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We present a Raman study of ZrAs, single crystals, a nodal-line semimetal with symmetry-enforced Dirac-like
band crossings. We identified the symmetry of phonon modes by polarized light measurements and comparison
with calculated phonon frequencies. Significant dependence of peak intensities on the excitation wavelength
was observed, indicating quantum interference effects. Phonon peaks in the spectra were superimposed on

the electronic background, with quasielastic scattering observed for the 785-nm excitation. The temperature
dependence of phonon peaks’ linewidth indicates that the electron-phonon coupling plays an essential role in

phonon decay.

DOLI: 10.1103/PhysRevB.110.054114

I. INTRODUCTION

Topological semimetals have attracted considerable scien-
tific interest in recent years owing to their unique electronic
structure and the specific role of symmetry. In most Dirac
and Weyl semimetals, the energy bands intersect at a point
in k space. Nodal-line semimetals exhibit band crossings
that extend on a one-dimensional line or loop in k space
[1]. The nonsymmorphic symmetries can play an important
role in protecting the crossings [2,3]. Transition-metal dip-
nictides ZrP, [4] and ZrAs; [5] have been found to represent
nodal-line semimetals. Bannies et al. [4], using angle-resolved
photoemission spectroscopy (ARPES) and magnetotransport
studies, found that ZrP, exhibited an extremely large and
unsaturated magnetoresistance (MR) of up to 40 000% at
2 K, which originated from an almost perfect electron-hole
compensation. Their band-structure calculations and ARPES
studies showed that ZrP, hosted a topological nodal loop in
proximity to the Fermi level. Very recently, magnetotransport
studies of ZrAs, have been reported by Nandi et al. [6]. They
observed large MR with quadratic-field dependence, unsatu-
rated up to magnetic field of 14 T. Their electronic structure
analysis demonstrated the coexistence of electron- and hole
pockets at the Fermi surface. The carrier concentration was
estimated from the field-dependent Hall resistivity, and it was
found that the charge carriers were nearly compensated, which
resulted in a large MR. Wadge et al. [5], reported results for
the ZrAs, single crystals, obtained using ARPES technique
and density-functional theory (DFT) calculations. In ARPES
scans, a distinctive nodal-line structure was observed at pho-
ton energies of 30 and 100 eV. Furthermore, DFT calculations
unveiled symmetry-enforced band crossings anchored at spe-
cific points in the Brillouin zone.
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Raman-scattering studies of topological semimetals of-
fer insight into lattice dynamics, electronic structure, and
electron-phonon interaction [7—10]. This paper presents the
Raman study of zirconium diarsenide ZrAs, single crystals.
We performed angle-resolved polarization measurements to
assign symmetry to the observed Raman modes. With the
support of the phonon frequencies’ ab initio calculations, it
was possible to identify all Raman modes in ZrAs,. The
Raman spectra depend substantially on the excitation en-
ergy, with some modes visible only for specific excitation.
We ascribe this to resonance-like—interference effects related
to the complicated band structure of ZrAs,. We also an-
alyzed the electronic Raman scattering, which produced a
pronounced continuum background in the Raman spectra. An
essential aspect of the Raman spectroscopy of semimetals is
the role of electron-phonon coupling. Our study shows the
electron-phonon coupling effects in ZrAs;, manifesting in the
temperature dependence of Raman peaks linewidth.

II. EXPERIMENTAL DETAILS

ZrAs; crystallizes in the PbCl,-type structure with the
centrosymmetric, nonsymorphic space group Pnma (Dig, In-
ternational Tables for Crystallography No. 62). Orthorhombic
cell parameters are [11] a = 6.8006 A, b = 3.6883 A, and
¢ = 9.0328 A. The unit cell of ZrAs, contains 4 formula units
(Fig. 1); all atoms occupy 4c Wycoff positions. Needlelike
crystals of ZrAs, have been grown by the iodine transport
method, with the crystallographic b axis along the needle
length. The chains of covalently bonded As atoms along the
b axis provided preferred direction of crystal growth [11].

