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We report the growth of high-quality single crystals of RhP,, and systematically study its structure and physical
properties by transport, magnetism, and heat capacity measurements. Single-crystal x-ray diffraction reveals that RhP;
adopts a monoclinic structure with the cell parameters a = 5.7347(10) A, b = 5.7804(11) A, and ¢ = 5.8222(11) A,
space group P2;/c (No. 14). The electrical resistivity p(7') measurements indicate that RhP, exhibits narrow-bandgap
behavior with the activation energies of 223.1 meV and 27.4 meV for two distinct regions, respectively. The temperature-
dependent Hall effect measurements show electron domain transport behavior with a low charge carrier concentration. We
find that RhP5 has a high mobility e ~ 210 cm?-V~!.s~! with carrier concentrations e ~ 3.3 x 10'8 cm~3 at 300 K with
a narrow-bandgap feature. The high mobility y. reaches the maximum of approximately 340 cm?-V~!.s~! with carrier
concentrations ne ~ 2 x 101 cm™3 at 100 K. No magnetic phase transitions are observed from the susceptibility x(T')
and specific heat Cp(T) measurements of RhP,. Our results not only provide effective potential as a material platform
for studying exotic physical properties and electron band structures but also motivate further exploration of their potential

photovoltaic and optoelectronic applications.
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1. Introduction

Recently, exploring novel quantum materials in transi-
tion metal-based compounds with narrow band gaps has be-
come an important research topic in optoelectronics in modern
condensed matter physics.!# Narrow-bandgap semiconduc-
tor materials are widely used in optoelectronics owing to their
excellent light absorption properties. Many narrow-bandgap
compounds such as InAs, InSb, InP, and PbSnTe with excel-
lent thermal and electrical properties have been synthesized
to systematically study their exotic physical properties in the
past decades.>~'% The possibility of high conductivity, high
mobility, unique band structures, and surface properties has
made these materials of great interest in the field of quantum
materials. For thermoelectric applications, several narrow-gap
semiconductors or semimetals in d-electron materials, such as
FeSb,, CoSb,, and RuSb,, have been widely studied.[!'-14]
For example, FeSb, has been reported to be a narrow-band
nearly magnetic or Kondo semiconductor.!'3! The thermal
power S(T) in CoSb, can reach 40 pV/K at 300 K, while
the thermal power of RhSb, reaches 140 pwV/K.!3-151 On the
other hand, RhSb, single crystals were reported to exhibit an
anomalous peak in resistivity at approximately 200 K, which
was explained to be induced by the energy gap at the > point
of the electron band structure.!'>! Using angle resolved pho-
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toemission spectroscopy (ARPES) and density functional the-
ory (DFT) calculations, researchers found weak topological
insulator states of a van Hove singularity (VHS) along the
(100) direction near the Fermi energy (Ef) in RhBi,. (16]

RhP; polycrystals were reported to have an arsenopyrite-
marcasite-type structure isostructural to that of RhSb; decades
ago.“’” However, as far as we know, there is no experi-
mental results reported about the physical properties of sin-
gle crystals RhP;. For polycrystals, temperature-dependent
resistivity exhibits insulating behavior with an energy gap
about 1 eV.l'”l The magnetic susceptibility of RhP, shows
diamagnetism.['%1°1 However, the low-temperature physical
properties of single-crystal RhP, have not yet been system-
atically studied. These aspects motivated us to grow single
crystal of RhP, and to study their physical properties of RhP;
single crystals.

