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Enhanced Room-Temperature 
Geometric Magnetoresistance in 

stack, with Au the dominant component, 
forming a modified van der Pauw (vdP) ge- 
ometry. Contacting was by wire-bonding. 

The MR was therefore measured with a 
concentric conducting inhomogeneity of radius 

Inhomogeneous Narrow-Gap r, and conductivity U, (= 4.52 x 107/ohm.m 
for Au) embedded in a vdP disk of homose- 
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A symmetric van der Pauw disk of homogeneous nonmagnetic indium anti- 
monide with an embedded concentric gold inhomogeneity is found to exhibit 
room-temperature geometric magnetoresistance as high as 100, 9100, and 
750,000 percent at magnetic fields of 0.05, 0.25, and 4.0 teslas, respectively. 
For inhomogeneities of sufficiently large diameter relative to that of the sur- 
rounding disk, the resistance is field-independent up to an onset field above 
which it increases rapidly. These results can be understood in terms of the 
field-dependent deflection of current around the inhomogeneity. 

Magnetoresistive sensors are critical compo- field (5); therefore, high-mobility narrow- 
nents in technologies such as high-density gap semiconductors (II) ,  such as InSb and 
information storage (I) and positionlspeed Hg,,CdxTe, are attractive materials for ex- 
monitoring in mechanical devices (2, 3). The ploring geometric effects. Inhomogeneities 
magnetorisistance (MR) of such sensors con- 
tains a physical contribution from the mag- 
netic field dependence of the material param- 
eters and a geometric contribution from the 
dependence of the current path and output 
voltage on the sample shape and electrode 
configuration (4, 5). Either the physical or 
geometrical contribution may dominate the 
observed MR. To date, only two classes of 
magnetic materials, artificially layered metals 
(6) and the manganite perovskites (7), which 
exhibit giant MR (GMR) (8) and colossal MR 
(CMR) (9), respectively, have been consid- 
ered serious candidates in the drive to devel- 
op sensors with increased MR at room tem- 
perature (RT). For both of these classes, the 
physical MR dominates. In contrast, we 
found that patterned nonmagnetic InSb, a 
high-mobility narrow-gap semiconductor, ex- 
hibits RT enhanced geometric MR orders of 
magnitude larger than the physical MR ob- 
tained to date with other materials. 

In layered metals or manganite perov- 
skites, the MR is negative (the resistance de- 
creases with applied magnetic field), whereas 
the MR of a nonmagnetic semiconductor is 
positive and usually includes physical and geo- 
metric contributions (10). In such materials, the 
physical MR results from the orbital motion of 
the charge carriers caused by the Lorentz force. 
So does the geometric MR, but it also depends 
strongly on the boundary conditions for current 
flow. The geometric MR increases quadrati- 
cally with mobility and magnetic field at low 
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can enhance the geometric MR of a mate- 
rial (12, 13), but such enhancements have 
been rather small, typically less than a fac- 
tor of -20 change in resistance in a mag- 
netic field of H-1 T (13, 14). The much 
larger changes that we report result from 
current deflection by the inhomogeneity 
that approximates a short circuit at zero 
magnetic field and an open circuit at high 
field. 

Our samples consist of metal organic va- 
por phase epitaxy-grown epilayers of Te- 
doped n-type InSb. A buffer layer of 200-nm 
undoped InSb was grown on a 4-inch semi- 
insulating (100) GaAs substrate (resistivity > 
1 X 1015 ohm-m). A 1.3-pm active layer of 
InSb (electron concentration n = 2.6 X loz2 
mP3 and mobility p. = 4.55 m2/Vs) was 
deposited on the buffer layer and capped by a 
50-nm InSb contacting layer (n - 1.5 X loz3 
mP3). This epitaxial sequence was passivated 
by a 200-nm layer of Si3N4. Because of 
lattice mismatch at the GaAsIInSb interface, 
the in-plane RT mobility of InSb drops rap- 
idly with thickness below - 1 pm (reaching a 
value of 0.1 m2/Vs at 150 nm (15). Thus, the 
InSb buffer does not represent a parallel con- 
duction channel. The heavily doped thin cap 
layer has low mobility and is partially deplet- 
ed because of band-bending at the InSb/Si3N4 
interface. Hence, this layer likewise does not 
contribute to parallel conduction. The wafers 
were photolithographically patterned into 
chips bearing mesas (Fig. 1, inset). The cir- 
cular mesas (diameter = 1 rnm) contain four 
equally spaced contact pads and a concentric 
hole with smooth side walls (average wall 
angle - 19" from vertical, tapered outward), 