Raman measurements were performed on two spectrome-
ters: HORIBA Jobin Yvon Aramis spectrometer with 2400-
I/mm diffraction grating (approximate resolution 1 cm™1!),
used for measurements with 473- and 633-nm excitation
lasers; and Renishaw Quanta spectrometer with diffraction

©2024 American Physical Society
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FIG. 1. Orthorhombic unit cell of ZrAs,.

grating 1800 1/mm and approximate resolution of 2 cm™!

(785-nm laser). The beam power was kept low in all cases
to prevent sample heating. The spectra were measured in the
temperature range 80 — 443 K.

Raman spectra were measured in backscattering geometry
with parallel (&;||&;) and crossed (& L &) configurations,
where &;, & were polarization vectors of incident and scattered
light, respectively. For most of the measurements the natural
(101) face of the crystal was used, with light impinging along
the Z’ axis, perpendicular to the (101) face (Fig. 2). We use
Porto’s notation throughout the paper, e.g., Z'(YY)Z' configu-
ration, which we write in short as (YY).
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FIG. 2. Experiment geometry and crystal orientation. The crystal
frame of reference (XYZ) and the lab frame of reference (X'Y'Z').
Unit-cell vectors a, b, and ¢ are shown. Light polarization (incident
and scattered) is in the (X'Y) plane. The red arrow shows the light-
propagation vector, and the blue denotes the light-polarization vector.
The angle between X and X’ axes is ¢ = 53.0247°.

Computational details

The calculations of the band structure were performed
within density-functional theory (DFT) as implemented in
the VASP package [12-15] with projector augmented-wave
pseudopotentials [16,17]. In all cases, the Perdew-Burke-
Ernzerhof generalized gradient approximation functional [18]
was used. For the sampling of the Brillouin zone, a dense 8 x
8 x 8 grid was used, while the plane-wave energy cutoff was
set to 500 eV. All the structures were optimized until the force
exerted on each atom was smaller than 10> eV/A. Phonon-
dispersion calculations were made using, the frozen-phonon
method as implemented in the PHONOPY code [19].

III. RESULTS AND DISCUSSION

A. Room-temperature studies

According to the nuclear site group analysis [20] of ZrAs;
structure (see Supplemental Material [21] for details), 18
Raman-active optical vibrational modes at zero wave vector
are distributed as follows:

T = 6A, + 3By + 6By + 3Bs,. (1)

Because ZrAs; has a centrosymmetric structure, only even-
symmetry modes are allowed in Raman spectra. The Raman
tensors for these modes are

a 0 O
A, =10 b 0
0 0 ¢
0 d 0
Biy=\|d 0 0
0O 0 O
0 0 e
Byy=10 0 0
e 0 O
0O 0 O
Byp=[0 0 r @
0O f O

Figure 3 presents room-temperature Raman spectra
recorded at the (YY) geometry for three excitation energies:
2.62 eV (473 nm), 1.96 eV (633 nm), and 1.58 eV (785 nm),
with continuous background dependent on excitation energy.
The background in spectra will be discussed further below.
Phonon-mode positions, linewidths, and intensities were an-
alyzed after background subtraction. Generally, the Raman
spectra measured in this study are consistent with selection
rules stemming from the Raman tensor. However, some resid-
ual intensity peaks corresponding to the modes forbidden for
a given polarization are present due to resonant conditions.
Apparent difference is observed for the lowest-frequency A,
mode at 94.5 cm~!, which has a significant intensity in the
forbidden cross-polarizer configuration (Fig. 4).

Table I assigns the observed phonon modes according
to their symmetry compared with calculated frequencies
(vASP_FP). The polarized angular-resolved Raman spectra
confirm this assignment. Polar graphs for selected modes as
a function of the 6 angle between the incident light polariza-
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FIG. 3. Room-temperature Raman spectra for three different ex-
citations (as measured). The continuous background is present with
the dashed lines as reference levels for every plot. The green line
is the fitted model of quasielastic scattering background using ex-
pression (3) to the 785-nm plot. The inset shows the temperature
dependence of the integrated background intensity for the 785-nm
excitation.

tion vector and the b axis are presented and analyzed in the
Supplemental Material [21].

