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We report a comprehensive study on a layered-structure compound of NaZnyAs3, which has been predicted to be an
ideal topological semimetal (TSM) candidate. It is found that NaZnsAs3 undergoes a structural transformation from high
temperature thombohedral to a low temperature monoclinic phase. The electric resistivity exhibits a metal-to-insulator-
like transition at around 100 K, and then develops a plateau at low temperature, which might be related to the protected
topologically conducting surface states. Our first-principles calculation confirms further that NaZnsAss is a topological
insulator (TI) for both different phases rather than a previously proposed TSM. The Hall resistivity reveals that the hole
carriers dominate the transport properties for the whole temperature range investigated. Furthermore, an obvious kink
possibly associated to the structure transition has been detected in thermopower around ~ 170 K. The large thermopower
and moderate k indicate that NaZn4As3 and /or its derivatives can provide a good platform for optimizing and studying the

thermoelectric performance.

Keywords: structural phase transition, thermoelectric, topological materials, crystal growth

PACS: 65.40.-b, 71.30.+h, 75.47.—m, 81.10.-h

1. Introduction

Transition-metal pnictides and chalcogenides have cap-
tivated intense researchers’ interests and attentions in con-
densed matter physics and material science due to the discov-
ery of high temperature superconductivity,!'?! high thermo-

331 and other unique and exceptional

electric performance,[
properties.[®”] These compounds are significant in their own
right because of their distinct chemically structure.[®-15! Re-
cently, a series of compounds with a new Zintl phases, com-
posed of the alkali metal A, d'0 transition metal 7', and pnictide
Pn(A=Na,K,RborCs, T =Cd, Zn, and Pn =P, As) in the
general formula AT;Pn3, have been reported.['%! All of them
can be divided into two categories depending on the structure:
one subgroup crystallizes in the KCuy4S3-type structure (space
group Py/mmm, Z = 1, Pearson symbol ¢P8) and the other
adopts RbCd4Asj3 structure type (R-3m, Z = 3, Pearson sym-
bol #R24). Both of them can be regarded as the result of insert-
ing a layer of alkali metal ions into the main framework com-
posed of [TyPnz] ! layer. It also provides a research idea for
the synthesis of new compounds with novel and multi-layered
structures. Although most combinations have been realized,
many of these materials have not been systematically studied,
apart from structural information. In addition, with the pro-
posal and development of topology, some of them are even
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predicted to be topological materials with topologically pro-
tected nontrivial band structure.!'®8] Take NaCd;As;3 as an

example, V]

it undergoes a topological phase transition from
topological crystalline insulator to topological insulator (TI)
induced by the structural phase transition, which provides rich
topological information and attracts more researchers to pay
more attention to their topological properties.

Motivated by the consideration above, in this work, we
focus on the NaZn4As3, which has been predicted to be
a candidate of ideal Dirac semimetal.[!”-1820] The system-
atic study on magneto-transport and thermoelectric proper-
ties of NaZn4As3 have been performed. Crystallographic in-
vestigation shows that it undergoes a structural transforma-
tion from the rhombohedral structure in space group R-3m to
a monoclinic phase with decreasing temperature. A metal-
to-insulator-like transition and a low-temperature resistivity
plateau have been observed. The latter has been taken as a
transport signature of conducting surface states protected by
time reversal symmetry. The Hall resistivity shows positive
quasi-linear behavior and reveals the typical hole density is in
the order of ~ 10'8 cm~3. All of those indicates the NaZnAs3
is more likely to be a TI, and confirms further by our first-
principles calculations. An obvious kink is detected in the
thermopower around ~ 170 K, at which the structure transi-
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tion may happen. However, no anomaly appears in the spe-
cific heat at such temperature. The thermoelectric properties
reveal a large thermopower of ~ 360 pV/K and a moderate k
of ~6 W-m~!.K~! at room temperature. All of these make
NaZny4As; to be a good platform for investigating the relation-
ship between the topological state and thermoelectrics.

