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Electronic Transport and Interaction of Lattice Dynamics in
Topological Nodalline Semimetal HfAs, Single Crystals

Zahir Muhammad, Ghulam Hussain, Rajbul Islam, Natalia Zawadzka,
Md Shafayat Hossain, Obaid Igbal, Adam Babiriski, Maciej R. Molas, Fei Xue,

Yue Zhang,* M. Zahid Hasan, and Weisheng Zhao*

Topological semimetals represent a novel class of quantum materials
displaying non-trivial topological states that host Dirac/Weyl fermions. The
intersection of Dirac/Weyl points gives rise to essential properties in a wide
range of innovative transport phenomena, including extreme
magnetoresistance, high mobilities, weak antilocalization, electron
hydrodynamics, and various electro-optical phenomena. In this study, the
electronic, transport, phonon scattering, and interrelationships are explored
in single crystals of the topological semimetal HfAs,. It reveals a weak
antilocalization effect at low temperatures with high carrier density, which is
attributed to perfectly compensated topological bulk and surface states. The
angle-resolved photoemission spectroscopy (ARPES) results show anisotropic
Fermi surfaces and surface states indicative of the topological semimetal,
further confirmed by first-principle density functional theory (DFT)
calculations. Moreover, the lattice dynamics in HfAs, are investigated both
with the Raman scattering and density functional theory. The phonon
dispersion, density of states, lattice thermal conductivity, and the phonon
lifetimes are computed to support the experimental findings. The softening of
phonons, the broadening of Raman modes, and the reduction of phonon
lifetimes with temperature suggest the enhancement of phonon
anharmonicity in this new topological material, which is crucial for boosting
the thermoelectric performance of topological semimetals.

1. Introduction

Topological materials exhibit distinctive
transport properties, including signifi-
cant magnetoresistance and high carrier
mobilities.'™* Investigating these phe-
nomena through electronic and structural
studies has become a focal point in modern
condensed matter physics. The unique
nature of these materials was early rec-
ognized in band theory,®) underscoring
the fundamental significance of their
distinctive bands. In recent years, sev-
eral remarkable phenomena have been
unveiled, such as unconventional sur-
face states,® intrinsic anomalous Hall
effects,l”] quantum anomalies,®! extremely
large magnetoresistance (XMR),!'*° and
weak antilocalization.!”)  Significantly,
condensed quantum matter has witnessed
cutting-edge research with the revela-
tion of topological Dirac states and the
emergence of Weyl semimetals.'1-13]

The emerging class of topological ma-
terials, specifically early transition metal
mono/dipnictides MX/MX, (M = Mo, W,
Ta, Nb, Hf, Zr; X = Te, P, As, Sb), has
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undergone extensive study in recent years, particularly as
Weyl semimetals.!#91%1 Early transition metal dipnictides
(TMDPs) are primarily characterized by non-trivial topo-
logical properties, offering exciting features with potential
future applications. TMDPs have demonstrated contribu-
tions to superconductivity,?%2!] significant thermoelectric
responses, 2231 and photodetection,/?*] all stemming from their
non-trivial band topology.

Transport and ARPES, coupled with theoretical studies, have
been employed in recent years to investigate the topological
states in TMDPs, including MAs, and MP, (M = Mo, W, Ta,
Nb, Hf, Zr).[21316.17.19.25-27) Notably, the topological surface states
and nodal loop Fermi surface have been observed in HfP, and
ZrP,.11718] An XMR was predicted in ZrP,, attributed to electron-
hole compensation and topological surface states.[') X. Zhou et
al. predicted butterfly-shaped nodal lines in ZrAs,,['® opening
a new avenue for exploring topological properties in group IV
TMDPs.

Electron-phonon scattering in these kinds of materials in-
volves interactions between interband electrons and phonons
across different energy bands. The electron scatters with a
phonon from a distinct energy band, changing momentum and
energy levels. The electron scatters with a phonon from a distinct
energy band, resulting in changes in energy and momentum.
The electron-phonon coupling significantly influences the elec-
trical conductivity by changing the carrier mobility and density
in the electrical transport of topological semimetals.[?83% Previ-
ous investigations have suggested that electron-phonon coupling
and electron-electron coupling influence macroscopic transport
properties.?!l In a related study, Jin et al. explored electron-
phonon coupling alongside phonon-phonon coupling in large
magnetoresistance topological semimetals TaAs, and NbAs, %]
indicating the critical role of these interactions in the transport
properties of such materials. The scattering of electrons holds
significance in assessing the lattice’s influence on transport and
heat properties. The scattering of electrons via phonons can af-
fect charge carriers, leading to improved conductance.?*] The
pronounced phonon-electron coupling in topological semimet-
als (TSM) has been predominantly reported through optical
spectroscopy techniques, which can directly probe the system’s
phonons.[3+-3¢]

