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We report the magnetotransport and thermal properties of RuAs; single crystal. RuAs; exhibits semiconductor be-
havior and localization effect. The crossover from normal state to diffusive transport in the weak localization (WL) state
and then to variable range hopping (VRH) transport in the strong localization state has been observed. The transitions can
be reflected in the measurement of resistivity and Seebeck coefficient. Negative magnetoresistance (NMR) emerges with
the appearance of localization effect and is gradually suppressed in high magnetic field. The temperature dependent phase
coherence length extracted from the fittings of NMR also indicates the transition from WL to VRH. The measurement of
Hall effect reveals an anomaly of temperature dependent carrier concentration caused by localization effect. Our findings
show that RuAs; is a suitable platform to study the localized state.
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1. Introduction

Localization effect is an important concept in the physics
of condensed matter and disordered systems.!!l In the weakly
localized region where kI > 1 (k is the electron wave vec-
tor and / is the mean free path), diffusive transport domi-
nates the conductive process. The quantum interference be-
tween paths increases the probability of electrons returning
to the origin along the closed loop after multiple elastic scat-
tering, that is, enhances the backscattering. The phase shift
caused by the magnetic field will suppress the interference
and lead to negative magnetoresistance (NMR).!>3] Weak an-
tilocalization (WAL), an effect opposite to the weak localiza-
tion (WL), appears as the positive magnetoresistance (MR)
with a sharp cusp in low fields.!* WAL is always expected
in systems with strong spin—orbit scattering or coupling, in
which the strong spin—orbit interaction will lower the proba-
bility of backscattering.[®7] Diffusive transport is absent in the
region of strong localization (kI < 1). The conductive process
is known as variable range hopping (VRH), where the elec-
trons can tunnel between localized states with the assistance
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of phonons. >

Transition-metal dipnictides X Pny (X = transition metal;
Pn =P, As, Sb, Bi) are a large family of materials with
In these materials, NbAs,/TaAs,
are weak topological insulators with extremely large MR, and

rich physical properties.

will evolve into Weyl semimetals under magnetic field.!8~13]
WP,/MoP; are type-II Weyl semimetals with extremely high
conductivity and MR.['*-17] FeSb, exhibits colossal Seebeck
coefficient and thermoelectric power factor.['8 In addition,
superconductivity can be observed in several materials, such
as NbAs; (tip/pressure-induced)!'*?% and PdBi,.?1*?1 X Pn,
provides a material platform to explore exotic physical prop-
erties.

RuAs; is a member of transition-metal dipnictide, and its
single crystal remains to be synthesized and studied. In this
work, we grew the single crystals of RuAs, and investigated
the magnetotransport and thermal properties. The single crys-
tal of RuAs; is a p-type semiconductor. The localization effect
has been found in the samples. With the decrease of temper-
ature, the electron transport can be driven from normal state
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to diffusive transport in the WL state, and then to VRH trans-
port in the strong localization state. NMR, as a consequence
of WL and VRH, has been clearly observed. The behavior of
NMR is consistent with the theoretical prediction. The tem-
perature dependent phase coherence length extracted from the
fittings of NMR also indicates the change of conduction mech-
anism. The Hall resistivity shows the linear behavior of single
band. There is an anomaly in the temperature dependent car-
rier concentration, which is induced by the localization effect.
In addition, the specific heat, thermal conductivity and See-
beck coefficient have also been measured. No anomalies were
found in the temperature dependent specific heat and thermal
conductivity, but the Seebeck coefficient can be influenced by
the localized state.

2. Experiment and crystal structure

Single crystals of RuAs, were grown from tin-fluxes. >3]

