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A low-temperature (T = 100°C) solution technique is described
for the preparation of polycrystalline and single crystal samples of
the conducting halide perovskite, CH3NH,Snl;. Transport, Hall
effect, magnetic, and optical properties are examined over the
temperature range 1.8-300 K, confirming that this unusual con-
ducting halide perovskite is a low carrier density p-type metal
with a Hall hole density, 1/Rye =2 x 10" cm™>. The resistivity
of pressed pellet samples decreases with decreasing temperature
with resistivity ratio p(300 K)/p(2 K) = 3 and room temperature
resistivity p(300 K) = 7 mQ-cm. A free-carrier infrared reflectiv-
ity spectrum with a plasma edge observed at approximately 1600
cm ! further attests to the metallic nature of this compound and
suggests a small optical effective mass, m* = 0.2. © 1995 Academic
Press, Inc.

INTRODUCTION

The discovery of superconductivity in the cubic or dis-
torted perovskites (1-4), SrTiO,_;, BaPb,_ Bi(Sb),0;,
and Ba,_,K,BiO;, with transition temperatures between
0.25 and 30 K, as well as in the extensive family of lay-
ered perovskite cuprates with confirmed ambient pres-

sure transitions up to 130 K (5}, has spurred a significant -

interest in perovskite materials. Most recent interest has
focused on the oxides since it is within this group that the
majority of conducting perovskites are found. However,
several insulating sulfide perovskites have also been re-
ported (6-8) and there are many nonconducting halide
perovskites, some of which are interesting magnetic sys-
tems (9). While most halide are good insulators, there
exists an interesting class of conducting perovskite
halides, ASnX;, where A = Cs or CH;NH; and X = Bror
I (10-14),

The most common tin(11) coordination (15) consists of
a trigonal-pyramidal arrangement of the three nearest
neighbor tin-ligand bonds, with three other neighboring
ligands at a considerabiy further distance, allowing room
for the Sn(Il) lone pair of electrons. Examples include
SnCl;, SnS, and CsSnCli(monoclinic form). Square

pyramidal coordination is also common, occurring, for
example, in SnQ, KSnF; - § H;0, and «-SnWO;. The
perovskite tin halide compounds are unusual in that the
tin(IT} lone pair is stereochemically inactive, enabling
tin(1I) to achieve a regular octahedral coordination, pre-
sumably because electron density is transferred from the
tin 55 nonbonding states into a conduction band (15).

Recently, the resistivity of several of these halide
perovskites has been examined at temperatures above 77
K (12-14). CsSnBr; appears to be a small bandgap semi-
conductor (E, = 0.34 eV) up to a temperature of 303 K,
above which it displays a more metallic temperature-de-
pendent resistivity (12, 14). CsSnl;, in its metastable
perovskite polytype, presents a metal-like temperature-
dependent resistivity (13), with a room temperature resis-
tivity of around 10 mQ-cm. The resistivity data presented
for CH;NH,Snl; by Yamada er al. (13} are less mono-
tonic. At temperatures above 280 K, the resistivity drops
significantly with decreasing temperature, with a room
temperature resistivity around 20 mQ-cm. Below 280 K,
however, the resistivity looks flat or even increases
stightly with decreasing temperature. In determining
whether these materials are small band-gap semicon-
ductors (16), semimetals (17), or metals, and given the
superconducting properties of several related oxide
perovskites, it is clearly interesting to investigate the
low-temperature properties of these conducting halide
perovskites and to address the nature of the carriers
{electron vs hole, carrier concentration, effective mass,
etc.). In this work, we concentrate on the cubic (at room
temperature) perovskite CHi:NH38nl; and present resis-
tivity, Hall effect, optical reflectivity, and magnetization
data in the temperature range 1.8-300 K. The observa-
tion of a free-carrier infrared reflectivity spectrum with a
plasma edge at approximately 1600 cm™!, a positive tem-
perature derivative of resistivity over the temperature
range examined, and a measured Hall hole density of
approximately 2 X 10" cm™? all confirm that this halide is
a low carrier density metal with a small effective mass
over the temperature range considered.
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EXPERIMENTAL

Polycrystalline CH;NH;3nl; can be prepared by pre-
cipitation from a hydriodic acid solution. Tin(Il} iodide
(10.40 g, 27.9 mmole) is first dissolved in 20 ml of a con-
centrated (57% by weight) aqueous HI solution in a test
tube under flowing argon. An additional 8.0 ml of aque-
ous HI is added to a test tube containing CH;NH; - HI
(4.44 g, 27.9 mmole). Each solution is then gently heated
to 90.0°C in a water/ethylene glycol bath to facilitate dis-
solution. After mixing the warm CH3;NH; - HI and Snl:
solutions, the resulting yellow solution is cooled to room
temperature by removing the tube from the hot bath. A
black—green precipitate forms which can be filtered under
flowing nitrogen and dried under flowing argon at 100°C
for § hr. The vield is typically 67%. CH,NH;Snl, is air
sensitive and decomposes in air within several hours.
Consequently, all samples are stored and manipulated for
the various measurements in an argon-filled glove box
with oxygen and water levels below 1 ppm.

