
holder, in the center of an Oxford superconducting magnet.
H is applied perpendicular to the film. Automated data tak-

ing, including temperature regulation and reading and mag-
netic field sweeps, was accomplished with LabView soft-

ware.

lll. RESULTS

The magnetoconductivity(H) is shown in Fig. 1 for the
Hall bar [Fig. 1(@] and Corbino[Fig. 1(b)] geometries at
selected temperatures as indicated in the legend. In this fig-
ure, as in Figs. 2 and 4, for clarity only selected data points
are shown, by symbols; the solid lines indicate fits to the
model described in Sec. IV. The MR, definedf&s(H)/pq
=[p(H)—p(0)]/po, is positive at all temperatures and rises
quadratically with field at smallH (see Fig. 2 For
T=100 K, the MR is quadratic at high magnetic fields as
well, but with a curvatured?R/dH?, which is smaller than
that at low field by up to a factor 20. In Fig. 1, a geometric FIG. 3. Temperature dependencepgH)/p(0) in (a) Hall bar
factor distinguishes the MR measured in the Hall bar sampland (b) Corbino disk, at the fields indicated. The solid lines are
and in the Corbino disk?®17In the former a measurement guides to the eye.
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FIG. 5. Temperature dependence of zero-field conductiiity
the Hall baj. The solid line is a guide to the eye.
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FIG. 4. Field dependence of the Hall voltage at selected tem- z o
peratures. Symbols indicate selected data and solid lines are fits. c HekHe )
oup(H)=2 ol 1+ —— | H?[, @
C
ever, at low temperature the MR’s in the two geometries are 2 OHe

comparable. The complexity of the MR is reflected in the

temperature and magnetic-field-dependent Hall coefficient

Ryy, which exhibits a rich behavior; see Fig. 4, where the ocom(H) =2 The, )
Hall voltage V,~RyH is plotted as a function of field, at c

temperatures corresponding to those shown in Fig. 1.TFor

=100 K, Ry is negative, indicatingn-type conduction(see

the discussion below on the low-field behayioFor T 2 OHcMHc

<100 K, Vy(H) is highly nonlinear and shows a crossover Ry(H)= ¢
from n-type conduction at low field tp-type conduction at 2 o
high magnetic field. The temperature dependence of the low- 2 c HekHe

field Hall voltage H=0.1T) is consistent with that reported (E UHc) 1+ — | H?
in the literature’®~*8however, as the following discussion ¢ > ohe

shows, the high-field data have a significant influence on the ¢
interpretation of the low-field results. The temperature de- G

pendence of the zero-field conductivity, measured in the Hal\l/vhere o and ooy, denote the effective conductivities

E?rh%f}o(;?]eég(’n!ﬁ Sggvn:nrégnﬁ'?én?'gg? TeO;L)aé?](;r:zS%sa .measured in Hall bar and Corbino geometries, respectively.
'ghtly Ny perature, *"The index ¢ denotes the electrons and holes.

mum, and decreases sharply on further cooling. :NceMHc/(1+Mﬁ H2) and pue=Sgn@d)my. the Hall
Cc ]

