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We report Hall-effect measurements on single crystals of antiferromagnetic pyrite-type NiSz
(T~ = 40 K), in which the resistivity appears to show a metal-insulator transition at T ~ 100 K.
Our transport measurements demonstrate that this transition is not intrinsic to the bulk: At low
temperatures the transport is dominated by a metalliclike conduction at the surface, with carrier
density ns ~ 5 x 10'* cm™? and mobility ps =~ 1.3 cm®/Vs at T = 0. For T > 100 K the sample
conductance is dominated by the bulk, which behaves like a doped semiconductor; the acceptorlike
impurity states have binding energy Ep = 80 meV. The valence-band mobility is g ~ 0.002 cm?/V's.

I. INTRODUCTION

In the family of pyrite-type materials NiS;__.Se, a
Mott-Hubbard metal-insulator transition occurs close to
z =~ 0.5.12 The Se-rich compounds (z > 1.0) are para-
magnetic metals. Between z =~ 0.5 and 1.0 magnetic
correlations are observed in the metallic phase at low
temperature.! The S-rich compounds (z < 0.4) order
antiferromagnetically below Ty = 40 — 50 K; in these
compounds the conductivity shows insulating behavior
at high T'. Surprisingly however, a metal-insulator tran-
sition appears to occur even in the antiferromagnetic
phase: The resistance R(T") shows a maximum which for
the pure material NiS; occurs at T ~ 100 K; below this
temperature R(T) is metalliclike (that is, dR/dT > 0),
even in the Néel state. Even more surprisingly, the Néel
transition itself?® at Ty &~ 40 K is not apparent in R(T')
at all. It would be useful to have a measurement of the
carrier density in order to study this intriguing temper-
ature dependence; however, the Hall effect has not been
previously reported, because it was found to be extremely
small.%5

In this paper, we report transport measurements in
single-crystal NiS,, including the first measurement of
the Hall effect. Our measurements show that in fact no
metal-insulator transition occurs which is intrinsic to the
bulk, but that at low temperatures the transport is dom-
inated by a surface layer. The data agree well with a
two-channel model which allows for contributions to the
conductance and Hall effect from both the surface and
the bulk. We find a surface carrier density ns ~ 5 x 104
cm™?, corresponding to about one carrier per surface
atom; the surface mobility at T = 0 is us(0) ~ 1.3
cm?/Vs. For T > 150 K, the conductance (but not the
Hall effect) is dominated by the bulk, which behaves like
a semiconductor with acceptorlike impurities which have
binding energy Eg = 80 meV. The valence band has mo-
bility ug = 0.002 cm?/V's. The two-channel conduction
model accounts for an apparent discrepancy between the
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activation energy of the conductivity and that of the Hall
density.

II. EXPERIMENTAL DETAILS

Single crystals of NiS, were grown by the chemical
vapor transport method using bromine as a transport
agent.® As starting material, NiS; powder was synthe-
sized from 5-nines pure elements, with 5% excess sulfur,
held at 700°C for 72 h in evacuated quartz ampoules.
3 — 5 g of the powder was sealed in quartz ampoules
of 12 — 19 mm diameter and 200 mm length, together
with 50 — 100 ml Br, vapor at 20°C. The ampoules
were placed in a tube furnace at an average tempera-
ture Tay = 700 — 800°C and a controlled gradient of
0.5 — 1.2°C/cm, with the starting material at the hot
end. Growth times varied from five days to six weeks,
yielding single-crystals shaped like truncated octahedra
with shiny (100) and (111) facets. The crystals were 3—7
mm long and up to 0.3 cm® in total volume. Samples
grown by this method are known to be sulfur deficient.”
The specific gravity of our crystals, measured by immer-
sion techniques using methanol, is p,, = 4.38 £ 0.02 g/
cm?, which indicates” that the composition of our crys-
tals is NiS, with y = 1.92 + 0.02 (there are 4% S
vacancies). The lattice constant, measured by single-
crystal x-ray diffraction,® is a = 5.688(2) A, indicating”
y = 1.924+0.04, consistent with the density measurement.