Phonon scattering further plays a pivotal role in understanding
thermoelectric materials by studying lattice thermal conductivity
and phonon anharmonicity, as essential for comprehending ther-
moelectric performance in thermionics. The variation of phonon
energies results in distinct velocities and, consequently, different
scattering ratios, leading to varying thermal conductivity.l?”:38! Al-
though acoustic phonon branches traditionally receive emphasis
in heat conduction because of their high velocities. Recently, op-
tical branches have gained reconsideration owing to their higher
energy and short mean free path, sometimes proving more cru-
cial by influencing the band structure. In materials like PbSe
(PbTe), ~25% (22%) of thermal conductivity (k) is derived from
optical branches.[**! Additionally, low-energy optical phonons of-
fer scattering channels for acoustic phonons.[**! For heat conduc-
tion, phononic dispersions, density of states, and anharmonicity
interplay of phonon branches are indispensable. Several theoreti-
cal studies have reported such findings, which are consistent with
the results obtained from other techniques.*'=**! However, there

Adv. Funct. Mater. 2024, 34, 2316775

2316775 (2 of 12)

www.afm-journal.de

is limited research on the phonon—phonon or phonon-electron
interactions and the dynamic properties of the lattice in these
systems. Recent reports on the topological properties of HfP, ]
and ZrP,,"! particularly ZrP, exhibiting XMR, have generated
increased interest. Therefore, we conducted a more in-depth ex-
ploration by growing single crystals of HfAs, and investigating
their structural, transport, electronic, and phononic properties.

We have grown the HfAs, single crystals, classified under the
OsGe, group, with a PbCl,-type orthorhombic structure in space
group C1/m (No. 12), and SG Pnma (No. 62).1°] We have stud-
ied the electronic properties of the grown crystals using high-
resolution ARPES) and transport measurements and further con-
firmed them by first-principle DFT calculations. We conducted
angular and temperature-dependent Raman experiments on the
single crystal HfAs, for the lattice dynamics of this new com-
pound. To complement our experimental findings, we employed
phonopy, phono3py, and VASP packages to compute phononic
dispersion, density of states, lattice thermal conductivity, and
phonon lifetimes.

2. Results and Discussion

Single crystals of HfAs, were grown using the chemical vapor
transport (CVT) method. Raw material powders with a stoichio-
metric ratio of Hafnium (Hf) (purity of 99.95%) and Arsenic (As)
foil (purity of 99.99%) were mixed in a 1:2 ratio and sealed in a
quartz tube under a vacuum pressure of 5 x 10~* Torr. These
quartz tubes were placed in a commercial CVT furnace, and the
temperature was set to 850 °C at a rate of 50 °C h~!, where they
were kept for four days. During this period, Hafnium reacted
completely with arsenic, forming polycrystalline HfAs,. The re-
sulting polycrystalline material was ground into powder and io-
dine was introduced as a transport agent. The mixture was then
sealed in the same manner and placed back into the CVT fur-
nace. The ampule was heated to a temperature gradient of 850
and 750 °C at a rate of 100 °C h™! and maintained at this gradi-
ent for two weeks before being gradually cooled down to room
temperature at 50 °C h™!. The completion of the experiment
yielded 3D polyhedral-like single crystals, as depicted in the in-
set in Figure 1b.

The orientation plane of the single crystals and their crystallo-
graphic structure were determined through powder X-ray diffrac-
tion (XRD). HfAs, belongs to the Pnma (No. 62) space group,
as illustrated in Figure 1a. Its crystal structure exhibits an or-
thorhombic configuration akin to the PbCl,-type. Figure 1b dis-
plays the X-ray diffraction pattern of the as-grown HfAs, along-
side its Rietveld analysis. Compared with calculated patterns,
the Rietveld analysis of the XRD data confirms a precise match
with the HfAs, phase (DB Card No: 42 916, ICDD (61 0636)).
This analysis reveals that HfAs, possesses an orthorhombic crys-
tal structure, with the extracted lattice parameters measured as
a=06.768(10) A, b=3.672(5) A, and c = 8.934(13) A.[**] The struc-
ture of HfAs, is formed in three-dimension, the 4- Hf** ions are
bonded with 8-As?~ ions, with the crystal orientation perpendic-
ular to the (00X) plane. The single-crystal XRD (see Figure S1,
Supporting Information) can show the sharp peaks of the (00X)
plane. The inset in Figure 1b displays an optical image of the
grown crystals with sizes ranging from ~1 to 3 mm in length, ex-
hibiting a polyhedral shape. The stoichiometric ratio of the grown
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Figure 1. a) Crystal structure of HfAs, shows PbCl,-type orthorhombic structure. b) XRD patterns of HfAs, and their Rietveld analysis, inset: the image of
the single crystals. c) Core-level photoemission spectra of HfAs, and measured with 120 eV photon energy. d) Resistance versus temperature dependence
curves at various magnetic fields from 0 to 7 T and e) longitudinal resistivity (p,,) as a function of perpendicular magnetic field (B) at T=2, 5, 10, and

20 K, and inset: transverse resistivity (p,) at 2 K of HfAs,, respectively.

crystals was confirmed by energy-dispersive X-ray spectroscopy
(EDS) (see Figure S2a, Supporting Information), showing an el-
emental composition of Hf and As at ~1:2. Figure S2b—d (Sup-
porting Information) presents elemental mapping, demonstrat-
ing the homogeneous distribution of Hf and As in the bulk crys-
tals. Figure 1c presents the integrated core-level photoemission
spectrum of the single crystal, revealing Hf 4f and As 3d spin-
orbit doublets that can further verify the chemical composition
of the HfAs, crystal. The doublet peak between 14 and 17 eV is
assigned to a replica Hf 4fstate originating from the Hf surface’s
chemical shift, while the peak within 40 to 42 eV is attributed to
the As 3d state from the As surface. We also observed the shoul-
der peak in the As peak of HfAs,, which can probably reveal the
excess As.