2. Experiment and method

High-quality single crystals of NaZnsAs3 were grown
from zinc flux. The starting elements Na, Zn, and As were
mixed with an optimized molar ratio of Na:Zn:As = 1:8:3 and
put into an alumina crucible covered with quartz wool. The
crucible was sealed in a quartz tube and heated to 1123 K,
kept at this temperature for 10 h, and then cooled down to
823 K over 200 hours, at which the Zn flux was separated
from the crystals using a centrifuge. The obtained NaZnsAs;
single crystals are in the form of sheet shape with typical
size of 2 mm x 1 mm x 0.2 mm, as shown in the inset of
Fig. 1(d). Powder and surface planes diffraction (XRD) pat-
terns were collected by PANalytical x-ray diffractometer with
Cu Ka radiation (A = 1.541874 A) and PC-GSAS.[2!] was
employed for the data refinement. The determinations of the
single crystals were carried out on a single crystal diffrac-
tometer of BRUKER D8 VENTURE and refined using the
Bruker SHELXTL software package.
tions of the obtained crystals were checked by Oxford x-

The atomic propor-

Max energy dispersive x-ray (EDX) spectroscopy analysis
Elec-
tric and thermal transport properties measurements were per-

in a Hitachi S-4800 scanning electron microscope.

formed in a physical property measurement system (Quan-
tum Design PPMS-9 T) with a temperature range from 2 K to
300 K. First-principles calculations were carried out using the
Quantum ESPRESSO package.*?! Projector augmented wave
pseudopotentials based on the exchange—correlation function-

23241 Experimental crystallographic

als of PBEsol were used.|
parameters were adopted without relaxation. We applied a
Monkhorst—Pack grid of 15 x 15 x 15 in the self-consistent
calculations. The energy cutoffs for wavefuntions and charge
densities were 70 Ry (1 Ry = 13.6056923 eV) and 500 Ry,

respectively.

3. Results and discussion

Different from the KCu4S3-type structure homologous
compounds of KZnsAs; and RbZnsAs3,['% NaZnsAs;z is
isostructural with NaCd4As3, which crystallizes in rhombohe-
dral structure with space group R-3m (No. 166), and is com-
posed of alternating [ZnsAs3]™ layers and Na™ cations layers,
as shown in Fig. 1(a). More specifically, the Zn, Asl1, and As2
atoms occupy the 6¢, 6¢, and 3a Wyckoff sites, respectively,
and form the [ZnsAs3]™ main layers; while Na atoms, located
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Fig. 1. The crystal structures of NaZng4As3 projected along b axis at (a)
298 K and (b) 100 K, respectively. The black lines, the yellow, gray, and
light green balls represent the unit cell, Na, Zn, As atoms, respectively.
(c) Rietveld analysis of the powder XRD pattern of NaZnsAs3. Red balls
and black solid line represent the experiment data and calculated curve,
respectively. The difference curve is plotted in the green line. The vertical
blue lines denote the positions of Bragg peaks. (d) Single crystal XRD
pattern collected at room temperature. Inset: A typical optical image of
the grown crystal on millimeter paper.

at 3b Wyckoff site, fill in the interspace as the interstitial atoms
and form Na™ cations layers. When temperature falls down to
100 K, the structure remains the layered configuration but has
a slight distortion in the ab plane, leading to the breaking of the
mirror symmetry and forming a monoclinic phase with Clml
(No. 8) space group, as shown in Fig. 1(b), which is similar to
that of the NaCd4AS3.“9J In this structure, Asl and As2 atoms
are located in 2a Wyckoff sites, causing a dramatic change of
¢ from 32.83 A to 11.15 A. Meanwhile, the unit lattice of a
increases into 7.18 A from 4.16 A but b remains nearly un-
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changed. More detailed refinement results are listed in the Ta-
ble 1. Figure 1(c) shows the powder XRD pattern and Rietveld
refinement result of NaZngAs3 at room temperature. All the
reflections can be well indexed in the R-3m (No. 166) space
group with small reliability factors R, =2.42%, Ry,p, = 3.18%,

indicating the high quality of single crystals. The determined
lattice parameters are a = b = 4.16 A and ¢ = 32.83 A, which
are consistent with those of the single crystal refinement. The
single crystal XRD pattern presented in Fig. 1(d) indicates that
the plane of the crystal is (0 0 3/) crystallographic plane.

Table 1. Crystal data and structure refinement for NaZngAs3.