The crystals were cleaved along (100) planes, into
brick-shaped samples. This preparation method avoids
surface damage from cutting or polishing. Electrical con-
tacts were made using silver paint, in the geometry indi-
cated in the inset of Fig. 1. The resistivity was measured
with the current in a (100) direction; the Hall effect was
measured in a five-probe configuration, in order to min-
imize the effects of magnetoresistance. The sample was
mounted on a temperature-controlled holder and placed
in the center of an Oxford superconducting magnet; the
transverse voltage V,, was measured using a Linear Re-
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FIG. 1. Temperature dependence of n.g (open squares)
and o (closed circles, right-hand scale). The solid lines are
fits to Egs. (2) and (5). The inset shows the measurement
geometry.

search LR-400 resistance bridge, at magnetic fields up to
+10 T. At high temperatures, where the Hall coeflicient
is very small, V,, was averaged over repeated sweeps of

the magnetic field.®

III. RESULTS

In order to investigate the possibility of surface con-
duction, two brick-shaped samples were cleaved from
adjacent sites of the same crystal. The sample dimen-
sions transverse to the current were L,,L,; the dis-
tance between voltage leads was L,. For bulk conduc-
tion, the conductivity is found from the conductance
g. from o = g,L./L,L,; for surface conduction it is
0s = gzLz/2(Ly+ L.). The geometrical factor LyL,/L,
in the two samples were different by a factor 6, whereas
2(Ly + L.)/L, were different by a factor 1.2. For 150 <
T < 300 K the resistances of these two samples differed
by a factor ~ 6, scaling as a bulk resistance. However,
below T' ~ 100 K the resistances were equal to within
20%. Similar results were obtained in several pairs of
samples prepared in the same way.

Figure 1 shows the temperature dependence of the ef-
fective conductivity of one of the samples, geg(T) =
9zLz/LyL,, which is similar to that reported in the
literature.*® For 150 < T' < 300 K, g.g(T) is thermally
activated with an activation energy E, = 80 + 3 meV.
At T = 100 K 0.¢(T) has a minimum; below 100 K it
is weakly temperature dependent with metalliclike be-
havior: do/dT < 0, and the magnitude of o.g is sample
dependent, as discussed above.

In the Hall effect measurements, the transverse volt-
age V, can be described as the sum of a part which is
symmetric in magnetic field H, and an antisymmetric
part. The symmetric part of V,, is due to residual mag-
netoresistance, which is of order 1% at H = 10 T. The
antisymmetric part of V,, is found to be linear in magnetic
field to H = 10 T: this we identify as the Hall voltage.
The Hall coefficient is positive in the entire temperature
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range of the measurement. Figure 1 shows (open squares)
the temperature dependence of the effective Hall density
neg, computed, like oeg, as if all the transport occurred
in the bulk; we discuss this issue in detail below. The
Hall coefficient spans more than four orders of magni-
tude between 10 and 250 K. Below 100 K it is weakly
T dependent; for 120 < T < 250 K it is thermally acti-
vated, like the conductivity, but with a larger activation
energy Exy = 0.14 +0.03 eV. The effective carrier mobil-
ity pef = Oeff/€nes is plotted in Fig. 2 as a function of
temperature. At the lowest T, ps is higher than that at
high temperatures by a factor of nearly 1000.

IV. DISCUSSION

Since the two samples measured in the geometry de-
pendence experiment originate from adjacent parts of the
same crystal, we assume that they are identical except in
their geometries. Their conductances scale as a bulk con-
ductance at high T: gp ~ LyL./L,, whereas at low T
they scale as a surface conductance: gs ~ 2(Ly+L.)/L..
The geometry dependence of the conductance thus gives
compelling evidence that in NiS; the maximum in p(T') is
not intrinsic to the bulk material, but that below T' ~ 100
K the current is carried at the surface.