A four-electrode device was fabricated on an HfAs, crystal to
investigate its transport properties, as depicted in Figure 1de.
Figure 1d displays the longitudinal resistance as a function of
temperature under various magnetic fields. At B = 0 T, the re-
sistance gradually decreases as the temperature decreases from
300 K to ~2 K (Figure 1d), resulting in a residual resistance ratio
(Rs00x/Ryk) (RRR) for HfAs, of #3.562. The lower residual resis-
tance ratio indicates a rapid decline in resistance upon reaching
2 K. The lower RRR of HfAs, can be attributed to a larger disor-
der compared to other TSM.[2192646] The resistance above 50 K
appears relatively unchanged with a magnetic field. However, be-
low 30 K, the resistance shows a strong dependence when the
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magnetic field (B) becomes >3 T. Below 35 K, a noticeable upturn
is observed =35 K as the field increases to 3 T, and a plateau-like
saturation emerges below T = 30 K in R (B, T), as illustrated in
Figure 1d. The resistance doubles as B increases to 7 T at low
temperatures, and this effect is expected to be further enhanced
with a higher B. These results indicate a magnetic field-induced
transition from a metallic profile (at high temperatures) to a semi-
conducting profile (at low temperatures). A similar field-induced
transition-like behavior has been reported in other types of topo-
logical and semimetals/23°4~I due to multiple types of carriers.
However, at high temperatures, HfAs, exhibits metallic behavior
with a positive temperature coefficient of resistance (dR/dT > 0),
even under high magnetic fields. This observation implies that
phonon scattering may dominate the transport behavior.!>"!

In Figure 1le, the longitudinal resistivity is presented as a func-
tion of magnetic field (B) at various low temperatures. The re-
sistivity demonstrates an increasing trend with the elevation of
the magnetic field for all tested temperatures. We have calcu-
lated the magnetoresistance (MR) value for the sample is ap-
proximately 4034% at B = 9 T and 2 K. Interestingly we have
observed the sharp cusps in p,, below 10 K [refer to Figure 1le;
Figure S3a, Supporting Information], however, these cusps tend
to disappear as the temperature increases above 5 K, transform-
ing into a parabolic shape of linear magnetoresistance (LMR).
The cusp in our sample is attributed to the quantum inter-
ference phenomenon, such as the weak antilocalization (WAL)
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effect, which was previously observed in other topological, Weyl,
and nodal line semimetals.[>1-4]

The cusp at 2 K displays two plateaus with a very sharp and
deep, indicating the pronounced emergence of a strong WAL ef-
fect. The WAL effect in HfAs, is attributed to the intricate inter-
play between spin-orbit coupling and larger disorder (can be seen
from the core level spectra and its lower RRR). Additionally, we
have determined the carrier density of electrons (¢) and holes (h)
at 2 K (see the inset in Figure 1e) from the transverse resistivity
(py) versus the magnetic field (B). The p,, versus B data further
reveals that as the temperatures increase, the p,, curves transition
to alinear behavior (see Figure S3b, Supporting Information). We
further analyze that for the Hall conductivity,o,, _ p,, /(0% + p*)
and fitted with a two-band model of carriers (see Figure S2c, Sup-
porting Information) to estimate the carrier density and carrier
mobility at 2 K.

2 2
[T n, iy,
Oy = m T Ty eB (1)
1+ u’B 1+uB

Here, n,, represent the carrier density of the electron and
hole and y,;, denote the carrier mobility of electrons and holes,
respectively. Due to plateaus at low magnetic, the data shows
a nonlinearity in the o, data (see Figure S3c, in Supporting
Information). The estimated n, is 3.35 X 10%! pQ cm=3, n, is
291 x 10%° pQ cm=3, and y, is ~1.04 x 10> cm? V-1S7!, and
Uy, is 146 x 10°cm? V7'S7!, respectively for 2 K. The car-
rier density and mobility can be further changes with temper-
ature variation. The estimated carrier densities are compara-
ble to other topological and weyl semimetals.[1*20255*] The dis-
crepancy between n, and n, indicates that HfAs, is not per-
fectly compensated semimetal, which can be affected by com-
pensation from the trivial nodal loop and open-orbit topological
material.[5152]

To investigate the electronic structure of these newly grown
TMDP HfAs, single crystals, we performed high-resolution
ARPES combined with first-principles calculations, as shown
in Figure 2. The electronic band structure and Fermi surface
were directly observed from ARPES and first-principles calcula-
tions. Figure 2a indicates the 3D Brillouin zone (BZ) with high-
symmetry momentum points marked by blue lines. Figure 2b,c
represents the calculated 3D bulk Fermi surfaces (FSs) from DFT
calculations. The calculated FS show the electrons and hole-like
pockets, which are further compared with the constant-energy
contour (CEC) plots in the first BZ (see Figure 2d) along the high-
symmetry direction. The CEC shows that the Fermi surface has
three Fermi sheets that consist of four electron-like pockets on
the Fermi surface sheets around I' (see Figure 2d), each apex
pointing toward the X point. The CEC at 44 eV was cut at differ-
ent binding energies from 0 to —0.5 eV (see Figure S4a, Support-
ing Information). With decreasing energy levels from the Fermi
level, the bulk states merely enlarge, and the small pockets at
the X point become bigger and make a clear rectangular shape
stripelike FS from the boundaries.