Room temperature X-ray powder diffraction shows the
dried product to be free of starting materials and other
pseudoternary phases. All reflections index on the basis
of a cubic perovskite unit cell with lattice constant ¢ =
6.2397(5) A. Preliminary X-ray synchrotron and neutron
diffraction studies demonstrate that the cubic room tem-
perature structure does not survive to low temperatures,
Analogous to CH;NH;Pbl; (18), the structure distorts to
lower symmetry through two transitions at approxi-
mately 275 and 100 K as the CH;NHj cation orders at
lower temperature. Details of these measurements will be
presented elsewhere.

Small crystals, suitable for X-ray diffraction, can also
be grown by the slow cooling of a concentraied HI solu-
tion under fowing argon. A 2.0-g charge of CH;NH;Snl;
is prepared as above and equilibrated at 90.0°C in a wa-
ter/ethylene glycol bath. Sufficient HI is added under
flowing argon to dissolve the entire charge (about 11 ml),
The solution is then cooled to —10.0°C at 2°C/hr. The
small black crystals grow in a rhombic dodecahedral
habit. Specimens were selected for X-ray analysis and
mounted in a (.3—mm glass capillary tube. Room temper-
ature X-ray precession photography shows the crystals

“to be single with a cubic lattice constant @ = 6.2 A,

Electrical resistivity measurements were performed in
a displex system using an airtight cell containing a four-
point probe and a pressed pellet sample. The samples
were pressed into 6-mm-diameter, 0.5- to 1.0-mm-thick
circular pellets using approximately 45,000 psi applied
pressure. Given the rather severe chemical reactivity of
these materials, electrical contacts were made using
spring-activated pins directly contacting the sample.
Contact resistances of approximately 1 {2 could reprodu-
cibly be achieved and maintained down to low tempera-
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tures, At several temperatures during the temperature
scan, an I-V scan was taken to confirm the ohmic nature
of the contacts. Copper and carbon standards were also
measured using the same sample gecometry to calibrate
the resistance probe and to ensure accurate resistivity
values.

Resistivity and Hall measurements were also per-
formed on similarly prepared pressed pellet samples us-
ing a van der Pauw geometry (19) with four spring-acti-
vated pins contacting the sample along the circumference
of the circular sample. Measurements were made over
the temperature range 2.0-300 K using fields up to 5 T
and currents between 1 and 100 mA. The resistivity val-
ues obtained using the van der Pauw geometry are in very
good agreement with those made using the four-point
probe. Both n- and p-type silicon samples were examined
in the same Hall geometry as the CH;NH;Snl; samples to
verify the sign of the carriers.

To obtain the infrared reflectivity spectrum of
CH3NH;8nl;, roughly half of a polished pressed pellet
sample was coated with gold and the reflectivity of the
uncoated surface was measured relative to that of the
gold-coated part. In this way, effects of roughness tend to
cancel cach other out and a reasonably accurate measure
of the absolute reflectivity can be obtained using the
known reflectivity of gold (=99% for w = 12,000 cm™'),
The sample was mounted on a Kinematically stable mov-
able arm with which either the gold-coated or uncoated
parts of the sample could be readily moved in and out of
the infrared beam. The infrared measurements were per-
formed using a scanning interferometer with Hg-arc and
Globar sources, and He-cooled bolometer detectors.

Magnetic measurements were performed in a Quantum
Design SQUID magnetometer over the temperature
range 1.8-300 K. Using a 10 Oe field, no evidence for
superconductivity was found down to 1.8 K. In an effort
to search for a Pauli susceptibility in these metallic mate-
rials, approximately 30- to 60-mg samples of
CH;NH:Snl; and an applied field of 0.5 T were em-
ployed. The signal from the sample holder was measured
separately and subtracted from the sample data.