Empirical formula NaZngAs3 NaZngAs3
T (K) 298 100

Crystal system trigonal monoclinic
Space group R-3m Clml

ad)/a
b(A)/B
cd)/y
V (A%
Molar mass (g/mol)
Density (g/cm?)
6 range (°)
Radiation type
Wavelength (A)
zZ
Absorption coefficient
Structure solution technique
Refinement method
Reflections collected
Independent reflections
Largest diff. peak and hole
Final R* indices [/ > 26 (I)]
R indices (all data)
Goodness-of-fit on F>

4.1640(8)/90°
4.1640(8)/90°
32.848(9)/120°
493.2(2)
509.23
5.143
3.72 ~28.29
Mo Ka
0.71073
3
multi-scan
direct methods
full-matrix least-squares on F2
1230
194 [R;ne = 0.0623]
3.702 and —1.366 e-A 3
R1=0.0527, wR2 =0.1415
R1 =0.0547, wR2 = 0.1432
1.261

7.1791(16)/90°
4.1481(10)/102.326°
11.151(3)/90°
324.42(14)
509.23
5.213
3.74 ~25.59
Mo Ka
0.71073
2
multi-scan
direct methods
full-matrix least-squares on F2
2023
844 [Rine = 0.0495]
2.512 and —3.146 e-A3
R1=0.0450, wR2 = 0.1205
R1=0.0461, wR2 = 0.1221
1.113

The electric transport properties measured on NaZngAs3
single crystal S1 (1.2 mm X 0.3 mm X 0.07 mm) with
or without applied magnetic field ppH are summarized in
Fig. 2. Clearly, the evolution of resistivity with temperature
(Fig. 2(a)) is not monotonous. At zero field, the temperature-
dependent p,(T) first decreases rapidly with decreasing tem-
perature, exhibiting a metallic behavior until ~ 100 K. There-
after the p,(T) starts to increase slightly and tends to sat-
urate, developing a resistivity plateau at low temperature.
The resistivity plateau, which has been observed more fre-
quently in TIs, such as SmBg,?>! Bi, Te, Se, 2! Bi, Tes,?”! and
TlBibel,xTez,[zg] and has been taken as a transport signature
of conducting surface states of TIs protected by time reversal
symmetry. An applied magnetic field ugpH = 9 T does hardly
change the resistivity behavior in high temperature regime, ex-
cept for the downward translation of the resistivity platform in
the low temperature zone, leading to the emergence of nega-
tive magneto-resistance (MR).

To investigate the origin of negative MR, the magnetic
field dependence of MR at various temperatures with applied
field uoH parallel and perpendicular to current / are shown
in Figs. 2(b) and 2(c), respectively. As the temperature 7
increases, the negative longitudinal MR (UoH || 1) gradually
suppressed. Such phenomenon is indeed observed in many

TSMs,?-32] in which the negative MR is caused by the charge
pumping when the applied magnetic field is parallel to the
current. Paradoxically, we also observed the negative MR
when magnetic field is perpendicular to current, as shown in
Fig. 2(c), which questions the possibility of chiral anomaly in
NaZn4As3. Similarly, the increase of temperature weakens the
negative MR effect in the low temperature region. When the
temperature reaches above 200 K, the negative MR disappears
and a minute trace of conventional positive MR (~ 0.1%) ap-
pears.

In general, the origins of negative MR can be consid-
ered to be related to following mechanisms, including spin
flip®3! or magnetic scattering,>*33! current jetting effect, 3!
chiral anomaly,*”! and WL effect.[®’38) Firstly, considering
that NaZnsAs3 is a non-magnetic material and no magnetic
impurities are found in NaZn4As3, which is corroborated by
the magnetic susceptibility data (inset of Fig. 2(a)). Hence,
spin flip and magnetic scattering may not be suitable reasons
for the appearance of negative MR in NaZnsAs3. Secondly,
the negative MR resulted from the current jetting effect is com-
monly temperature-insensitive and highly sensitive to the con-
tact configuration. However, the similar negative MR is also
observed on the single crystal with different contact configu-
rations. Thus, the scenario of current jetting effect does not
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apply in NaZngAs;3. Thirdly, chiral-anomaly-induced negative
is extremely sensitive to the angle between applied filed and
current, while the negative MR in NaZn4As3 appears both for
UoH || I and poH LI configurations. Therefore, the observed
negative MR in NaZny4As3 is most likely attributed to the WL
effect.

In order to further understand the negative MR in
NaZny4Ass, the change of longitudinal conductivity

Oy = pxx/(pfx =+ p;%y) (1)

has been displayed in the Fig. 2(d) at selected temperatures. In
the quasi-two-dimensional regime, the correction to the sheet
magnetoconductance MC (AG /&) produced with the magnetic
field upH perpendicular to the plane is given by the following
expression: 3]

3 (1 B 1 B
MC:n(T)lZ'P(Z—FHO;I)—'P(z—F%;)

3/2
1. (1 B B
—lf/<+3>—1n21/2
2 \2  poH BB

3

) 2

where, 1(T), By, By, B3 are four unknown parameters related

(a) 0

M (1072 emu-g™!)