mobility modified by the sign of the carrier. Equatiofis—
(3) reduce to the usual low-fieldu(;H<1) expressions
when H=0, namely, oyg=0corpb=N€u+peu, and Ry
From the data of Figs. 1-3 it is clear that HgCd,Te  =(pemi—neul)/(pemn+neue)?.
indeed shows giant magnetoresistance: The GMR is as large In fitting the model to the data, we adopt the simplest
asAp(H)/ppy=275 atH=10 T andT~75 K. The tempera- possible field dependence for the carrier densitiep) and
ture dependence ofg(T) (Fig. 5 and the maximum in mobilities (ue,umn), Which are consistent with the data as
Ap(H)/p(0) (Fig. 3 suggest that the dominant transport well as with a reasonable physical picture for a zero-band-
mechanism at low temperature is different from that at highgap semiconductor. The assumption of a field-independent
temperature. A similar crossover occurs in the Hall effectelectron mobilityue(H) = ueo gives a good fit at highl, but
(Fig. 4. We now discuss the details of the magnetotransporfails to describe adequately the low-field data where the
to address these features. magnetoconductance has a higher curvature than athhigh
Since Hg_,Cd.Te with x=0.10 is close to the zero- (see Fig. 2 We assume that at high temperature the electron
band-gap compositioh,both electrons and holes are ex- density is independent of the field and assign the anoma-
pected to contribute to the transport properties. We therefor®usly enhanced conductivity at zero field to an enhancement
use a two-band model for the magnetoconductivity and th@f the electron mobility, which decreases quadratically with
Hall coefficient. Furthermore, since the electron mobilitiesfield. For the purpose of fitting to the data, we use a Lorent-
are very high, the high-field limit.,H>1 is reached at rela- zian form in order to disallow negative mobilities at hibih
tively small fields; for this reason we use a model that isthe complete expression for the electron mobility is thus
appropriate at both low and high fields!® pe(H)= ueo+A/(B+H?). A similar expression is required

2 )

IV. DISCUSSION
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FIG. 6. Carrier density atl=0: electronsny(T) (solid circleg FIG. 7. High-f?eld carrier mpbility f(_)r electron®pen squar_es
and holespy(T) (open circles The solid line showsny(T) and holegopen circley and their zero-field enhanceme&tB (tri-
=A,T¥ and the dotted line showsy(T)=ng(T)+N,. angles and C/D (inverted triangles total zero-field mobilities

pe(H=0)= g+ A/B (solid squaregsand u,(H=0)= uno+C/D

for the hole mobility in order to fit the data at all tempera- (Solid circles.
tures and magnetic fields consistently.

The external magnetic field is expected to induce a finitehan 10%. Moreover, the correction vanishes at high mag-
gap given by the cyclotron frequendyy=fiw.=fieH/m*  netic fields, at which the Hall angle becomes lafgich is
(SI units. The electron density is therefore expected to dexatisfied foruyH>1, orH>0.1 T for the electrons
crease with field, followindto lowest orde)”a.quadratic field The model described by Eq&)—(5) is fit to the MR and
dependence, also e>2<press_ed as a Lorentzian with width 15| effect data taken in the Hall bar geometry. The fits,
”_(H):”O/(1+H2/_Hn)- This approximation is sufficient at genoted in Figs. 1, 2, and 4 by solid lines, show that the
high temperatureindeed we find thaH, becomes much 5qe| yields an excellent fit to both the MR and the Hall
larger than 10 T forT>200 K). At low temperatures and gffect data over the entire field and temperature range of the

high field one expecta(H) to decrease exponentially with 0aqrement, including at low temperatures, where the Hall

H; however, at high field the transport properties are dorni'\/oltage has a complex field dependence. The solid lines of

nated by holes to such an extent that the electron contriby-. . . ) !
tion is not apparent in the data at all. In this regime, the MF;hg' A(b) show the MR in the Corbino disk predicted from

does show that the hole density decreases with the applié[c?e.f'ttmg parameters obtained from the Hall bar. The pre-
field. iction shows very good agreement with the data, except at

The field dependences of the carrier densities used in fow fields; we W'” return to this issue below. The fitting
ting the data to the model are summarized as pargmeters,.\./vhlch yield the temperature .dependence of the
carrier densities and mobilities, are all derived from the Hall
No bar data.
n(H)= — The zero-field carrier concentrations are shown in Fig. 6.
1+HH; The electron concentration follows a power-law temperature
dependencey(T)=A,T%? this is exactly what is expected
P(H)=po exp(—QH) 4 for a zero-gap semiconductor with parabolic bahdbe
and for the carrier mobilities power law is obeyed over nearly three orders of magnitude,
with A,=4.0x10"° m 3 K32 At low T, however,py(T)
saturates, indicating a density of acceptdig=(3.5+1)
X 1072 m~2 in this nominally undoped material. The in-
crease ofpy(T) at the lowest temperatures is likely to be an
artifact sincep(H) in this region is fitted to an exponential in
_ (5) H [see Eq.(4)]; if saturation occurs at lowd, the prefactor
D+H? pg is an overestimate of the actual hole densityat 0. At
all temperaturespg(T)=nq(T)+N,, as required by the
The Hall bars are rather short and wide, which introducegharge neutrality condition. The origin of the acceptors may
a reduction of the measured Hall voltage by a geometricabe residual vacancies on tli€d,Hg sites?° Elimination of
factor G: Vy,meas=GVy.17 For a length-to-width ratid/w  such vacancies requires a postgrowth annealing in a Cd or
=2.7 and with the Hall voltage probes positioned about 30%Hg atmosphere, whereas the samples studied here are unan-
along the length of the sampl&>90%, so the uncertainty nealed. Alternatively, acceptors may arise from vacancies on
in the fitting parameters from the geometrical effect is lesghe Te site, which have recently been found to form a double