RESULTS

Figure 1 shows the electrical resistivity, measured us-
ing the four-point technique, for CH;NH;Snl;. The room
temperature resistivity of the pressed pellet sample is
p(300 K) = 7 mQ-cm. The resistivity monotonically
drops with decreasing temperature, with resistivity ratio
p(300 K}/ p(10 K) = 3. Resistivity measurements down 10
2 K, using the van der Pauw cell, verify that the resistiv-
ity saturates at low temperatures at slightly greater than 2
m{2-cm and that the material does not superconduct at
these temperatures. The ¢xact form of the resistivity
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F1G. 1. Temperature dependence of the electrical resistivity of a
pressed pellet CH;NH;8nl; sample measured using a four-point tech-
nique.

curve depends somewhat upon sample processing. Heat-
ing the sample above 200°C for prolonged periods, for
example, can lead to some degradation, perhaps due to
loss of jodine or methylamine from the material. This
might account for the rising resistivity for temperatures
below approximately 150 K in the data presented by
Yamada er al. (13). The samples in this earlier study (13)
were prepared by solid state reaction in an evacuated
tube at 200°C, while the present samples were precipi-
tated from solution and were always maintained at or
below 100°C,

There is a small change in curvature of the resistivity,
p(T), at around 100 K. This reproducible but subtle fea-
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ture in the resistivity data may be related to a structural
distortion that occurs in this temperature range as the
methylammonium cation orders in the structure. Several
samples, measored after heating to approximately 195°C
in Ar for several hours, displayed a more pronounced
jump in resistivity at this temperature with a continuation
of metallic behavior below the transition. At this point, it
is uncertain whether the differences noted in these sam-
ples are the result of small numbers of defects introduced
by higher temperature treatment or are perhaps the result
of strain introduced by pressing the pellets that is re-
lieved by heat treating the sample,

The carrier density, calculated from the Hall effect,
and the Hall mobility at several different temperatures
are shown in Fig. 2. The sign of the Hall voltage indicates
that the carriers in CH3NH;S8nl; are primarily holes. The
Hall carrier density, calculated assuming a single band
model, is roughly constant at temperatures above 100 K
as is typical for simple metals. The average Hall constant
is Ry = 0.317 cm*/C, which corresponds to a Hall hole
concentration, n = 1/Rye = 2.0(1) x 10" cm™3. There is a
slight increase in the Hall voltage (decrease in carrier
concentration) below the structural transition at 100 K,
with the Hall carrier concentration decreasing approxi-
mately 5% by 2 K. The smali carrier concentration ob-
served in this halide perovskite is roughly two orders of
magnitude smaller than that in the copper or bismuth
oxide based perovskite superconductors and corre-
sponds to only (.005 carriers per unit cell (or per tin
atom}. The Hall mobility is approximately 50 cm?/V-sec
at room temperature and rises to 140 cm?/V-sec at low
temperatures. In comparison, the room temperature Hall
mobility in the superconducting (T. = 81 K) cuprate,
Tl Ba;CuOg, 5, is approximately 1 cm?/V-sec (20} and for
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FIG. 2. (a) Hall hole concentration, n = (Rye)~?, and (b) Haii mobility, ug = Ru/p, as a function of temperature for a pressed pellet sample of
CH,NH;S8nl;. The solid lines are included as a visual guide.
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SrTi0O; is approximately 6 cm?/V-sec for a wide range of
doping levels (21).

Hall effect measurements were performed on several
independent batches of CH;NH;8nl; . While the Hail mo-
bility of each of the samples examined closely matches
the curve in Fig. 2, the Hall carrier concentrations show
some variability between batches, ranging from 0.003-
0.005 holes/tin atom. Samples within a given batch con-
sistently yield the same concentration. Given the very
small carrier concentrations present in these materials,
small numbers of cation or anion defects could easily
account for this vartability. For example, the removal of
only 0.002 CH;NH;{ /unit cell should provide the full
range of observed carrier concentrations. Both cation
and anion vacancies are often known to exist in
perovskite and perovskite-related materials (22, 23).

An infrared reflectivity spectrum is shown for T = 30
and 280 K in Fig. 3. This reflectivity is characteristic of a
conductor in that it approaches unity as the frequency
approaches zero, and of a metal in that it increases with
decreasing temperature at low frequency. The rapid de-
crease in R above 1000 cm~! and the reflectivity minimum
near 1600 cm™! result from the real part of the dielectric
coefficient crossing zero, i.e., the plasma edge. From
these data one can infer the ratio of carrier density to
carrier mass, n/m*, where m* is the ratio of the optical
mass to the mass of a free electron. The optical mass
relevant here is evaluated at about the frequency of the
plasma edge, and will tend to be smaller than the low
frequency or specific heat mass, since enhancements due
to inelastic scattering at lower energies are not operative
at this frequency. Within an accuracy of about
+15% these data imply a carrier density to mass ratio of
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FIG. 3. [Infrared reflectivity spectrum on a pressed pellet sample of