We further calculated the electronic bulk band structure in
Figure 2e using all the k-points in the first BZ. The calcu-
lated band structure shows both the electron- and hole-like
bands crossing near the Fermi level, which indicates the metallic
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behavior of the sample. The bands crossing along I''X and around
Y-I'-Z points indicate the nodal line semimetal with multiple
nodal loops. We also observed open-ended and extended indef-
initely bands at some high-symmetry lines in the BZ. The band
structure was further studied through ARPES along the high
symmetry path X at 42 eV (see Figure 2f). The highlighted band
indicates a close comparison with the calculated bulk band struc-
ture in the acquired direction. The band dispersion revealed that
the conduction band region near the point shows parabolic hole-
like bands, which nearly crossed the Fermi level. Due to 3D nee-
dle type shape materials, it shows different termination of the
cleavage surface, which can be seen that the I'-X is not clearly
observed in the BZ. Therefore, we see half of the band and other
bands are observed from another termination as well. At the same
time, we calculated the surface bands and the Fermi arc along the
(001) surface and compared them with ARPES results. Figure 2g
reveals the calculated Fermi surface along (001) projected sur-
face. The distribution of these nodal loop line Fermi arc can be
seen at k, = 0. While the loops are extended in large k,. Whereas,
Figure 2h indicates the CEC plot measured at 36 eV. AtI" point, we
can clearly see the pocket indicating the surface states, which was
absent at 42 eV photon. The FS indicates that the sample shows
a rectangular shape around the I' point in I'-X direction. In ex-
tended BZ we can see the clear nodal loop. The CEC at different
binding energies revealed that in the lower binding energies, the
rectangular shape stripelike FSs are more clear (see Figure S4b,
Supporting Information). The parabolic-like Fermi pockets at the
X-point show the surface states surrounding the bulk pocket away
from the Fermi level below 400 meV. The calculation and exper-
imental results show the anisotropic FS of HfAs,. Surface calcu-
lations revealed that the HfAs, shows the surface states on the
(001) project surface (see Figure 2i). However, the dispersion of
the energy-momentum cut along the I'-X in our experiments fur-
ther illustrates these surface states as shown in Figure 2k, mea-
sured at 36 eV photonenergy with clear electrons and hole like
bands are matched well with the surface calculations, which was
absent in 4 eV. While, due to different surface terminations, the
bulk states dominate the cut with some extend, so it is hard to
distinguish the nontrivial surface states in these results and to
compare them with the theoretical calculations properly for some
high directions. However, along the X-direction, they are in good
agreement with each other. We can also see the Dirac-like states
in the lower binding energy along the X direction in both the ex-
perimental and theoretical results. The observed nodal lines (see
Figure 21 k) in our sample, can often exhibit unusual magnetore-
sistance properties due to the unique band structure. Moreover,
we have performed the photon energy-dependent ARPES mea-
surements to evaluate k, dispersion (see Figure S5, Supporting
Information). The band dispersion shows that the position dis-
persion maps change with photon energy. The linear dispersion
distinct from the Fermi level looks to be strongly photon energy
dependent. With increasing photon energy the bulk states begin
to merge with the surface instead. This is an indication of the
non-trivial topological surface states. Therefore, our results show
that HfAs, is a topological nodal semimetal. We also analyzed
the energy distribution curves (EDC) and the momentum dis-
tribution curves (MDC), which also show the different positions
of the energy and momentum space (see Figure S6, Supporting
Information). The spectral weight can distinguish the different
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Figure 2. First-principles calculations and ARPES of HfAs,. a) The first BZ of the PbCl2-type orthorhombic structure, b,c) calculated 3D Fermi surfaces
and d) the measured CEC plot HfAs, at 42 eV. ) The calculated bulk band structure of HfAs, for the whole BZ and f) the measured band dispersion cut
along the high symmetry I'-X direction represents the bulk-like bands measured at 42 eV using ARPES, and the marked arrows represent the comparison
with the calculated bands. g) The calculated Fermi surface projected on (001) surface and h) CEC map measured at 36 eV for HfAs,, i,j) calculated
surface band projected on (007) plane and the measured energy-momentum cut along the high symmetry I'-X direction from ARPES at 36 eV for HfAs,,
respectively. ARPES experiments were performed at 14 K.

energy distributions near the Fermi level in the EDC spectra,  face bands. However, the origin of the weak antilocalization ef-
which identify the photon energy dependence. fect and other transport properties in HfAs, can be induced