In this work, we grow RhP; single crystals by Sn flux
method for the first time as far as we know, and carry out
detailed studies on its structure and basic physical properties
including transport properties, heat capacity, and susceptibil-
ity. We find that the RhP, single crystals exhibit semicon-
ductor behavior with two broad peaks from 300 K to 2 K,
which is different from that of RhSb, but similar to the case of

FeSb,. 11151 The carrier concentrations ne ~ 3.3 x 108 cm—3
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with a high mobility y. ~ 210 cm?-V~1.s7! at 300 K are
obtained by Hall resistivity measurements. RhP, shows no
apparent phase transition from the magnetic susceptibility
and specific heat measurements. By fitting with the formula
Cp/T = y+ BT?, we obtained the electronic specific heat co-
efficient ¥ = 0.44 mJ-mol~!-K~2, which shows a low-density
state of electrons neat the Fermion level. Combined with band
calculation results, we propose that these two unusual kinks
in temperature-dependent resistivity are related to the narrow-
bandgap feature of RhP, single crystal. Our results not only
provide effective potential as a material platform for studying
exotic physical properties and electron band structures but also
motivate further exploration of their photovoltaic applications.

2. Experiment details

In our experiment, single crystals of RhP, were obtained
by using the flux method reported previously.['>2%] The start-
ing materials, Rh (99.99%, BDMT, Co. Ltd), P (99.999%,
Alfa), and Sn (99.999%, BDMT, Co. Ltd), were mixed in
Al,O3 capsules and sealed with a 1/4 amount of Ar atom in
a silica tube. The entire silica tube was then rapidly heated
to 1373 K in a furnace, held at this temperature for two days.
Then, it was cooled to low temperature to spin off the flux
via centrifugation. Finally, black and shiny single crystals in
1 mm were thus left. The chemical composition of the RhP,
was confirmed by energy dispersive x-ray spectroscopy (EDS)
using a Hitachi S-4800 scanning electron microscope (SEM).
A Bruker SMART APEX 1I diffractometer with Mo K ra-
diation (A = 0.71073 A) were used in the x-ray diffraction
(XRD) experiments. Using the SHELXL program, the crystal
structure data was refined.>!! The magnetic susceptibility y
from 5 K to 300 K was determined using a SQUID-VSM. The
specific heat C,, the resistivity p,,, and Hall coefficient data
from 2 K to 300 K were measured with a physical property
measurement system (PPMS, Quantum Design).
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Fig. 1. (a) Crystal structure information of RhP,. (b) Single crystal
XRD data of RhP,. The inset is an optical picture of typical RhP, sin-
gle crystal used for the x-ray testing.

3. Results and discussion

Similar to the RhSb, single crystal, RhP, in space group
P21 /c belong to the pyrite-marcasite-type structure.!'>! Fig-

ure 1(b) shows the single-crystal x-ray diffraction data of RhP,
with the [011] direction. The typical size of RhP, single crys-
tal is shown by an optical image in the inset of Fig. 1(b). The
EDS results show that the chemical ratios of RhP, crystals
are 1:2 [see Fig. S1 in the supporting information]. The sin-
gle crystal x-ray refined structure results indicate that RhP,
single crystals have monoclinic-type structure (space group
P2 /c, No. 14). The best structure refinement results show
R indices of R = 0.0585(435) and wR, = 0.1547(441) us-
ing the program SHELXL-2014/7.1?) The lattice parameters
a = 5.7347(10) A, b = 5.7804(11) A, ¢ = 5.8222(11) A,
o= =90°and y= 112.907(6)°, in accordance with the re-
ported values in polycrystalline samples!!”! [see Tables I and

Il in the supporting information].

@ T

12§ b

—a—07T

11 b

p (mQ-cm~1)

0 50 100 150 200 250 300
T (K)

Ay =27.4meV T

log[p(mQ-cm~)]
o
[Ne)
[}

A1 =223.1meV

0.0 0.1 0.2 0.3 0.4
1/T (K1)

Fig. 2. The transport data of RhP, single crystal: (a) the temperature
dependence of the resistivity p.x of RhP, single crystal with an applied
magnetic field of 9 T and 0 T, (b) fit data using p(T') = poexp (A/kgT),
resulting in A =27.4 meV for 2K < T <20 K and A = 223.1 meV for
20K < T <100 K.