*To whom correspondence should be addressed. E- prepared by reactive ion etching. Subsequent- 
mail: solin@research.nj.nec.com ly, the hole and mesa contact pads were 

u 

neous semiconductor of radius rb and conduc- 
tivity o (= 1.86 X I@/ohm.m for InSb) << o,,. 
This construct was first used by Wolfe et al. 
(16) to account theoretically for geometrically 
induced mobility and Hall coefficient anoma- 
lies exhibited by inhomogeneous semiconduc- 
tors. We define two parameters, the filling fac- 
tor a = rJrb and the conductivity ratio s = 

uo/o. Then, for fixed current, i, the effective 
four-contact resistance of the composite disk is 
R(H,T,a;r) = V(H,T,aj)li, where Vis the mea- 
sured voltage (Fig. l) and T is the temperature. 
We report here only RT measurements with Au 
inhomogeneities in InSb so we drop the tem- 
perature and s variables and define the MR as 
[AR(H,a)]lRo" = [R(H,a) - Ro"]IRo", where 
now Ro" = R(0,a). The standard vdP geometry 
(5) corresponds to the case a = 0. (Normally, a 
vdP measurement of the sheet resistance, or 

lo-' 

Field (Testa) 

Fig. 1. The RT resistance up to 1 T of a com- 
posite vdP disk of lnSb and Au for a number of 
values of a = r,lr,. The symbols correspond to 
1 6 a = O , U ; 6 , W ; 8 , V ; 9 , ~ 1 0 , & 1 l , k , 1 2 ,  
0; 1 3 , a  14,0,  and 15, +. (Inset) A schematic 
diagram of a cylindrical Au inhomogeneity (ra- 
dius r,) of conductivity a, embedded in a ho- 
mogeneous lnSb vdP disk (radius r,) with con- 
ductivity u. The electric field E is normal to the 
interface between the semiconductor and inho- 
mogeneity. The vector H represents a uniform 
magnetic field in the z direction. The vdP disk 
and equally spaced contact pads are formed as 
an etched mesa. The wiring configuration 
shown applies to the measurement of MR. 
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equivalently, the resistivity, requires two volt- 
age measurements from different pairs of cur- 
rent and voltage electrodes. For the four-fold 
symmetric geometry used here, only one such 
measurement is required.) 

A semilog plot of R(H,a) for 0 5 H 5 1 T 
and for various values of a from 0 to 15/16 
(Fig. 1) shows that R(0,a) drops monotonically 
with increasing a as a result of the increasing 
conductance of the inhomogeneity. However, 
because the conductivity of the Au inhomoge- 
neity is f ~ t e ,  R(0,a) saturates at large a > 
-13116. We took care to verify that this satu- 
ration is real and not an artifact of the measure- 
ment apparatus. When saturation occurs, the 
resistance becomes field-independent up to a 
critical field above which it rises rapidly with 
increasing field. Thus, for sufficiently large a ,  
the device acts like a magnetic diode or switch. 

The MR dependence on a for a family of 
fixed magnetic fields (Fig. 2) shows that it 
grows monotonically up to a = 12/16 or 
13116, above which it precipitously decreas- 
es. Also note (Fig. 3) that the MR evolves 
from a quadratic to a quasi-linear field depen- 
dence up to a = 13/16, and for fields above 
-2 T, it either saturates or, for a = 14/16 and 
15116, exhibits a maximum. However, the 
most notable feature of the data of Figs. 2 and 
3 is the magnitude of the MR. For a = 12116, 
the MR is 113% at 0.05 T, whereas for a = 
13/16, it is 9100% at 0.25 T and 750,000% at 
4 T. For comparison, we note that layered 
metals exhibit a GMR of -22% at RT and 
0.005 T (8) or giant magnetotunneling of 
-42% at RT and 0.0003 T (1 7), whereas the 
manganite perovskites (7) show a CMR of 
127,000% at 77 K and 6 T but only 39% at 
RT and 1.75 T (9). 

