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We have performed polarized and temperature-dependent Raman scattering measurements on
extremely large magnetoresitance compounds TaAs2 and NbAs2. In both crystals, all the Raman
active modes, including six Ag modes and three Bg modes, are clearly observed and well assigned
with the combination of symmetry analysis and first-principles calculations. The well-resolved pe-
riodic intensity modulations of the observed modes with rotating crystal orientations, verify the
symmetry of each assigned mode and are fitted to experimentally determine the elements of Raman
tensor matrixes. The broadening of two Ag modes seen in both compounds allows us to estimate
electron-phonon coupling constant, which suggests a relatively small electron-phonon coupling in
the semimetals TaAs2 and NbAs2. The present study provides the fundamental lattice dynamics
information on TaAs2 and NbAs2 and may shed light on the understanding of their extraordinary
large magnetoresistance.

PACS numbers: 77.84.-s, 78.30.-j, 63.20.-e

I. INTRODUCTION

Magnetoresistance effect (MR) refers to the phe-
nomenon that electrical resistance of a compound
changes with the variation of applied magnetic fields.
This effect has huge potential applications in magnetic
storage devices, magnetic sensors and other fields, and
has become one of the important research frontiers since
it was proposed. The conventional MR effects like gi-
ant magnetoresistance (GMR) and colossal magnetore-
sistance (CMR), were found to be negative in most cases
and dominantly related to spin degrees of freedom of
electrons. GMR is usually seen in the films containing
magnetic ions1,2 and CMR appears in the manganese-
based perovskites3,4. Recent discoveries of the huge pos-
itive magnetoresistance effect in non-magnetic materials
like polycrystalline silver chalcogenides (Ag2−δTe/Se),
WTe2, NbSb2, Cd3As2 etc., have stimulated considerable
experimental and theoretical interests5–8. The effect in
polycrystalline silver chalcogenides was considered to be
related to its linear energy dispersion at the quantum
limit9,10. It was proposed that the large parabolic-field-
dependent MR in WTe2

5 and NbSb2
6 is caused by the

perfect electron-hole compensation. And the similar un-
derstanding has also been applied to bismuth11,12. This
picture was supported by ARPES13 and quantum oscil-
lation experiments14. The linear-field-dependence MR of
Cd3As2 was, however, considered to originate from the
recovery of backscattering which is strongly suppressed
in zero magnetic field7.
For WTe2, the ultrafast carrier dynamics

experiments15 show that the phonon-assisted electron-
hole recombination, which is dominated by the interband

∗ Corresponding author: qmzhang@ruc.edu.cn

electron-phonon scattering, plays a key role in boosting
the large MR. And for the conventional CMR materials
like La1−xSrxMnO3, it has also been proposed16,17 that
the polaron effect induced by strong electron-phonon
coupling (EPC), is essential to understand the CMR
effect. The above examples in different systems sug-
gest that EPC may be an important factor affecting
large/colossal MR.

Recently, the semimetals TaAs2 and NbAs2 were
discovered and reported to exhibit both giant posi-
tive magnetoresistance18–20 and negative longitudinal
magnetoresistance21 at low temperatures. The novel MR
effect immediately attracted much attention in this field
and the origin of it is still a puzzle. So far, no Raman
study has been carried out in the newly synthesized com-
pounds TaAs2 and NbAs2. The information on lattice
dynamics and EPC in these two compounds is highly re-
quired since it is crucial to the understanding of their
mechanical, thermodynamics and electronic properties,
and may shed light on the mechanism of the observed
extremely large magnetoresistance.

In this paper, we have conducted polarized Raman
measurements of TaAs2 and NbAs2 single crystals. All
the Raman active phonon modes, six Ag modes and three
Bg modes at Brillouin zone center, were observed. The
observed Raman modes are well assigned with the com-
bination of careful symmetry analysis and first-principles
calculations. The angle dependence of phonon intensities
with rotating crystal orientations, verifies the symmetry
of each mode and allows to derive the elements of Ra-
man tensor matrixes. We have further performed the
temperature-dependent Raman measurements, which in-
dicate that the temperature dependence of all the Raman
modes can be well described by conventional inharmonic
phonon decay process. And among the modes, two Ag

modes exhibit a relatively large broadening, which al-
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FIG. 1. Displacement patterns for all the optical modes of TaAs2 and NbAs2. The corresponding irreducible representation
is indicated below each vibrational pattern. The optical activity (IR = infrared active), the experimental (red) and calculated
(black) mode frequencies for TaAs2 are also listed below. The atomic structures and vibrational displacement patterns were
prepared with the XCRYSDEN program22.

lows to estimate electron-phonon coupling constant and
suggests a small electron-phonon coupling in both com-
pounds.