The starting elements, Ru, As and Sn, were mixed and put into
an alumina crucible with a molar ratio of Ru:As:Sn=1:2:12.
The crucible was sealed in a quartz tube and heated to 1150 °C.
After that, the quartz tube was cooled to 400 °C at a rate of
3 °C/h, where the Sn flux was removed with a centrifuge. The
elemental composition determined by energy dispersive x-ray
spectroscopy (EDS, Oxford X-Max 50) was consistent with
1:2 for Ru:As. Powder and single crystal x-ray diffraction
(XRD) spectra were measured on a Bruker D8 Advance x-
ray diffractometer with Cu K radiation. The measurements
of magnetotransport properties and specific heat were car-
ried out on a Quantum Design physical property measurement
system (QD PPMS-14 T). Thermal conductivity was mea-
sured by using a conventional “one heater, two thermometers”
technique.>*281 A RuO, chip resistor was used as the heater
and attached to the sample by a short gold wire (0.08 mm di-
ameter). The data was measured in a “He pulse-tube refrig-
erator and two in-sifu calibrated Cernox sensors were used
as thermometers. The leads for the heater and resistor ther-
mometers on samples were long and thin NbTi superconduct-
ing wires (0.01 mm diameter). Seebeck coefficient was mea-
sured with a standard one-heater—two-thermometers setup at
the same time with the same sample when the thermal con-
ductivity was measured. The 0.025 mm manganin wire was
used for all the electrical contacts. Silver epoxy was used
to contact the manganin wire and the gold wire. The lon-
gitudinal voltage V,, was detected with the nanovoltmeter.
Using the x-ray Laue photograph, the sample was cut pre-
cisely along the crystallographic axes with typical dimensions
of 2.9%x0.641x0.152 mm?3, where the longest dimension was
along the [110] axis.

RuAs; crystallizes in space group Pnnm. As shown in
Figs. 1(a) and 1(b), RuAs, is composed of twisted RuAsg oc-
tahedrons, which contain two longer and four shorter Ru—As

bonds. The grown single crystals are silvery and hard. Fig-
ure 1(c) shows the powder XRD pattern of RuAs, with refine-
ment. The reflections can be well indexed in the space group
Pnnm. The determined lattice parameters are a = 5.441 A,
b=6.186 A and ¢ = 2.972 A. The weak peaks of tin should
come from a small amount of residual flux on the sample sur-
face. The single crystal XRD pattern presented in Fig. 1(d)
indicates that the surface of the crystal is (110) plane.
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Fig. 1. (a) View of the crystal structure of RuAs; from c-axis direction.
(b) Unit cell of the crystal. The blue and red spheres represent Ru and
As atoms, respectively. (c) Powder XRD pattern of RuAs;. Black solid
line and red circles represent the calculated curve and observed curve,
respectively. The difference curve is plotted in the blue line. The ver-
tical pink lines and olive lines denote the positions of Bragg peaks of
RuAs; and Sn, respectively. (d) Single crystal XRD pattern of RuAs;.
Inset: a typical image of the grown crystal.
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3. Results and discussion

Figure 2(a) plots the temperature dependent resistivity of
RuAs,. The resistivity increases with the decrease of tem-
perature, exhibiting a semiconductor behavior. The Arrhenius
equation p(T') = poexp(AE/(kgT)) (AE is the activation en-
ergy) is usually used to describe the p—T curve of semicon-
ductor. However, as shown in the inset of Fig. 2(a), Inp does
not scale linearly with 7! over the entire measured temper-
ature range. Since the Arrhenius equation is not sufficient
to describe the behavior of resistivity, the VRH mechanism
p(T) = poexp((To/T)"/P+1)Y in D dimensions is employed
to understand the conductivity of RuAs,.[?*3% As shown in

1/ 4. the linear depen-

Fig. 2(b), when the abscissa becomes 7~
dence of Inp can be seen clearly. There are two turning points
on the curve, indicating the transitions to WL state and VRH

state, respectively. The two transition temperatures are 200 K
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and 53.4 K. The crossover from WL to VRH can be under-
stood based on the competition between localization length &
and hopping length rhop. 11 Since these two parameters follow

rhop/‘g ~

and drives the system into strong localization.

(To/T)"/*, lowering the temperature makes rhop > &
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Fig. 2. (a) Temperature dependence of the resistivity of RuAs,; single
crystal. Tnset: Inp plotted as a function of 77!, (b) Inp plotted as a
function of T—1/4. (c) and (d) The qualitative pictures of the interfer-
ence effects in WL model and VRH model, respectively.

Figures 2(c) and 2(d) show the qualitative pictures of WL
model and VRH model to describe the physical mechanism
and the response on magnetotransport. In the case of WL, the
scattered electrons have the probability to return to the origin
through a closed path. The probability amplitudes of clock-
wise path and counterclockwise path will interfere construc-
tively, resulting in the enhancement of backscattering. The ap-
plication of magnetic field introduces the phase difference be-
tween different paths and suppresses the interference, forming
the NMR. Unlike the diffusion transport in WL state, carriers
in the VRH state can tunnel between localized states, which
is a quantum mechanical process. In VRH, the interference
occurs between forward paths rather than the paths that circle
a loop in WL. This physical mechanism was first proposed by
Shklovskii et al., which is called NSS model.3*! As shown in
Fig. 2(d), the total tunneling amplitude from A to B is the sum
of the amplitudes along different paths. Considering a simpli-
fied image containing only two paths with amplitudes J; and
J», the conductance in a transverse magnetic field is[*3!