H)= + —
Me(H) = peo Bt H2

un(H)= ot
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acceptor state instead of the usually expected double donor=p,*?2Eq. (1) reduces ta p/po= ueunH2. This relation
state, due to a lattice relaxation in the local environment ofs valid at all magnetic fields; it is therefore surprising that at
the Te vacancy: low field the curvature of the MR is larger thanuy, by up

The temperature dependences of the carrier mobilities an® a factor 30. For an extrinsic and nondegenerate electron
summarized in Fig. 7, which shows the high-field mobilities gas, appropriate for the densities measured here, the electron
teo and wp, the zero-field enhancemeré¢B andC/D for  scattering gives riéto a MR that foru,H<1 has the form
electron and hole mobilities, respectively, and the total zeroA p/py= Ty ueH?, whereT,, is of order unity. Although for
field mobilities. For the electrons, the zero-field enhancementhe material reported here the MR curvature at low field has
is apparent at all temperatures, but for the holes the width o& similar temperature dependencquész“ the relation is not
the zero-field effect(given by the parameteD) becomes expected to be valid in the intrinsic limit attained at high
comparable to the range of the measurement close t@emperatures; furthermore, in-type doped samplés the
T=70 K; above that temperature the data contain no inforMR curvature does not have the same temperature depen-
mation on the zero-field enhancement for the hole mobility dence asu?. Further studies of this enhancement of the
The assumption that any such enhancement becomes Veg\MR in the technologically relevant field range are under
small atT>70 K (that is, po= un 1or) IS cONsistent with the way.
fact that the total hole mobility shows no abrupt changes e now discuss the field dependence of the carrier con-
aroundT=70 K. The high-field electron mobility is indeed centration at low temperature. Foi50 K, at high field the
very high, reaching nearly 20 4V s at intermediate tem- conductivity is dominated by holes apdH) fits a form[see
peratures. Bothue and uno decrease at high temperature, gq. (3)] exponential in the magnetic field:p(H)
consistent with electron-phonon scatteffh@and pe/un  =p, exp (-QH). This is consistent with the opening of the
~ 200, in agreement with results found in the literathire. band gap by the application of the magnetic field. Since the

In the context of the data of Figs. 6 and 7, the temperaturgsmperature dependence mf indicates the presence of ac-
dependence of the zero-field conductivity can be mterpretegeptorS, we identify p(H,T)=po(T) exp[—E,(H)/KT],

as follows. At high temperaturey,~ p,, but the conductivity whereE. is the hvdrogenic bindina enerav of an accebptor
is dominated by the electrons, which have a much highefmpurity? which isyexpgcted to scalge withgt)rlle band q@p

mobility than the holes; in this regioog(T) has a weak : . ) :
. _ noring corrections due to the changing effective maSsom
temperature dependen¢see Fig. 5 because of the compet the temperature dependence GQ(T), we find Ey/H