CH,NH;Snl, at T = 30 and 28¢ K. The dashed line shows a fit to a
Drude formula for the low-temperature data using n/fm* = 1.25 x 0¥
cm~?, a high-frequency dielectric constant of 5, and a scattering rate of
roughly 140 cm™!.
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FIG. 4. Magnetic susceptibility as a function of temperature for
CH,NH;8nl, in an applied ficld of 0.5 T. The solid line is included as a
visual guide.

nfm* =125 X 10®° cm~>. This value is an order of magni-
tude lower than in superconducting cuprate or bismuth-
ate compounds, and two orders of magnitude lower than
in conventional metals. Combining this ratio with the
value of the carrier concentration derived from the Hall
effect {(measured on a sample from the same batch) leads
to an optical mass m* = 0.16(5). This small effective
mass is consistent with the fairly high Hall mobilities and
is more analogous to the small effective masses observed
(24, 25) in BaPb,_,Bi,O; (m* = 0.3-0.8) than to the en-
hanced masses observed in the cuprate perovskites or in
SrTi0;. This suggests that the Fermi level, E;, resides in
a rather broad s-like band as in the BaPb,_ Bi, (); system,
where E; falls within a band of primarily O 2p and Pb-Bi
6s character.

The infrared reflectivity in the frequency range
@ = 2000 cm~! can be crudely fit using a Drude formula
with the above-mentioned n/m* ratio, a high frequency
dielectric constant of 5, and a scattering rate of roughiy
140 em~! at 30 K. There are, however, significant devia-
tions from a simple Drude form, presumably due to a
frequency dependence of the scattering rate, associated
with the same inelastic scattering processes that are re-
sponsible for the temperature dependence of the dc resis-
tivity. :

The magnetic susceptibility for CH;NH,Sal, is shown
in Fig. 4. In principle, the observed magnetic susceptibil-
ity for this compound should be a sum of the contribu-
tions from core diamagnetism, Pauli paramagnetism, and
Landau diamagnetism. To get an independent measure of
the core diamagnetism, the insulating compounds Snl,
and CH3;NH; - HI were measured. The sum of the sus-
ceptibilities of these two insulating compounds should
equal the core diamagnetism in metallic CH;NH;Snl;
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and, in fact, this value agrees fairly well with the value
calculated using tabulated (26} atomic core susceptibility
data (—1.8(1) x 10~* cm’/mole vs —~1.9 X [07¢ cm?/mole,
respectively), Comparison with the measured suscepti-
bility of CH;NH;Snl;, ¥ = —1.8(1) x 107* cm’/mole,
indicates that to within the accuracy of the measurement,
the measured susceptibility can be completely accounted
for by core susceptibility. These measurements are con-
sistent with the small mass and carrier concentrations
implied by the Hall and infrared data. Using m* = (.16,
n=2.0 X 10" cm~? and a free carrier model in which x,
m*nl3, we expect a Pauli susceptibility on the order of
1 % 107% cm?/mole, which is below our ability to resolve.
Additionally, given the small effective mass, Landau
diamagnetism may become a more significant factor and
may hinder attempts to distinguish a Pauli susceptibility
in these materials using magnetic measurements,

CONCLUSIONS

The perovskite CH3;NH,Snl; has been shown to be alow
carrier density metal in the temperature range 1.8-300 K
with no transition to the superconducting state in this
temperature range. The room temperature resistivity on
pressed pellet samples is approximately 7 m{-cm for
samples prepared by a low-temperature precipitation
technique. The resistivity drops with decreasing temper-
ature with a resistivity ratio R(300 K/ RQ.OK) = 3. A
plasma edge is also observed in the infrared reflectivity
spectrum at 1600 cm~!, corresponding to a carrier con-
centration to mass ratio of a/m* = 1.25 x 10 cm 3.
Combining this ratio with a Hall carrier concentration of
approximately 2 x 10Y holes/cm® implies a rather light
optical mass of m* = §.2, The apparent broad band con-
duction in this material is reminiscent of that observed in
BaPbO; with, however, a carrier concentration lower by
a factor of 10.

There are several examples of oxide perovskites that
when properly doped yield superconducting materials.
Doped SrTiO;, with an electron density in the range
1018102 cm 3, is superconducting at approximately 0.23
K (1). The cuprate high-temperature superconductors
have a hole concentration of approximately 102 cm™?,
while the (Ba,K)(Bi,Pb}O; superconductors, with transi-
tions as high as 30 K, also have electron densities of the
order 10?! cm™? for compositions in the superconducting
regime. In all the cases above, the ability to dope or tune
the carrier concentration has played a key role in observ-
ing superconductivity. Given the low carrier density in
CH>;NH,Sul; in its as-prepared state, it will be interesting
to see whether it is possible to dope this halide perovskite
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and to study what effect this has on its physical proper-
ties.
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