o12(B) o< |Ji +he'V)P =2+ 13+ 201 heosy, (1)
where  is the phase difference between the two paths caused
by magnetic flux. The MR in the VRH region can be posi-
tive or negative./>33 If all scattering amplitudes are positive
(J1J2 > 0), the interference is constructive and increases the
hopping probability from A to B. The suppression of inter-
ference by magnetic field will reduce the conductivity, pro-
ducing a positive MR. If some of the amplitudes are negative

(J1J2 < 0), the interference is destructive, the application of

magnetic field will increase the conductivity and produce the
NMR.

The transverse MR was measured to confirm the conduc-
tion mechanism. As shown in Fig. 3(a), NMR has been ob-
served in the region of localization effect as expected. The
NMR emerges at 200 K and becomes more obvious with
the decrease of temperature. In a higher magnetic field, the
NMR will be suppressed, and the resistivity will increase
with increasing the field. The upturn in high field is sug-
gested to be associated with the shrinkage of localized elec-
tron wave functions, similar to that observed in other localized
systems. (2.31,34]

The magnetoconductivity (MC) Ao = ¢(B) — ¢(0) due
to localization effect can often be satisfactorily described by
the Hikami—Larkin—Nagaoka (HLN) equation>!

Ote B¢ 1 B¢
Th [“‘(zs) “”(z*zeﬂ? @

where y(x) is the Digamma function, « is a prefactor, By =
h/ (8e7rL§,) is the characteristic field, and Ly is the phase co-
herence length. Figures 3(b) and 3(c) show the low field MC
in the WL region and VRH region, both of which can be well
fitted by the HLN equation. The phase coherence lengths Ly

Ac(B) =

extracted from the fits are shown in Fig. 3(d). In the region
of WL, Ly increases with the decrease of temperature. How-
ever, there is a sudden drop below 80 K, indicating the transi-
tion from WL to VRH. Overall, the obtained phase coherence
lengths of WL and VRH are about in the range of 25-70 nm
and 40-50 nm, respectively.

The behavior of MR in VRH can also be qualitatively
understood based on the NSS theory.?! By studying the de-
pendence of localization length & on the magnetic field, NSS
theory predicts that In[p(B)/p(0)] is proportional to B'/? un-
der moderate field and linearly dependent on B in low field
where rpop > &. Figure 3(e) plots In[p(B)/p(0)] as a function
of BY/2. As indicated by the red solid line, the curve follows
B'/2 in the moderate field and deviates obviously in low field.
The inset of Fig. 3(e) shows the data in low field. The fitting
with B" yields an n of 0.9, indicating that In[p(B)/p(0)] is al-
most linearly dependent on the field. Thus, the behavior of
MR agrees well with the theoretical expectation.

The Hall effect of RuAs, has also been investigated
(Fig. 4).
magnetic field, showing a single band behavior. The positive

The Hall resistivity is linearly dependent on the

slope indicates that RuAs, is a p-type semiconductor, which
is quite different from previous measurement on a polycrys-
talline pellet.’®! Here, the minimum measurement tempera-
ture is 120 K, below which the Hall signal is almost com-
pletely suppressed by the transverse MR. A notable feature
can be identified from the curves. With the decrease of tem-
perature, the slope increases when 7 > 200 K but decreases
when 7' < 200 K. This anomaly corresponds to the emergence
of localization effect. Since the Hall coefficient Ry = 1/(en),
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the anomaly leads to an upturn of carrier concentration below
200 K (Fig. 4(c)). Overall, the carrier concentration is in the
order of 10'-10'" cm™3. Figure 4(d) shows the carrier mo-

MR (%)

bility calculated by u = 1/(enpy,(0 T)). The rapid decrease
of mobility at low temperature is mainly related to the large
increase of zero-field resistivity.

4 f(c

HLN fit #10 K

Ao (1075 Q~lm™1)

In[p(B)/p(0)] (10-2)

0 50 100 150 200 0 1 2 3 4
T (K) B1/2 (T1/2)

Fig. 3. (a) Magnetic field dependence of the transverse MR at different temperatures. (b) and (c) The HLN fittings of low field MC in WL
region and VRH region, respectively. (d) The phase coherence length Ly obtained by fitting. (e) In[p(B)/p(0)] plotted as a function of B2 at

15 K. Inset: the low field data (points) and the fitting (solid line) with B".
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Fig. 4. (a) The field dependent Hall resistivity above 200 K. (b) The field
dependent Hall resistivity below 200 K. (c) and (d) The temperature depen-
dent concentration and mobility of hole-type carrier, respectively.