To discuss the principles (16, 18) that 
underlie the achievement of such high values 
of RT MR, we consider the composite vdP 
geometry. The components of the magneto- 
conductivity tensor u(H) for the semiconduc- 
tor are ox,@) = q,,(P) = ol[l + P2], 
a,(P) = a ,  and U.~?(P) = -oP/[l + P21 = 
-U,,~(P) with p = p.H. All other tensor com- 
ponents vanish. The electric field, E, is nor- 
mal to the equipotential surface of the highly 
conducting inhomogeneity. The current den- 
sity is written as J = u(H)E. At H = 0, o(H) 
is diagonal so J = a E  and the current flows 
into the inhomogeneity, which acts as a short 
circuit. At high H (P > l), the off-diagonal 
components of u(H) dominate so J I E .  
Equivalently, the Hall angle (5) between E 
and J approaches 90°, and the current be- 
comes tangent to, i.e., deflected around, the 
inhomogeneity. Thus, the inhomogeneity acts 
as an oven circuit. The transition of the inho- 
mogeneity from short circuit at low H to open 
circuit at high results in a geometric en-

hancement the MR the 
even if its physical MR is zero. The geomet- 
ric MR increases with a because Roe decreas- 

es. However, when a becomes sufficiently 
large so that the low-field current flows most- 
ly through the inhomogeneity, the MR will be 
that of the inhomogeneity itself, which for Au 
is negligibly small. Then an appreciable MR 
is only observed when H is sufficient to 
deflect the current from the inhomogeneity 
such that the conductance through the metal- 
lic inhomogeneity is smaller than the conduc- 
tance through the semiconductor annulus of 
thickness v, - v,. 

It is instructive to compare the underlying 
mechanism of the enhanced MR geometry 
with that of other four-terminal devices (Hall 
geometry) and with two-terminal geometrical 
magnetoresistors (Corbino geometry). In this 
comparison, we define R as Vli, where V is a 
voltage measured over two contacts in re-
sponse to a current applied to the same or 
different contacts. For all three geometries, 
the H dependence of R results from the exis- 
tence of field-dependent off-diagonal compo- 
nents in the conductivity tensor and from the 
boundary conditions of the structure. Howev- 
er, the enhanced MR geometry is unique by 
virtue of the boundary condition imposed by 
the inhomogeneity. The Hall geometry dif- 
fers from the Corbino and enhanced MR 
geometries by the symmetry of R(H): The 
Hall response is antisymmetric and linear; 
hence, RHaIl(H = 0) = 0. In contrast, both 
MR geometries exhibit a resistance that is 
symmetric in Hand  quadratic at low H with 
R,,(H = 0) f 0. Thus, enhanced geometric 
MR devices can be directly compared with 
Corbino devices and also with other two- 
terminal devices operating on physical MR 
principles. The definition of MR, as [R(H) -
R(H = O)]/R(H = O), is not applicable to 
devices exhibiting antisyrnmetric behavior 

a 

Fig. 2. The RT MR versus filling factor, a, of a 
composite vdP disk of lnSb and Au for several 
values of magnetic field. The symbols corre-
spond to H = 0.05 T, +;0.1 T, A; 0.25 T, V;1.0 
T, A; and 5.0 T, e. 

(Hall), because in those cases R(H = 0) is 
necessarily zero. Therefore, despite its four- 
contact character, the enhanced MR effect 
must be differentiated from the Hall effect. 

The approximately quadratic behavior of 
enhanced MR for a 5 13/16 at low H allows 
us to apply the form [AR(H,a)]/R," = 
{pappU(H- H,,))', where kaPpU is the appar- 
ent mobility (18) and H, is a small zero-field 
offset (19). The apparent mobilities obtained 
from fits to the data with the use of this form 
are larger than the actual mobility of the 
semiconductor. Indeed, for a = 13/16, we 
find p.app131'6/p. = 22.3. The quasi-linear re- 
sponse and roll off of the MR at higher fields 
can also be quantitatively accounted for by 
use of an augmented Wolfe model that we 
have used previously (18) to explain the 
much smaller MR that results from natural 
growth-induced microscopic inhomogene-
ties in Hg, -xCd,Te, x = 0.1. The application 

of this model to the enhanced MR of InSb is 
addressed elsewhere (20). 