Figure 5 shows room-temperature spectra for (YY) and
(X'X’") polarization for different excitation wavelengths.
Intensities of several Raman peaks have distinctive excitation
wavelength dependence. The A, symmetry modes at 129 and
171 cm~! have much higher intensity for the 633- and 785-nm
excitations than for the 473-nm excitation. The A; mode at
276 cm~! does not appear in the 473-nm spectrum. Mode at
244 cm™! (Byg) is the most intense for the 473-nm excitation

785 nm éxcitation
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200 250 300

150

Raman shift (cm™)
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FIG. 4. Comparison of the parallel (YY) and the (X'Y) crossed-
polarization spectra recorded with the 785-nm excitation at room
temperature (the electronic background subtracted).

TABLE I. Symmetry assignment of the observed Raman modes
in ZrAs,. The mode frequencies were determined from the room-
temperature spectra. Accuracy of mode-frequency values is approx-
imately 1 cm™'. Theoretical values were calculated using the DFT
method.

Frequency (cm™")

Experiment Theory (VASP FP) Symmetry assignment
1 94.5 87.8 A,
2 89.8 B,
3 129 121.9 Ag
4 140 134.5 Bs,
5 149 137.3 By,
6 166 154.2 Bs,
7 171 161.2 A,
8 173.5 164.4 By,
9 178 170.1 By,
10 182.5 173.6 By,
11 197 186.5 Ag
12 203 193.9 B3,
13 207 195.3 By,
14 217 206.4 By,
15 223 210.9 A,
16 211.7 By,
17 244 2322 By,
18 276 261.0 A,

in the (X'X’) configuration and appears as a small kink in the
785-nm spectrum (it is not present for the 633-nm excitation).

Usually, in resonant Raman spectra, all modes are seen to
increase their intensity when the excitation energy is close to
a characteristic electronic transition (Van Hove singularity or
band nesting). In the Raman spectra of ZrAs,, we observe
both resonance and antiresonance effects depending on mode.
This means that different electronic intermediate states are
involved in the Raman scattering. Since in the band structure
of ZrAs, [Fig. 6(a)] many bands are available for such transi-
tions, different bands in the whole Brillouin zone take part in
the light-scattering process. It leads to a quantum interference
effect, when electronic transitions in different parts of the
Brillouin zone enhance or quench each other [23-26]. Due
to the complicated band structure of ZrAs,, we cannot iden-
tify the regions that contribute constructively to the Raman
amplitude and those that interfere destructively. It is worth
noting that differences in electron-phonon matrix elements
for phonon modes can also account for observed excitation
dependence [26].

As shown in Fig. 3, the continuous background is present in
the ZrAs, Raman-scattering spectra. The background shows
a quasielastic scattering (QES) wing and a flat finite-energy
continuum extending up to 1500 cm~!. It is polarization de-
pendent and has the highest intensity in the (YY) configuration,
i.e., for light polarization along the b axis, where arsenic
atoms form covalently bonded chain. It also depends on ex-
citation energy and has the highest intensity with an intense
QES part for the lowest-used excitation energy of 1.58 eV
(785 nm). For the higher excitation energies, 1.96 and 2.62 eV,
the intensity of the quasielastic component is weaker, and the
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FIG. 5. Room-temperature Raman spectra in the (YY) (a) and (X'X") (b) configurations for 473, 633, and 785-nm excitation wavelengths,
respectively. The (YY) spectra were normalized to the 197-cm™! peak and (X'X") to 129-cm™' peak.

broad energy range background is observed. The background
intensity measured with the 785-nm excitation decreases with
increasing temperature (inset in Fig. 3).