Figure 2(a) shows the temperature-dependent resistivity
p(T) of RhP; single crystal. Clearly, RhP, has a semicon-
ducting ground state. The behavior of log;,p versus 1/7 is
shown in Fig. 2(b). The p(T') data can be fitted by the expres-
sion

logop =A+2.303A/(kgT), (1)

where kp is Boltzmann’s constant, A is a constant, and A rep-
resents activation energy. The p(7') data below 20 K and be-
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tween 20 and 100 K were separately fitted by Eq. (1). An acti-
vation energy A; = 223.1 meV was obtained by fitting, while
the low-temperature range fit gives Ay = 27.4 meV, which is
similar to the results previously reported for FeSb, (61 meV)
and RhSb, (74 meV).l'.15] There was nearly no change in
the magnetic-dependent resistivity p(H) under 9 T and zero
field, suggesting that magnetoresistance of RhP, single crystal
is not sensitive to magnetic fields. We propose that the origin
of the two transport band gaps is intrinsic in RhP,. However,
whether they are indirect gaps or not needs further evidence
from optical conductivity or ARPES measurements. On the
other hand, the impurity conduction as observed in many clas-
sical semiconductors cannot be excluded in this system. Per-
haps in further experiments by isoelectronic chemical replace-
ment slightly substituting As on the P site, we might manipu-

late the size of the two activated energy gaps.
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Fig. 3. Hall data, carrier densities, and mobilities of RhP,. (a) Hall
resistivity py, of RhP; single crystalat 2K, 5K, 10K, 5K, 20 K, 25 K,
50 K, 100 K, 200 K, and 300 K with applying field along [011] direc-
tion. (b) The carriers and mobilities results by fitting the Hall data using
the single-band model.

Figure 3(a) present the Hall resistivity py, of RhP; with
the magnetic field along the [011] direction and the electric
current perpendicular to the [011] direction. From Fig. 3(a),
the Hall resistivity data shows that the electron pocket dom-
inates the transport behavior without sign changes. Using
Ry = —1/ne, the carrier density n, = 2.38 x 10'® cm =3 at 2 K
was obtained. We also obtained the effective electron mobil-
ity tte = 2.05 x 10? cm?-V~'.s~!. Figure 3(b) shows the all-
temperature dependence of n.. The n. increases with increas-
ing temperature from 2 K to 25 K and reached a maximum of

ne = 2.68 x 10'8 cm™3 at about 25 K. While with increasing
temperature from 25 K to 100 K, the carrier density decreases
to the minimum of n. = 2.0 x 10'8 cm~3 at 100 K. From 100 K
to 300 K, the carrier density ne = 3.40 x 10'8 cm ™3 with rais-
ing temperature. For charge carrier mobility e = G X e X 1,
with the charge conductivity 6(T) = 1/p(T). We obtained
Ue = 2.05 x 10?> cm?>-V~1.s~! at 2 K increasing to its maxi-
mum at 100 K with g = 5.45 x 10> cm?-V~'.s~! at 100 K,
then as temperature increases from 100 K to 300 K, u. de-
creases to 2.10 x 102 cm>V~!.s~! at 300 K. The charged
center scattering or acoustic phonon scattering may play an
important and competition role. Although two charge-carrier
transport activated energy gaps exist, from the Hall plot we
can only obtain almost linear magnetic dependent Hall results,
which means that electron carriers from one electron pocket
domain exhibit the transport behavior. The rapid increasing
of . with temperature in RhP; in the range 2 K-100 K re-
flects the dramatic decrease of the charge-carrier concentra-
tion. In the temperature range 100 K-300 K, we propose that

the phonon scattering dominates the transport behaviors.
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Fig. 4. (a) Temperate-dependent specific heat coefficient C, for RhP;.
(b) Low-temperature specific heat fitting with formula C, /T = BT% +y
for RhP,.