Py (MQM)
o
=

0.2

T (K)

poH (T)

to the elastic scattering, inelastic scattering, magnetic impu-
rity scattering, and spin—orbit coupling; ¥ and pgH are the
digamma function and applied field, respectively. The inset of
Fig. 2(d) shows the experimental data (black solid line) and the
fitting curve (green dashed line) using aforementioned formula
at 2.5 K. The high agreement of fitting curve and experiment
data indicates that what causes the appearance of negative MR
is the WL effect. The fitting parameters n(7'), By, B, and B3
are 0.055 T, 0.078 T, 0.078 T, and 2.871 T, respectively. The
N(T), By and B, are all smaller than the results from the car-
bon, indicating that weak elastic, inelastic and magnetic im-
purity scattering occur. The large parameter of B3 reveals the
strong spin—orbit scattering, which is further confirmed by our
calculation. In TIs,334041 when the Fermi level is shifted
from the bulk gap to the valence or conduction bands, there
is a competition between the bulk electrons and surface elec-
trons. In this case, it is possible to observe the WL effect,
such as BiySes-based materials. Furthermore, disorder*?! or
defect.l3®! also can induce the appearance of negative MR in
TIs. This forces us to reconsider its topological classification,
aTSM or a TI?

(b)

or

0.10

0.05

Ao/o

poH (T)

Fig. 2. The magneto-transport properties of NaZngAss. (a) Temperature dependence of resistivity (magnetic susceptibility at 1 T for the inset) for
magnetic field toH perpendicular to the current at goH =0 T and 9 T. Panels (b) and (c) are the MR at various temperatures with magnetic field
UoH parallel and perpendicular to the current. (d) Magnetic field dependence of magnetoconductance at selected temperatures with magnetic field

perpendicular to the current. Insert: The fitting curve of MC at T =2.5 K.
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Fig. 3. (a) The field-dependent Hall resistivities at selected temperatures.
Inset: The fitting of the p,y (toH) curve at 2.5 K. Panels (b) and (c) are the
mobility and concentration of hole-type carrier in measured temperature
range, respectively.

The carrier concentration is a helpful indicator to eval-
uate TSMs and TIs.
tected surface states can conduct electrons, while the bulk

In a TI, only the topologically pro-

state is insulating, leading to a low conduction electron con-
centration. However, in TSMs, the metallic bulk state al-
lows it to have a considerable large carrier concentration. In-
spired by this, we performed the measurements of field de-
pendent Hall resistivities at various temperatures to inves-
tigate the carrier’s contribution to transport process in this
system. As shown in Fig. 3(a), the linear Hall resistivities
and positive Hall coefficient Ry, = px,(1oH)/UoH indicate
that single type of hole carrier dominates the transport pro-
cess. The temperature-dependent hole carrier concentration
and mobility extracted from the Hall resistivities by the for-
mula Ry, = pxy(UoH)/toH = 1/ne and Uy = Ryy/prc(0) are
displayed in Figs. 3(b) and 4(c). At 2.5 K, NaZnsAs3 has
a hole concentration of 1.88 x 10!® ¢cm™3, and hole mobil-
ity of 120 cm?/V-s. With the increasement of temperature,
the hole concentration experiences an enhancement firstly ow-
ing to the metal-to-semiconductor like transition and remains
basically unchanged above 100 K. While the carrier mobility
experiences a process of first increasing and then decreasing
with the increasing temperature, showing a maximum (about
130 cm?/V-s) around 100 K. Remarkably, the concentration of

hole is in the order of 10!® cm—3, which is comparable to that
of NaCd4As3 ! and have the same magnitude order as typ-
ical TI materials, such as BixSes.[*3! It is two or even more
orders of magnitude lower than the carrier density of typical
TSMs (1020 cm3-10%! cm_3) such as WC,[44] WTez,Mj] gray
As, %) and so on, implying NaZn4As; is more likely to be a
TL

To better identify its topology, the electronic structures
of NaZn4As3 with mentioned structures above are calculated
via first-principles calculations. Figures 4(a) and 4(b) show
the calculated band structures of the rhombohedral structure
with ignoring and including the spin—orbital coupling (SOC)
effect, respectively. Obviously, when the SOC effect is taken
into account, the band inversion happens, opening the gap at
I' point. In addition, a band inversion has also been detected
along the high symmetry direction from I" to 7. All of these
make NaZn4Asj to be classified as a TI. We also calculated the
band structure of the monoclinic phase, as shown in Figs. 4(c)
and 4(d), which is similar with that of room temperature phase.
When the SOC is ignored, the band inversion is absent along
A to I' and no gap emerges at I, suggesting the trivial band
characteristic. However, with the consideration of SOC, the
band inversion appears at I" point and along A to I, forming
a gap, which brings about the topologically protected surface
states and explains why the transport properties are more like
a TI rather than a TSM.