Since the anomaly in Hall effect can also be induced by
the structural phase transition, 37-33] the specific heat of RuAs,
was measured to check the possibility of structural phase tran-
sition. Figure 5 shows the temperature dependence of specific
heat of RuAs; single crystal. No distinct anomaly is observed
around 200 K, excluding the possibility of structural phase
transition. The specific heat around room temperature is not
very close to the value of Dulong—Petit law, which may be due
to the large Debye temperature. The inset plots the Cp, /T as a
function of 72 at low temperature, in which the solid line rep-
resents the fit with C, /T = y+ BT?. The fit yields the values

of ¥ = 0.435 mJ-mol~'-K=2 and 8 = 0.060 mJ-mol~!-K~*.
The Debye temperature ®p = 460 K can be obtained by @p =
(127*NR/(5B))'/3, where R is the gas constant and N is the
number of atoms per formula unit.

80
3NR
7
X
. ~ 0.02 .
g 40+ i
S T
= .0'. g 0.01
— o 5
S Soos
0
0 150 300
0 , TR
0 100 200 300
T (K)

Fig. 5. The temperature dependent specific heat of RuAs,. The solid
horizontal line shows the classic value of specific heat at high tempera-
ture limit. The inset is the plot of C,/T vs. T2, in which the solid line
is the linear fit at low temperature.

The thermal conductivity k¥ and Seebeck coefficient S
were measured to find more signals of localized states. As
shown in Fig. 6(a), the temperature dependence of x displays
a typical behavior of phonon heat transport with a rather large
phonon peak at 33 K and there is no anomaly on the x-T
curve. Figure 6(b) shows the temperature dependence of See-
beck coefficient S. The S decreases with decreasing temper-
ature. After a minimum at 41 K, the § begins to increase
sharply. The value of S is up to 3.1 mV/K at 20 K. Al-
though the Seebeck coefficient is large, the figure of merit is
small due to the large resistivity and thermal conductivity. It
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is worth noting that there is a broad kink on the curve. Fig-
ure 6(c) presents the plot of dS/dT against temperature to un-
derstand the kink. The two peaks indicate two slope transition
points on the S-T curve. Interestingly, the two slope transi-
tions occur around 53 K and 200 K, which is consistent with
the transitions observed in resistivity (Fig. 2(b)). Obviously,
the slope transitions on the S-7 curve reveal the influence of
WL and VRH on Seebeck coefficient. In addition, the See-
beck coefficient has a sign change in the range of 34-63 K
(see the inset in Fig. 6(b)). Similar behavior can also be found
in Fey;,Te;_ySe, ! and FeGey.*!! In general, the Seebeck

coefficient can be described by the Mott formula3%41]

S:ﬂzkéT dlnG(E)}%nzk%T N, lde o)
3e dE 3e n TdE

where o, kg, N, n and 7 are the conductivity, Boltzmann con-
stant, density of states, carrier concentration and scattering
time, respectively. Usually, S has the same sign as the car-
rier due to the dominance of the first term in Eq. (3). The sign
change of S indicates the change of carrier type. However, if
the scattering mechanism changes suddenly, the second term
in Eq. (3) may have a great influence on S. The second term is
negative (T o< E~%, @ > 0), and S has the possibility of chang-
ing the sign.[! Since the Hall effect is absent in this temper-
ature region, the origin of the sign change of S remains to be
clarified.

W
<
=

80t (a)
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S (mV-K-1)

S (mV-K-1)

k (W-K-Lm™1!)
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|
S

100 200
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Fig. 6. (a) and (b) The temperature dependent thermal conductivity and
Seebeck coefficient, respectively. The inset of (b) shows the enlarged part
of 30-220 K. (c) dS/dT plotted as a function of temperature.

4. Summary

In summary, single crystals of RuAs, are grown and the
magnetotransport and thermal properties have been studied.
The resistivity shows a semiconductor behavior. The analysis
of resistivity reveals the crossover from normal state to weak
localized state and then to strong localized state. The signal
of transition can also be found in the measurement of Seebeck
coefficient. In the region of localization effect, NMR can be
observed and well understood based on WL model and VRH

model. The phase coherence lengths have been extracted from
the fits of NMR. In addition, an anomaly caused by the lo-
calization effect appears in the temperature dependent carrier
concentration.
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