A broad band of continuous energy Raman scattering was
observed for some topological semimetals: e.g., in Cd;As;
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FIG. 6. (a) Band structure of ZrAs, with a few allowed electronic
transitions to/from intermediate states in the Raman process, which
are shown with the vertical arrows: black: 785-nm excitation, red:
633 nm, and blue: 473 nm; (b) Density of states; (c) Details of
the electronic bands close to the Fermi level; shaded areas indicate
regions of the Brillouin zone where phonon decay via e-h pairs
excitation is energetically possible; and (d) Brillouin zone of ZrAsj,.

[7,27], WP, [28], and LaAlSi [23]. It is attributed to electronic
Raman scattering due to electron density fluctuations. Such
a background was first observed in heavily doped semicon-
ductors [29,30]. It was interpreted as scattering by intervalley
density fluctuations in the collision-limited regime [31].
Zawadowski and Cardona [32] have shown that in Raman
spectra of metals a background can be due to a scattering
between different parts of Fermi surface. Intense QES is also
observed in the metallic phase of Lay7Sro3MnO; [33]. The
quasielastic part of the continuum background is often de-
scribed by the Lorentzian profile for zero energy:

a)Fel

Lrx(nw)+1)—————,
ko (1) + D

3)
where n(w) is the Bose factor, and I'y is the width of the
Lorentz profile.

Equation (3) gives a good fit to the QES wing in the
785-nm excitation spectra (Fig. 3). The intensity of this back-
ground decreases with temperature in the range of 80 — 443 K
(inset in Fig. 3). I' is almost independent of temperature and
has an average value of (230 £ 20) cm™ !

Due to the presence of an electronic background in Raman-
scattering spectra, one can expect the effects of interference
between discrete phonon modes and electron continuum
states, resulting in asymmetric Fano-type profiles of Raman
peak intensity. However, we did not isolate any peaks in the
spectra with undoubtedly a Fano-type line shape. The lack of
Fano peaks in Raman spectra of ZrAs; resembles the situation
of another topological semimetal TaAs, where the electron-
phonon coupling was identified in temperature evolution of
the Raman modes’ linewidth, but no asymmetric Fano-like
Raman peaks were reported [34]. However, asymmetric Fano
profiles have been found in the infrared spectra of TaAs [35].

B. Effect of temperature on Raman scattering in ZrAs,

Figure 7 shows the evolution of the Raman spectra mea-
sured in the parallel configuration for § = 45° in the
temperature range 80 — 443K for the 2.62-eV (473-nm)
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FIG. 7. Temperature dependence of the Raman spectra measured
with the 473-nm excitation for parallel configuration and & = 45° (for
the 633-nm excitation see the Supplemental Material [21]).

excitation. Most peaks are visible for the whole tempera-
ture range. However, some peaks for the 2.62-eV excitation
lose their intensity with increasing temperature, e.g., the A,
mode at 280 cm™! (at 80 K) is hardly visible for temperatures
above 300 K. Temperature dependence of the Raman spectra
for the 1.96-eV (633-nm) excitation is shown in Fig. S3 in the
Supplemental Material [21].

To find the basic parameters of the phonon lines (position,
linewidth, and area) the fitting procedure was performed. The
best fit was achieved with the pseudo-Voigt function, which
is a weighted sum of the Lorentz and Gaussian profiles. At-
tempts to fit spectra with the Voigt profile gave unreliable
results because of too-low signal-to-noise ratio [36].

The temperature dependence of the optical phonon fre-
quency and linewidth is usually ascribed to two effects:
quasiharmonic effect due to thermal expansion of the crystal
lattice, and the anharmonic effect due to the phonon-phonon
coupling. The first effect is often approximated by a linear
dependence:

o(T) =wy + xT (4)

Anharmonic interaction is analyzed within the extended
Klemens model [37,38], which assumes that phonon decays
into two or three acoustic phonons. The change of phonon
frequency is given as

2
Awnn(T) = A<1 + —)
et —1

(14— 5
(vmey) @

where /iw is phonon energy, x = hiw/2kgT,y = hw/3kpT and
A and B denote anharmonic constants related to three phonon
processes (decay of optical phonon into two phonons) and
four phonon processes, respectively.