Thermodynamic measurements, specific heat and ther-
mopower were performed to further characterize the structural
phase transition. Because it reflects the average entropy of
per carrier and could be affected strongly by entropy change,
resulting in a better sensitivity than current to probe the en-
ergy relative to the Fermi surface density of states. The spe-
cific heat of NaZn4Asj is shown in Fig. 5(a). Regrettably, no
distinct anomaly related to structural phase transition is ob-
served in temperature-dependent specific heat measurement.
Since the structural phase transition in NaZn4Asj3 can be seen
as a slight distortion in the ab plane, the entropy change in
this process may be very small, leading to the detection of
the jump in specific heat is difficult. Figure 5(b) shows the
temperature dependence of thermopower of NaZnsAs3 on an-
other sample S2 (3.5 mm x 1.5 mm x 0.2 mm). An anomalous
kink can be detected around ~ 170 K (red arrow) and the ap-
plied magnetic field hardly affect the kink, excluding the in-
fluence of magnetic impurities, which could be a sign of the
structural phase transition, indicating also that thermopower
measurement is a simple probe of the structural transition in
NaZn4As3. The thermopower shows positive values in the
whole temperature range, indicating the holes as the dominant
charge carriers, which is consistent with the result from Hall
resistivity measurement. The values increase as the temper-
ature increases, reaching a promising value of 360 pV/K at
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300 K, which is much larger than that of NaCd4AS3,[10] but
smaller than RbZngAs;3.['% As displayed in Fig. 5(c), the ther-
mal conductivity exhibits a moderate value of ~ 6 W-m~!-K~!
at room temperature and a maximum hump at low temper-
ature due to the transition from the & ~ T3 dependence at
low temperature to ki ~ 7! dependence at high temperature.
The divergent improvement above 250 K can be attributed
to the enhancement of thermal radiation at medium temper-

(a) 1.07

0.5

Energy (eV)
=
|

—0.5
—1.0 :
I T  H2/HO L r S0|S2 F
K-path
(b) 1.0

H2|HO L r
K-path

S0|S2 F r

ature. Notably, the carrier concentration n of NaZnsAs3 is
~2.0x 10" cm™3 at the room temperature (Fig. 3(c)). This
n value is roughly five times lower than the optimal carrier
concentration ~ 10'® cm™=3 of the state-of-the-art thermoelec-
tric materials, e.g., BioTe3!*’! and Mg3Bi,,[*¥! indicative of a
large room to modify thermal conductivity via chemical dop-
ing, nanostructure or defect to optimize further thermoelectric

performance.

(c) 1.0

0.5

Energy (eV)
o

0.5

Energy (eV)

—-0.5

Fig. 4. Band structures of NaZn4As3. The purple line, red balls, blue balls, and green balls are representative of band structure and the contributions
from As, Zn, and Na, respectively. Panels (a)/(b) and (c)/(d) are the band structures without/with SOC for the room temperature crystal structure

(R-3m, No. 166) and low-temperature phase (C1m1, No. 8), respectively.

(b) (c)
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Fig. 5. (a) The temperature-dependent specific heat of NaZngAs3z from 2 K to 300 K. (b) and (c) The temperature dependence of thermopower and
thermal conductivity for NaZn4 As3 single crystal. An obvious kink can be detected as pointed by arrow.
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4. Conclusion

In summary, single crystals of NaZnsAs3 are grown and
the magneto-transport, electronic structure and thermal trans-
port properties have been studied systematically. NaZngAs3
undergoes a structural transformation from the rhombohe-
dral structure in space group R-3m to a monoclinic phase.
The measurements on thermopower suggests that the struc-
tural transition may happen around ~ 170 K. The metal-to-
insulator-like transition and resistivity plateau at low temper-
ature have been observed. The WL effect leads to the emer-
gence of negative MR. The analysis of Hall effect shows that
holes are dominant carriers in transport. Combined with the
electronic band structure calculations, our results indicate that
NaZn4As3 is a TI rather than a TSM. Furthermore, the ob-
served large thermopower and moderated thermal conductiv-
ity should encourage the further exploration of such materials
for thermoelectric performance study.
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