Moreover, it is uncertain which factors contribute to this by a larger disorder and strong spin-orbit coupling, as well as
transport behaviour of TMDPs. It is obvious that better car-  maybe a certain role of electron/phonon scattering in this new
rier mobility can be attributed to topologically protected sur- TMS.
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Figure 3. a) Raman spectrum (upper pennel) measured at 5 K and contour map (down pennel) of polarization spectra at different detection angles

from 0-360° under the co-(XX) linear configuration. a;—a;) Polar plots of the Raman modes (1Ag, 1B1g, zAg, 3Ag, 'IB1g, 5Ag, and 6Ag) with integrated
intensities and their fitting, respectively. b) Phonon band structure of HfAs,. c) Experimentally measured modes versus the predicted modes in cm™'.

The solid red line illustrates the ideal agreement.

To further investigate this, we conducted detailed Raman spec-
troscopy and theoretical investigations for structural lattice dy-
namics. We performed polarized Raman experiments on as-
grown HfAs, single crystals, leading to the observation of nine
Raman active modes, as illustrated in Figure 3. Raman spectra
were obtained at a temperature of 5 K with measurements taken
at various rotational angles, as illustrated in Figure 3. Raman in-
tensities exhibit variations with different incident angles, as de-
picted in the contour-color map of the polarized Raman spectra
taken at varying angles (0°-360°), at co-(XX) linear polarization,
as shown in Figure 3a. The contour-color map encodes the inten-
sity evolution as a function of angle, highlighting the polarization
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]

effect. The intensity of these Raman spectra depends on both the
incident and scattered light, which can be expressed as:

T 8. R. & 2)

where I is the intensity Raman spectrum, &; and &, are the po-
larization unit vectors of the incident and scattered light, while
R denotes the Raman scattering tensor. For the Cartesian coor-
dinate system, &; and &, are fixed in the x—y plane. By the rota-
tional angle of 'y, &= (cos(f + 6,), sin(6 + 6,), 0) for the incident
light, and & = (cos(0 + 6,), sin(6 + 6,), 0) for the scattered light in
the parallel polarization configurations (the polarization angles
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of the incident and scattered lights are the same), respectively.
The Raman tensors related to each of the irreducible representa-
tions of HfAs, are determined by the 3 X 3 matrix symmetry of
phonon mode for backscattering:>”]

a00 00e
Ag=0b0 ,Blg= 000 (3)
00c e00

The aforementioned Raman tensors point to the symmetry of
a given phonon mode. To investigate its angle dependence, the
0 angle needs to be included in the analysis, which describes
the in-plane spatial dependence of the phonon modes. The 6 an-
gle can be considered as the angle between of an arbitrary in-
plane axis, for example a or ¢, and then the incident polariza-
tion light. Consequently, the intensities of the A, and B, modes
will vary differently with the changing 6 angle. This means that
the observed Raman peaks can be assigned to A, and B,, modes
accordingly through different polarization configurations and
symmetry analysis. The intensity variation of different modes
is illustrated and plotted in polar plots in Figure 3a,—a,, which
can clearly indicate the polarizations of incident and scattered
light. While the remaining three peaks do not show a polariza-
tion effect (see Figure S7, Supporting Information). Under, &, ||
&, configuration, the symmetry of three modes ('B,,, *B,, and
*A,) are fourfold and four modes ('A,, *A,, °A,, and °A,) are
twofold, while two modes (*B;, and *A,) are unpolarized (see
Figure S7, Supporting Information). The gray dotted line shows
the fitting using the equations |a + bcos?(¢)|* and |esin(2¢)|?
for A, and B, at co-polarization, respectively. Note that the dis-
crepancy between the experimentally obtained polarization evo-
lutions of the phonon intensities and the fitted curves (see, for
example, Figure 2a,) originates from the misalignment of the ex-
citation/detection beam in the experimental setup. However, it
does not cover the total symmetry shape of the phonon modes,
as it still can be nicely described by the fitting formulas. To sum-
marize, the phonon intensity varies differently at polarization an-
gles, and the modes show different polarization symmetry.