In the following, we discuss the transport properties
of a sample which has significant surface conduction.®
Consider a parallelepiped sample of dimensions L., L,
L,, with a magnetic field in the z direction, and with
current i, applied in the z direction. The sample can be
thought to consist of three layers: the bulk and two sur-
face layers. In each layer, labeled %, the z,y components
of the current density and the electric field are related
by the usual relation j; =0 E; where the conductivity
tensor is given by

o 1 WiT;
;= 0; ( —wir 1 ) ; (1)

here o; = n;ep; is the zero-field conductivity, i = B, S
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FIG. 2. Temperature dependence of peg. The solid line is
a fit to Eq. (6).
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indicate the bulk and the surface, respectively; w; =
eH/m}c is the cyclotron frequency (m} is the effective
mass), and 7; the scattering time of the carriers in each
layer. [Note that ng (cm™2) is a surface carrier density,
while ng (cm™3) is a bulk density]. We consider a flat
thin sample (Lp,L, >> L,). The effective conductivity

is found from the total conductance g, = g + 2gs :

_ gL _ 205

Oeff = LL. 7B+ T (2)

this is the quantity plotted in solid circles in Fig. 1.
The transverse fields are found from

O'BEy = —wpTgogE, + ij, (3)
osEBy = —wsTsosE, + jys.

Here j,p and j,s are the y components of the current
densities of the bulk and the surface, respectively. The
assumption that the electric fields E, and E, in the bulk
and at the surface are equal is correct at distances larger
than L, from the edges, so this is a good approximation
for the flat thin sample of this model. In steady state,
the total transverse current vanishes:

szyB + 2Jys =0. (4)

From the Hall voltage, determined by Egs. (3) and
(4), one finds the effective Hall density, also computed as
if all the transport occurred in the bulk:

1 o}/ng+20%/nsL. (5)
neg (0B +20s/L;)?

neg(T) is plotted as the open squares in Fig. 1. The
effective mobility is

oo _ nau + nsud/L.
nege  nppp + 2nsps/L,

(6)

Heff =

Note that oeg, neg and peg contain a geometrical fac-
tor (L,) in the surface contributions.

We fit our data to the two-channel conduction model,
assuming the simplest conduction mechanism in the bulk
and in the surface layer: The data is consistent with
metalliclike conduction at the sample surface, and bulk
conduction by carriers thermally activated from an impu-
rity band close to the valence band. At high T, the tem-
perature dependence of the conductivity suggests that
the carrier density npg is thermally activated with a sin-
gle activation energy Eg: ng(T) = ngoexp(—Ep/kT);
we assume the mobility up to be temperature indepen-
dent.

In the metallic region between 10 and 60 K, p.g de-
creases by 30%. Accordingly, we use a temperature-
dependent mobility us(T) = e/m%v, where we assume
the scattering rate v(T') to have the simplest temper-
ature dependence: the sum of a constant and a term
which varies linearly with temperature, as is appropriate
for, e.g., electron-phonon scattering. For such a case the
surface mobility can be written: ps(T) = [(s(0)) ™" +
C,T)~!. We further assume that the surface carrier den-
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sity ns is temperature independent.

Fits to this model, using Egs. (2), (5), and (6), and
with L, = 0.6 mm, are shown as the solid lines in Figs. 1
and 2. Our simple model fits the data very well over the
entire temperature range of the measurement. The fits
yield the following parameters: The high-temperature
bulk mobility is g = (2.0 £ 0.3) x 1073 cm?/V's, con-
sistent with the upper limit 4 < 0.5 cm?/Vs found in
Refs. 4 and 5. The activation energy of the bulk car-
rier density is Fg = 80 + 5 meV, identical to E,; the
prefactor is ngo = (5 £2) x 1022 cm™3. At the surface
the carrier density is ns = (5 & 2) x 10* cm™2%, with
a zero-temperature mobility ps(0) = 1.3 £ 0.2 cm?/Vs
and C, = (9 £ 2) x 1073 Vs/cm? K. The values for
the surface conduction are reported for one sample only;
they are expected to depend on the details of the surface
quality, and indeed they vary between crystals grown in
different runs.