[ ffects of the d [ lect bility and the in- L
Ing etlects of the decréasing electron mobiilty ! =45 peVIT; a binding energy ofE,=0.45 meV atH

creasing electron density. F@r<100 K, a low-field mea- ) i , S
surement of the Hall effect sugge®te that the decrease of =10 T is consistent with the fact that the exponential high-

os(T) results from a decrease in the electron mobiIityﬁeld behavi_or is observed only at the Iowe_st temperatures.
we(T). However, the data of Figs. 6 and 7 show that this is  The dominance of acceptors at Iawand highH prevents
not the case; rather, singg>n, for T<100 K, the hole the direct measurement of the band gap, but an impurity
contribution to the transport properties becomes significanfinding energy of 0.45 meV & =10 T is entirely consistent
despite the fact that > u, in this region. It is the low hole With a band gagE =7 w.=97 meV at that field. Such a gap
mobility that causes the decreaseogfg(T) at low tempera- is not apparent in the technologically relevant region around
ture. room temperature, where the electron concentration is inde-
The above confirms the importance of taking into accounpendent of fieldFig. 4) and has the temperature dependence
the high-field data as well as using a two-band model: In Figof a zero-gap semiconduct@fig. 6). One path towards ob-
6, the power lawny(T)~T® with s=3/2 is obeyed over taining a finite effect due to the opening of a gap is the use of
nearly three orders of magnitude; however, when only low+ruly zero-gap material at low temperaturg £0.15 at
field (H<0.1 T) data are considered, a one-band modelT=4 K),26 but at very low carrier densities, requiring an-
yields ng(T), which shows curvature on a log-log plot. This nealed, undoped Hg,Cd, Te in which the acceptor concen-
may explain why the exponesthas been reportétito vary  tration is minimized. In this case the carrier effective mass is
between 1.45 and 2.3. Furthermore, the negative Hall effeqﬁery small, |eading to a divergence of the Cyc|otron fre-
observed at low temperaturéand low field is commonly  quency. Under these conditions the band gap is most sensi-
attributed to the presence of donors. In contrast, in the abovge to the applied magnetic field.
we have shown that if donors are present, their density is The use of a Corbind geometry can be used to further
lower than that of the acceptors. increase the GMRsee Fig. 3 The MR measured in such a
From the prefactoA,=4.0<10" m 3 K~3?(see Fig. §  sample is larger than that measured in a Hall bar by a factor
and the ratio of the carrier mobilitiegeo/ uno~200, it is 14 ;2421617 Thjs is a significant factor since the electron
straightforward to estimate the electron and hole effectivenopilities in Hg_,Cd,Te are very high. Indeed, in a
masses. We findmg/my=0.012 and m}/my=2.5; the  Corbino disk of Hg_,Cd,Te we have measured a room-
former is consistent with the values quoted for,HgCd,Te  temperature GMR oA p/p=28% atH=500 G. The highest
by Dornhaus and Nimtz,m%/m,=0.008 atn~10°> m™3  carrier mobilities have been reported in samples withx,
and m%/my=0.016 atn~10*> m~3 at the critical value of and at low carrier densiti€sSince both the field-induced
X, for which the band gag,=0 (x.~0.15 atT=4 K). band gap and the use of the Corbino geometry favor
The quadratic field dependence of the MR seen at higlidg, _,Cd,Te at the critical concentration and low density,
field and high temperaturesee Fig. 2 is a consequence of further explorations of such materials will be important for
the material being close to the intrinsic limit. In the caseGMR-based read-head applications.
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V. CONCLUSION The electron mobility is very high g,~10 n?/Vs and

. Mel mn~=200-300) and gives rise to GMR that at high field
Measurements of the magnetotransport i HEdTe  js™ el described by the conventional relatiohp/p,
(x~0.10) are well described by a two-carrier model. The_ onH2. Surprisingly, however, at low field the curvature

data are consistent with an interpretation based on a zergf the GMR is larger by up to a factor 30. The use of the
band-gap semiconductor, wity(T)=A,T*% Residual ac-  Corbino geometry further boosts the response to an external
ceptors are evident af<<100 K, with a densityNo=3.5  magnetic field. The large size of the low-field GMR makes

X 1072 m~3, and a binding energy that rises approximatelyHg, ,Cd,Te an excellent candidate for MR-based heads for
linearly inH and is found to b&,=0.45 meV atH=10T.  high-density data storage and retrieval.
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