Moreover, ab initio calculations are carried out to study phonon
dispersion and predict the modes observed in the Raman spectra.
Taking into account the detailed symmetry properties of HfAs,,
the phononic band structure shown in Figure 3b exhibits 3 acous-
tic and 33 optical modes because the primitive cell of HfAs, con-
tains 12 atoms, with all the atoms occupying the 4c Wyckoff po-
sition. The mechanical representation of the modes is estimated
as:M=6A,, 3A,, 3B,,, 6B,,, 6B, 3B, 3By, , 6B;,. A, B,
By, and By, are the Raman active modes, whereas, the other
modes are IR active modes. Further investigation of their nuclear
site group supports this finding.l>! It is observed that the vibra-
tional modes at the Brillouin zone center consist of 18 Raman-
active modes that can be represented as: 6A, + 3B;, + 6B,, + 3B,
from the symmetry analysis, which is consistent with calcula-
tions. The experimentally measured modes versus the predicted
modes obtained by DFT are shown in Figure 3c. The solid di-
agonal line illustrates the ideal agreement between the two ap-
proaches. Moreover, the irreducible representation of nine vibra-
tional modes observed in the Raman spectrum is computed by
ab initio calculation (see Figure S8, Supporting Information).
From the nuclear site symmetry analysis of the space group Pnma
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contains 18 Raman active modes, while the other modes are IR
active. However, due to the backscattering arrangement of our
experiment, we have only observed the A, and B,, modes. The
modes were further predicted from the DFT calculations and
compared with the calculated modes (see Table S1, Supporting
Information). It is seen, that the vibrational modes appeared at
143.9, 166.7, and 190.7 cm™! purely originated from the vibra-
tions of As atoms, while the rest of the phonon modes are asso-
ciated with the vibrations of Hf, and As atoms. All the phonon
modes are positive, showing no imaginary frequencies, which
reveals that HfAs, is a dynamically stable material. This is a di-
rect confirmation that our structure is stable at finite tempera-
tures that support the experiments. Also, the phonon dispersion
reveals that there are no phonon energy bandgaps in the whole
range, which is closely related to the phonon scattering processes.
Such a continuous band structure of phonons allows for plenty
of scattering paths to the phonon branches. Principally, it is very
significant for the low-energy optic and acoustic branches.

To investigate the phonon—phonon and electron-phonon inter-
actions, the Raman scattering of single crystal HfAs, was further
measured as a function of temperature from 5 to 300 K, as shown
in Figure 4a. With temperature cooling, all the phonon peaks be-
come sharper and shift toward higher frequency as the temper-
ature changes from 300 to 5 K (see Figure 4a). The previously
reported results indicated an unusual increase in the linewidth
and a decrease in the phonon mode energies, which is inter-
preted to be evidence of electron-phonon coupling.*?! We fur-
ther fitted the Raman shift and the linewidth of the observed
phonon peaks as a function of temperature to extract the quan-
titative values via a Voigt function. The line shape of the Ra-
man shift as a function of temperature (see Figure 4a) with the
large shift observed in *A, of ~2% and the lowest shift observed
at ~0.15% in *A,. These results could reveal the possible in-
dication of the phonon anharmoncity or phonon—phonon cou-
pling effect.5%! The signatures of phonon-phonon or electron-
phonon couplings in the temperature dependence can be ob-
served from the changes in phonon energy. The phonon en-
ergy decreases with increasing temperature due to lattice anhar-
monicity and/or lattice expansion.>®>7] From the temperature-
dependent Raman data shown in Figure 4b, it can be seen that as
the temperature increases the Raman modes are shifted to lower
energies. The linewidth in Figure 4c indicates the temperature
dependence, which is anticipated to anharmonic phonon decay.
The temperature-dependent phonon energies and linewidth have
contributions from multiple sources, such as lattice thermal ex-
pansion and lattice anharmonicity of the phonon interaction. The
temperature-dependent phonon energies shift and linewidth can
be fitted using the Klemens model;>®!

2 3 3
o (T) =w, +A[1+m]+B[1+(6Y—l)+(eY—1)2](4)
and

2 3 _3
rr=r, +C 1+(e"—l) +D 1+(6Y—1)+(6Y—1)2](5)

where w, and I'; is the harmonic frequency and linewidth at zero
temperature for the optical modes, respectively; x = hw/2kyT,
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Figure 4. Raman measurements of HfAs, a) Raman spectra measured at temperatures from 5 K to room temperature, b,c) Raman shift and linewidth
of different peaks as a function of temperature and their fitting. The gray line shows the fitting. d) Lattice thermal conductivity is calculated as a function
of temperature. €) Cumulative lattice thermal conductivity is computed at room temperature. f—i) phonon lifetimes computed at different temperatures.

y = hw/3k,T, while 7 is the Planck constant, w is the frequency,
kg is the Boltzmann constant. A, C, B, and D represent the an-
harmonic constant coefficients related to the three- and four-
phonon processes, respectively. The data in Figure 4b,c were
fitted using Equations (3) and (4) to extract the fitting param-
eters, as seen in Table 1. The gray line shows the fit of the
model, which reproduces our experimental data very well. The
linewidth follows the dependence anticipated from the model of
anharmonic decay, which is confirmed by the fitting curve. The
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availability of phonon decay data reveals that phonon-phonon
scattering predominantly occurs over electron-phonon scattering
for most modes. The linewidths of the two modes, *A, and *A,
(see Figure 4c; Figure S9, Supporting Information), exhibit a non-
linear trend with temperature that cannot be fitted using the Kle-
mens model. As temperature increases, the phonon linewidth
generally increases; however, within the temperature range of
approximately 80 to 140 K, these modes display an anoma-
lous behavior that cannot be well-fitted by the Klemens model.
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Table 1. Raman modes fitting and extracted parameters.
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Parameters Raman Modes
‘A ’A, ’Byg ’Byy ‘A, *A, A,

, (cm™) 85.1 92.91 99.06 114.56 127.96 144.74 167.55 191.47
A (cm™) —0.0085 0.0097 0.0031 0.0022 —0.0059 —0.0013 0.0081 0.0014