A comparison of the expected perfor- 
mance of enhanced MR devices with other 
magnetic sensors in common use is also ap- 
propriate. Such a comparison is facilitated by 
considering the high-frequency (>100 kHz) 
power signal-to-noise ratio (SNR) for which 
thermal noise is dominant. It can be shown 
that for an enhanced geometric MR sensor 
and a Hall sensor of the same (homogeneous) 
material and approximately equivalent di-
mensions, SNRM,/SNRH,,, is proportional to 
papP/p. (5,21). Thus, our enhanced geometric 
MR devices should be superior to Hall sen- 
sors. Consider now two-probe metallic phys- 
~ca lGMR sensors. As SNR,, is proportional 
to ( A ~ l p ) ~ p  (24 ,  the two-probe advantage is 

Field (Tesla) 

Fig. 3. The RT, high-field MR of a composite vdP 
disk of lnSb and Au. The symbols correspond to 
the same values of a as specified in the caption 
of Fig. 1. 
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partially negated by the higher MR and high- 
er p of the geometric MR sensor. Further- 
more, physical MR information storage sen- 
sors such as spin-valve read heads may not 
provide sufficient sensitivity when scaled to 
sizes corresponding to the superparamagnetic 
limit for modem media of 100 Gb/inch2, 
because of demagnetization and other mag- 
netic effects (22). Composite nonmagnetic 
semiconductors with enhanced geometric 
MR > -100% at the relevant field (23), 
Hr,, = 0.05 T, are not thus limited and could 
still exhibit high MR even when scaled to 
mesoscopic sizes (24). Also, their response 
time can be approximated by the inverse of 
the plasmon frequency, yielding a value in 
the subpicosecond range (25). This is sub- 
stantially faster than the to lo-'' s 
switching times of metallic sensors that are 
limited by magnetization dynamics (22). It 
should also be easy to provide the - 0.2 T 
self (19) or external biasing necessary to 
obtain a linear response and higher MR close 
t o H = O .  

In addition to SNR, semiconductor physical 
MR sensors are often judged by a figure of 
merit (l/R)(dRldW that typically exhibits a RT 
maximum of -2.5 Tpl  around a biasing field 
of 0.25 T (2). If we use this figure of merit, our 
MR sensor with a = 13116 reaches a corre- 
sponding maximum of 24 T-' at 0.13 T, a 
factor of -10 improvement, realized at a lower 
field. InSb enhanced geometric MR sensors 
should also be competitive with InSb Hall sen- 
sors (3) now produced in quantities >109/year 
for motors in consumer electronics. 

Finally, one can readily anticipate sensors 
with still higher geometric MR values than 
reported in this proof-of-principle study. 
With higher mobility films and more vertical 
inhomogeneity side walls, we believe a fur- 
ther improvement of a factor of 2 to 3 of the 
MR to be in comfortable reach. In addition, 
the simple vdP geometry may not be optimal. 
Whatever the ultimate magnitude of achiev- 
able MR, it is clear that careful design of 
simple composite metal-semiconductor struc- 
tures can result in sensors with substantially 
enhanced RT geometric MR. 
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Evidence for Superfluidity in 

Para-Hydrogen Clusters Inside 


Helium-4 Droplets at  0.15 

Kelvin 
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Andrei F. Vilesovl* 

A linear carbonyl sulfide (OCS) molecule surrounded by 14 to 16 para-hydrogen 
(pH,) molecules, or similar numbers of ortho-deuterium (OD,) molecules, 
within large helium-4 (4He) droplets and inside mixed 4He/3He droplets was 
investigated by infrared spectroscopy. In the pure 4He droplets (0.38 kelvin), 
both systems exhibited spectral features that indicate the excitation of angular 
momentum around the OCS axis. In the colder 4He/3He droplets (0.15 kelvin), 
these features remained in the OD, cluster spectra but disappeared in the pH, 
spectra, indicating that the angular momentum is no longer excited. These 
results are consistent with the onset of superfluidity, thereby providing the first 
evidence for superfluidity in a liquid other than helium. 

The helium liquids '%e and 3He are the only 
known substances that exhibit the phenome- 
non of superfluidity below transition temper- 
atures T, = 2.18Kand T, = 2.4 X 10-3K, 
respectively. Despite intensive theoretical 
and experimental efforts during the -60 
years since its discovery, this remarkable ef- 
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fect still eludes complete understanding (I). 
Thus, there is considerable interest in finding 
superfluidity in other substances, and this is 
one of the reasons for the great interest in the 
recently discovered phenomenon of Bose- 
Einstein condensation (BEC) in the alkali 
atom gases (2). In 1972, Ginzburg and 
Sobyanin (3) estimated the BEC temperature 
of the modification of hydrogen molecules 
with antiparallel spins on the two nuclei (i.e., 
para-H2 or pH2 molecules) to be Tc = 6 K. 
They used the formula 
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