The heat capacity C(T) decreases without showing any
anomalies of RhP, in Fig. 4(a), suggesting no structural
or magnetic transitions. The high-temperature heat capac-
ity Cp(300 K) is approximately 74.84 J-mol~!-K~!, simi-
lar to the classical Dulong—Petit heat capacity C, = 3nR ~
74.94 J-mol~'-K~!. The low-temperature specific heat in
the form Cy(T)/T vs. T? between 5 K and 2 K is shown

in Fig. 4(b). The least-square analysis using the formula
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Co(T)/T = BT? +, where f3 is the lattice contributions to
the C,(T') and ¥ represents the electronic contributions to the
Cp(T). We obtain y ~ 0.44 mJ-mol~!-K~2. The nearly zero
v shows quite small density of states (DOS) at Ef, indicating
typical semiconductor behavior of RhP,, comparable to the
bad metal behavior of RhSb,.[19]

The temperature-dependent magnetic susceptibility x (T')
of RhP, displays diamagnetism from 5 K to 300 K. The value
of x(T) is almost temperature-independent. Here x(7) at 2 K
is only about 1 x 10~* emu-mol~!-Oe~! under the magnetic
field H = 10 K-Oe. Diamagnetic behavior is also confirmed
by x(H) data shown in Fig. 5(b).

—=— ZFC

X (emu-mol—1)

15 . . . . .
0 50 100 150 200 250 300

T (K)

X (emu-mol~1!)

H (T)

Fig. 5. (a) Zero field cooling (ZFC) and field cooling (FC) data of dc
magnetic susceptibility measured of RhP;. (b) The (H) data of RhP,
at temperatures of 2 K and 300 K.

The physical properties of RhP, single crystals might
be explained by the electronic band structure calculations.
The band structure with the generalized gradient approxima-
tion (GGA) of Perdew—Burke—Ernzerhof method in Ref. [22]
shows that with and without considering SOC, there is an
energy band gap A = 0.755 eV (without considering SOC)
and A = 0.75 eV (with considering SOC); in other two data
bases, 23241 the calculation results show that RhP, is topo-
logical trivial with a direct band gap A = 0.665 eV or A =
0.3784 eV.[>324] The energy band gap A of RhP;, is larger
than the small gap reported for RhSb, at the Y, point of
0.074 eV.I">! In RhSb,, some thermally activated carriers play
an important role in transport properties. In RhP;, the direct
gap is one magnitude larger than that in RhSb», so it is diffi-
cult for thermally activated carriers to be sufficiently motivated
above the Fermi level.

4. Conclusion

In conclusion, high-quality RhP, single crystal with
an arsenopyrite-marcasite-type structure has been success-
fully synthesized by the Sn flux method. Single-crystal
x-ray diffraction results shows that RhP, adopts a mono-
clinic structure with cell parameters of a = 5.7347(10) A,
b =5.7804(11) A, and ¢ = 5.8222(11) A in space group
P2;/c (No. 14). RhP; exhibits a narrow-bandgap semicon-
ductor behavior with the activation energies of 223.1 meV
and 27.4 meV for two distinct regions, respectively, from
the temperature-dependent electrical resistivity p(7') measure-
ments. By single-band model fitting, we obtain carrier con-
centrations of ne = 2.38 x 10'8 cm™3 at 2 K from the Hall
coefficient using Ry = —1/n.. For charge carrier mobility,
Ue = 2.05 x 10?> cm?>-V~1.s~! at 2 K, increasing to its max-
imum at 100 K with g, = 5.45 x 10> cm?-V~'.s7!, then
with temperature further increasing from 100 K to 300 K,
He = 2.10 x 10?> cm?>-V~1.s~! at 300 K. By fitting the low
temperature heat capacity data with C,/T = y-+ BT?, the elec-
tronic specific heat coefficient y = 0.44 mJ-mol~!-K~2. Fur-
ther optimizations of carrier density, band structures, pressure
effect, and doping level will be helpful for realizing supercon-
ductivity and novel topological quantum states. Our results
not only offer a useful platform for platform for studying ex-
otic physical properties and electron band structures, but also
motivate further exploration of their potential photovoltaic and
optoelectronic applications.
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