We find that the two-channel conduction model pro-
vides a very good description of the data. Indeed, if the
low-T' conductivity occurred in the bulk, it would be dif-
ficult to explain why a very small density of carriers at
low T should have a much higher mobility than those ob-
served at higher T'. Furthermore, the surface carriers are
insensitive to the bulk magnetic ordering, which explains
why the Néel transition is not apparent in the tempera-
ture dependence of the effective conductivity. The pres-
ence of a conducting surface layer is probably the reason
why the optical reflectivity is independent of photon en-
ergy Ey4 for 0.05 < E4 < 4 eV, whereas in transmission
an absorption edge at Ey = 0.3 eV is observed, which is
attributed to absorption in the bulk.%®

The model explains the apparent discrepancy of the
activation energies Eg and Eg: By T = 200 K the
contribution of os to the total conductivity is negligi-
ble. However, even at T = 250 K the Hall coefficient is
still influenced by the surface conduction, even though
ns << ng, since the densities are weighted by u? [see
Egs. (5) and (6)], and ps is larger than pp by a factor of
order 100; Ey, therefore, has no physical meaning. The
model predicts that o.g(T) and neg(T) have the same
activation energy above 300 K. We show no data to sup-
port this prediction, because above room temperature
the Hall coefficient becomes immeasurably small.

Since the Hall coefficient is positive, the results at high
T suggest transport by carriers which are thermally ex-
cited from acceptorlike states into the valence band. This
is consistent with measurements of the Seebeck coefficient
5,4 which is positive for 100 < T < 500 K (for T' < 100
K, the measurement of S is presumably also influenced
by the surface conduction). The binding energy of the
acceptors is Eg = 80 meV. In the present work, the Hall
density was measured to T' = 250 K; above this tempera-
ture the conductivity continues to increase with the same
activation energy for another decade, before showing ev-
idence of saturation.’> We therefore estimate the density
of acceptors to be ng ~ 4 x 102! cm™3. A possible can-
didate for such a high density of acceptors is the 4%
sulphur vacancies;” however, very little is known about
the microscopic properties of these defects. The Hall ef-
fect measurements indicate that the valence band has a
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temperature-independent mobility g = 0.002 cm?/V's;
this is a small mobility, even for a valence band dom-
inated by nickel d states,!! and indicates either a very
short scattering time, or a large effective mass.

It is unusual for a semiconductor surface to be metal-
lic. Although the dangling bonds at the semiconductor
surface are partially filled, often the surface is found to
be nonmetallic, through, e.g., surface reconstruction.?
Indeed, the surface of NiS; is not a good metal, the mo-
bility being only us ~ 1 cm?/V's; but it is metalliclike,
in that dR/dT > 0. In contrast, high surface conduc-
tion has been observed in some semiconductors such as!3
ZnO and InSb,'* with surface mobilities ~ 10 cm?/Vs.
In NiS,, the carriers at the surface and in the bulk have
the same sign, but in (Hg,Cd)Te p-type conduction in
the bulk is sometimes masked by electrons at the surface,
which have a much higher mobility than the holes in the
bulk.'® The carrier density observed in NiS, is quite high,
especially when compared to that found in heterojunc-
tion interfaces, but not unprecedented: In ZnO surface
densities ~ 2 x 10'* cm™2 have been achieved by He bom-
bardment. In NiSz, ns = (5+2) x 10 cm~2 corresponds
to roughly one carrier per surface atom at the (100) face
(the atomic surface density is Nax = 6 x 10* cm™2 for
2Ni, 4S atoms per surface unit cell). It is possible that
the dangling bonds at the surface do not reconstruct but
form a metallic p-bonding band. Alternatively, a high
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density of sulfur vacancies can make the surface nickel
rich and therefore metallic.

V. CONCLUSION

In summary, we have measured the conductivity and
Hall effect in single-crystal NiS;. The temperature de-
pendence of the transport properties are modeled to that
of a sample with significant contributions to the conduc-
tion from both the bulk and the surface. The model fits
the data well at all temperatures 10 < T < 300 K. At
low temperature the sample conductance is dominated by
metalliclike conduction at the surface, with a carrier den-
sity ns = 5x10'* cm~2 and a T' = 0 mobility pg(0) = 1.2
cm?/Vs. The bulk conductivity, which dominates the
sample conductance at high temperatures, is carried by
holes which are thermally excited from an acceptor band
with binding energy Ep = 80 meV. The carrier mobility
in the valence band is up = 0.002 cm?/Vs.
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