(em™) —0.0001 —0.0002 —0.0002 —0.0001 —0.0001 —0.0008 —0.0002 —0.0002
I, (cm™) - 1.50 136 1.033 5.62 3.275 1.018 1.122
C(cm™) - 0.0038 0.0045 0.0037 0.0076 0.0059 0.0012 0.0014
D (cm™) - 0.0002 0.0004 0.00002 0.00006 0.000046 0.000012 0.000027

However, the other modes are well-fitted with the Klemens model
that can confirm that the Raman spectra of HfAs, show the stan-
dard anharmonic phonon-phonon interaction. The anharmonic-
ity is further confirmed by the temperature dependence of the
mode energy shifts. It is further suggested that the increasing
trend of the phonon linewidth with increasing temperature is as-
sociated with the phonon lifetimel**! and the phonon lifetime is
directly linked with thermal conductivity. Therefore, we have con-
sidered the anharmonic third-order interatomic force constants
computation to calculate the lattice thermal conductivity (k| ) and
phonon lifetimes within the single-mode relaxation time approx-
imation approach for HfAs, to show the thermoelectric response.
The temperature-dependent lattice thermal conductivity «,,, to-
gether with k,,, k., and «,, along the three lattice vectors is de-
picted in Figure 4d. The room temperature «,,, is indicated by a
dotted line with a value of 4.2 W m~'K~!. The x; magnitude along
the three directions differs very slightly, given that the low- and
high-temperature phases remain structurally similar. The value
of k| is expected as an upper limit since the relaxation time ap-
proximation considers only the scattering through three-phonon
processes, whereas it does not include the effects of boundary
scattering, structural defects, and the high-order phonon inter-
actions such as electron-phonon scattering.[®”! In Figure 4e, we
show the cumulative lattice thermal conductivity at room tem-
perature as a function of frequency, revealing that modes from
the entire phonon spectrum are not contributing to heat trans-
port. In fact, the optical modes are more responsible compared
to the acoustic modes and span over a wide range of frequencies.
This trend is different from that of SnSel®!l and other compounds
such as GaAs and CdTe,!%?l where the acoustic modes are respon-
sible for most of the heat transport. The suppression of heat con-
duction from the acoustic modes and the substantial role of the
optical modes in heat transport are also observed in MAPDI,.[*]

The phonon linewidth is directly related to the phonon life-
times or the scattering ratios.[*#%] The evolution of the linewidth
of different Raman modes as a function of temperature in
Figure 4c indicates a reduction of phonon lifetimes with increas-
ing temperature. To support this, we investigated the phonon
lifetimes of HfAs, by calculating the third-order force con-
stants within the single-mode relaxation-time approximation.
Figure 4f—i shows the phonon lifetimes as a function of fre-
quency calculated at different temperatures. With increasing
temperature, the lifetimes decrease. At 250 K the lifetime is
>20 ps, however, at 500 K it becomes <10 ps. These short
lifetimes will show the small group velocities with nanometre-
scaled mean free paths to be obtained. Furthermore, the small
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proportion of acoustic to optical modes implies a significant
contribution of optical modes to k. The reduction in phonon
lifetimes suggests an increase in heat transport due to greater
phonon scattering, which is evident from our experimental re-
sults, showing higher phonon—phonon scattering at elevated
temperatures. These results also indicate that at lower tempera-
tures, the phonon-phonon scattering rate is significantly reduced
compared to higher temperatures. This phenomenon is further
related to the interplay between phonon-phonon and electron-
phonon scattering, affecting coherence length in systems with
disorder and strong spin-orbit coupling that exhibit the WAL ef-
fect. The observed linewidth in two phonon modes (*A, and *A,)
illustrates the presence of electron-phonon coupling in HfAs,, as
evidenced by the Raman results. These modes reveal that the sys-
tem exhibits both electron-phonon and phonon—phonon interac-
tions. This dual interaction is consistent with the trends observed
in previous studies.3*%%! In addition, the heavy atoms with large
spin-orbit coupling found in many topological materials also lead
to a reduction in the bandwidth of the acoustic phonons, limit-
ing the available phase space for phonon—phonon scattering, as
discussed above.

Understanding the underlying mechanisms can provide in-
sights into enhancing the thermoelectric performance of topo-
logical semimetals. This includes strategies such as increasing
the density of states near the Fermi level, optimizing carrier con-
centration, and reducing lattice thermal conductivity. Notable ex-
amples include NDbAs,, which exhibits a high transverse power
factor of 850 uW cm~! K2, and Cd, As;, showing a ZT of 1.1 un-
der an applied magnetic field,”:%8) making them promising can-
didates for high thermoelectric performance. Poudel et al. (2008)
demonstrated that creating nanostructures within the bulk of
Bi,Te, significantly enhances phonon scattering, leading to re-
duced thermal conductivity. This enhanced phonon scattering
mechanism does not compromise electrical conductivity, result-
ing in a high ZT value.l”) Similarly, TaP has been identified
for its non-saturating quantized thermoelectric Hall conductiv-
ity and thermopower, making it an excellent semimetal candi-
date for thermoelectric applications below room temperature.!”°!
Our findings contribute to the understanding and potential uti-
lization of these new topological materials for energy harvesting
applications.