Left panels in Fig. 8 present the temperature dependence
of the position of several phonon peaks in ZrAs;. In the tem-
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FIG. 8. Temperature dependence of phonon-mode frequency in
ZrAs; (left panels) and the linewidth (right panels) for two excitation
wavelengths: 473 and 633 nm. The red line is a fit of the expression
(5) to the mode-frequency change. In the right panels, blue line is a
fit of the model where both anharmonic effects and electron-phonon
interaction are included. The black line corresponds to the linewidth
model of anharmonic interaction only (6). The linewidth results were
not corrected for the instrumental broadening.
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TABLE II. Fitting parameters of the temperature dependence of peak position and linewidth: the redshift linear dependence parameter x
(for the modes at 166- and 245-cm~! nonlinear dependence was observed); parameter C corresponds to an anharmonic Klemens model of the

thermal evolution of the linewidth, and y.p;, to the electron-phonon coupling process for the 473-nm excitation. Additionally, for the 94.5-cm

mode, parameters from the fit for the 633-nm excitation spectra are given.

Mode frequency (cm™') Symmetry x (cm™!/K) C(cm™h) Yeph (cm™1)
94.5 (473 nm) A,y —0.0064 0 1.86 + 0.03
94.5 (633 nm) A, —0.0064 0 1.68 £+ 0.02

129 A, —0.01 0.1+ 0.03 1.7 £ 05
166 Bs, —0.01 0.62 + 0.5
223 A, —0.018 0.21 £ 0.06 0.65 + 0.05
244 B 0.32+ 0.08 0.8 £ 0.5
276 A, —0.022 1.36 + 0.12 0

perature range used in our experiment, the redshift of phonon
frequency is linear function of temperature for most modes,
with a slight deviation at temperatures near 80 K. The fitted
values of the y parameter are given in Table II. However, it is
worth noting that the anharmonic expression (5) also produces
almost a straight-line fit to our data, so the effects of lattice ex-
pansion and anharmonicity are practically indistinguishable.
The temperature redshift of phonon frequency for the modes
at 166 and 244 cm~! is distinctly nonlinear and follows the
expression (5).

Similar expression to the anharmonic redshift of phonon
frequency (5) describes the temperature evolution of the
phonon linewidth due to the anharmonic interaction:

r (T)—C<1+L)+D(1+ & + 5 )
it e —1 e —1 " (e@—1)72)
(6)

It predicts an increase in linewidth with increasing temper-
ature. However, several phonon modes in Raman spectra of
ZrAs; show a reduction in linewidth for increasing tempera-
ture (right panels in Fig. 8). It is due to important contribution
of the electron-phonon coupling, which is particularly im-
portant in semimetals. In this interaction phonons decay into
electron-hole pairs via intra- or interband transitions close to
the Fermi level (Er) [8,39,40]. Temperature dependence of
the linewidth is determined by the difference in occupation of
electronic states below and above Er. For increasing tempera-
ture, the occupation of the electron states below Er decreases,
while the occupation of the states above Efp increases. It
leads to decreasing number of available electronic states for
the phonon-induced transitions and results in a decrease of
the linewidth with increasing temperature. This behavior is
quantitively expressed by the formula [39,40]

Feph = Yeph [(f(_hw/z) - (f(hw/Z)], @)

where f(hw) = (exp(hw/kgT) + 1)~ is the Fermi-Dirac dis-
tribution function, and yep is the electron-phonon coupling
parameter.

It is worth noting that taking into account a finite chemical
potential in (7) can result in a nonmonotonic temperature
dependence of I'epp [8,34].