3. Conclusion

It is summarized that the single crystals of HfAs, were grown
by using the CVT method and simultaneously studied their
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electronic and phonon properties using transport, ARPES, and
Raman spectroscopy. The Fermi surface and electronic band
structure were studied by ARPES and DFT calculations revealed
that the nontrivial topological surface states show that HfAs, is a
topological nodal semimetal. The transport properties of HfAs,
demonstrate the higher electronic carrier density and carrier mo-
bility, which are correlated with electron-hole compensation and
topological states. The magnetoresistance measurement further
revealed the weak antilocalization at low temperatures associated
with the disorder and/or spin-orbit coupling, which was further
validated by Raman and phonon calculations, which contributes
to both electron and phonon scattering. The Raman measure-
ment revealed the anharmonic phonon—phonon and electron-
phonon interactions supported by the low lattice thermal conduc-
tivity and phonon lifetime. These results can further provide a
route toward the thermoelectric properties of the new materials,
especially topological materials.

4. Experimental Section

Transport Measurements:  Electrical transport measurements were per-
formed with the four-probe technique on the rectangular crystal witha 9 T
magnetic field applied measured by using a 16 T PPMS (Quantum Design,
Inc.) at the Steady High Magnetic Field Facilities, High Magnetic Field Lab-
oratory, (HMFL), CAS, Hefei, China. The low-field resistivity and MR were
measured with a standard four-probe punk using a 14 T PPMS (Quantum
Design, Inc.). Gold wires were used to make electrodes on the bulk HfAs,
sample with silver epoxy to make four contacts.

ARPES Measurements:  ARPES experiments were performed with a Sci-
enta DA30L electron spectrometer at the beamline 13U of the National
Synchrotron Radiation Laboratory (NSRL), Hefei. Horizontal polarization
of incident light (hv = 30 to 45 eV) was used to investigate the elec-
tronic structures of HfAs,. The angular resolution was 0.3° and the com-
bined instrumental energy resolution was better than 18 meV. All samples
were cleaved in situ at 12 K and measured under a vacuum better than
8x 107" mbar.

Raman Measurements: The Raman scattering (RS) spectra were mea-
sured under excitation from a single-frequency diode laser 4 = 515 nm
(2.41 eV). The excitation light was focused using a 50 x long-working dis-
tance objective with a 0.55 numerical aperture (NA) producing a spot of
~1 um diameter. The signal was collected via the same microscope objec-
tive (the backscattering geometry), sent through a 0.75 m monochroma-
tor, and then detected by using a liquid nitrogen-cooled charge-coupled
device (CCD) camera. The polarization-resolved RS measurements were
performed in two co-(XX) and cross-linear-(XY) configurations, which cor-
respond to the parallel and perpendicular orientation of the excitation and
detection polarization axes, respectively. The analysis of the RS signal was
done using a motorized half-wave plate, mounted on top of the micro-
scope objective, which provides simultaneous rotation of polarization axis
in the XX and XY configurations.

Calculation Details:  The electronic structure calculations were carried
out with the projector-augmented wave approach within the density func-
tional theory framework, utilizing the VASP package.l”"l A plane-wave en-
ergy cut-off of 650 eV was employed in the study. The generalised gradi-
ent approximation (GGA) method was utilized as the exchange-correlation
function.[”?] The calculations of electronic structures were performed with
a 6 X 12 X 4 Monkhorst-Pack k-mesh, incorporating the spin-orbit cou-
pling self-consistently. The VASPWANNIER90 interface was employed in
the study, utilizing s and d orbitals of Hf atoms, as well as p orbitals of
As atoms, to generate a tight-binding Hamiltonian without performing the
procedure for maximizing localization.[>74] The calculation of the surface
state was performed using the semi-infinite Green’s function approach in-
corporated in the Wanniertools.[”>76]

For the lattice-dynamics calculation, the phonon dispersions and the
density of states (DOS) were attained from the finite displacement method
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employing the Phonopy packagel””78] with VASP as a force calculator.
These calculations were done together with third-order force constants
calculations to compute the phonon lifetimes using single-mode relax-
ation time approximation (SM-RTA) via the Phono3py package.[®*] The
SM-RTA offers a solution to the linearised phonon Boltzmann transport
equation that relates the lattice thermal conductivity to contributions aris-
ing from individual phonon modes. To calculate the second-and third-
order inter-atomic force constants, the same 2 X 3 x 2 supercell was used
with 4 X 6 x 3 and 2 x 3 x 2 Monkhorst-Pack k-mesh, respectively.!%:#0]
This was sufficient for the convergence of the phonon dispersion. For eval-
uating the third-order inter-atomic force constants, pairwise atomic dis-
placements are required. The 300 eV kinetic-energy cutoff for carrying out
the geometry optimization is employed for force calculations. However,
the explicit treatment of spin-orbit coupling is not included as the phonon
frequencies in the electronic-structure calculations are unlikely to be af-
fected, but it considerably raises the computational cost.[3']
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the author.
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