The decay of optical phonon with zero wave vectors via the
creation of the electron-hole pairs depends on the energy and
symmetry of phonon mode. Since the highest-energy phonons

at the center of the Brillouin zone of ZrAs, have an energy
of 34 meV, electron-phonon coupling is possible for pairs of
electron bands below and above the Fermi energy, which are
closer to each other than 34 meV. It can happen only with an
electron k vector along the I' - Z line and around the T point
in the Brillouin zone [Fig. 6(c)]. However, symmetry-based
selection rules (with and without spin-orbit coupling) do not
allow Raman-active phonons to induce interband transitions
at the 7 point. Due to spin-orbit coupling, such transitions are
allowed near the T point and along the I" - Z line. We cannot
exclude that conditions for effective electron-phonon coupling
may also exist at general k points in the Brillouin zone.

In an analysis of the temperature dependence of the
linewidth, we used an expression with two contributions: an-
harmonic term 'y, [Eq. (6)] (we set D = 0, since four-phonon
processes give negligible contribution), and the electron-
phonon coupling term I'epy according to the expression (7).

I'=T¢ + Ty + 1—‘eph~ (8)

We investigated the temperature dependence of the
linewidth of phonon peaks represented by the full width at
half maximum for two excitation energies, 1.96 eV (633 nm)
and 2.61 eV (473 nm), whenever the peak was present and
measurable in the spectra for a given excitation energy. For
low-intensity modes and overlapping peaks it was impos-
sible to get reliable values of the linewidth. Temperature
dependence of the linewidth measured for the two excita-
tions exhibited significant differences (Fig. 8). In the spectra
recorded with 633-nm laser we observe for most modes al-
most linear linewidth increase in accord with anharmonic
model, apart from the 94.5-cm~! mode, when the 633-nm
plot follows the 473-nm line. It is unclear to us what the
source of these discrepancies is; one of the possible reasons
can be a difference in light-penetration depth for the used ex-
citation energies. For the 473-nm excitation, the contribution
of the electron-phonon interaction to phonon decay is seen
for several modes as a monotonous decrease or a minimum
in the temperature dependence of the linewidth. This type of
temperature dependence is observed for the modes of A, sym-
metry at 94.5, 129, and 223 cm™!, respectively, for two modes
of By, symmetry at 150 and 244 cm™', and the 166-cm™"
B3; mode. The dominance of the electron-phonon coupling
over anharmonic decay is observed for the modes at 94.5 and
166 cm~!, where no contribution from the anharmonic term is
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needed (C = 0) to fit the experimental data. This observation
indicates no clear-cut correlation between the strength of the
electron-phonon coupling in phonon decay, and phonon sym-
metry or frequency. It is an individual property of the phonon
mode.

The values of the y.pn parameter, characterizing the
strength of electron-phonon coupling for phonon modes
(Table II), are smaller than the values reported for some
phonon modes in NiTe,: 5.41cm™! [41] and PdTe,: 28.8
cm™! [42] as well as in graphene and graphite: approximately
10 cm™~! [38]. Still, the electron-phonon coupling plays a sig-
nificant role in phonon decay processes in ZrAs,.

IV. CONCLUSIONS

We have investigated Raman scattering in a Dirac nodal-
line semimetal ZrAs,. Raman spectra have been recorded for
several excitation laser energies at different light polariza-
tions. The calculated zero wave-vector phonon frequencies
and polarization dependence of the Raman peaks enabled
symmetry identification of all observed phonon modes. Due to
an interference between excitation paths with different inter-

mediate states, significant peak-intensity differences exist for
different excitation wavelengths. The polarization-dependent
electronic background is present in the Raman spectra, with
an intense quasielastic scattering in the spectra recorded
with the 785-nm excitation. Effects of electron-phonon in-
teraction manifest themselves in decreasing peak linewidth
with increasing temperature for modes of different symme-
try, indicating differences in the electron-phonon coupling.
We identified points in the Brillouin zone at the Fermi level
where optical phonons can decay via e-h pair creation: only
for the electronic states on the I' - Z high-symmetry line and
in the vicinity of the T point, are phonons allowed to create
e-h pairs. Since in ZrAs; there are no Dirac points close to
the Fermi energy, it is hard to expect a significant influence of
these points on the electron-phonon coupling.
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