II. EXPERIMENTS AND METHODS

TaAs2 and NbAs2 single crystals used in this study
were grown by chemical vapor transport and carefully
characterized by x-ray diffraction (XRD)18,19. By dis-
sociating TaAs2 and NbAs2 single crystals, we obtained
pieces of glossy samples with flat surface and then quickly
transferred one piece into a UHV cryostat with a vacuum
of better than 10−8 mbar. Raman spectra were collected
with a LABRAM HR800 system, which is equipped with
a single grating of 800 mm focus length and liquid-
nitrogen-cooled CCD. About 1 mW of laser power at
632.8 nm was focused into a spot with a diameter of
∼5 µm on the sample surface. All our Raman measure-
ments were performed on this flat surface, which was
determined to be (201̄) plane by XRD method, as shown
in the lower inset of Fig. 2a. The angle dependence of
Raman intensity was measured by fixing the polarization
direction of the incident and scattered light and rotating
crystal orientation with an angle error of less than 2◦. In
this article, x and y are defined as the direction perpen-
dicular to the b axis in the (201̄) plane and the direction
along the b axis, respectively, while x′ and y′ are along
45◦ directions with respect to x and y. The z direction
is perpendicular to the xy plane, as shown in the upper
inset of Fig. 2a.
TaAs2 and NbAs2 are isostructural and crystallize in

the monoclinic phase18,19, with space group C2/m (C3
2h,

No.12). And all the atoms occupy 4i Wyckoff positions.
Nuclear site group analysis23 shows that all the optical

vibration modes at Brillouin zone center are composed
of 6Ag + 3Bg + 2Au + 4Bu, in which Ag and Bg are
Raman (R) active, Au and Bu are infrared (IR) active,
as shown in Table I. In order to estimate the frequen-
cies and displacement patterns of these optical phonons,
we performed first principles calculations for TaAs2 and
NbAs2, in which the projector augmented wave (PAW)
method24 as implemented in the VASP package25 was
used to describe the core electrons. For the exchange-
correlation potential, the generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof formula26 was
adopted. The kinetic energy cutoff of the plane-wave ba-
sis was set to be 300 eV. The simulations were carried
out with a triclinic cell containing 2 Ta/Nb atoms and 4

TABLE I. Symmetry analysis for TaAs2 and NbAs2 (Space
group C2/m, No.12). The angle dependence of Ag and Bg

mode intensities with rotating crystals in the parallel and
cross polarization configurations are also given here.

Wyckoff Site Γ-point

Atom site symmetry phonon modes

Ta/Nb 4 i Cs 2Ag + Au +Bg + 2Bu

As1 4 i Cs 2Ag + Au +Bg + 2Bu

As2 4 i Cs 2Ag + Au +Bg + 2Bu

Modes classification

ΓR = 6Ag + 3Bg ,ΓIR = 2Au + 4Bu,Γacoustic = Au + 2Bu

Scattering Angle dependence of Raman intensities

configuration Ag Bg

êi ‖ ês | a sin2(θ) + b cos2(θ) |2 | e sin(2θ) |2

êi ⊥ ês | (a− b) sin(θ) cos(θ) |2 | e cos(2θ) |2
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FIG. 2. (a) Polarized Raman spectra of TaAs2 collected on (201̄) plane at room temperature. Upper inset: the defined
directions used in the measurements. Lower inset: XRD data showing high quality of single crystal. (b) Polarized Raman
spectra of NbAs2 at room temperature. The low-intensity 2Bg mode is zoomed in (upper inset). (c) Angle dependence (with
respect to b axis) of phonon integral intensities for TaAs2 with êi ‖ ês and êi ⊥ ês on the (201) plane at room temperature.
The colored solid circles are experimental data points and the black lines are fitting curves using the angle dependence shown
in Table I.

As atoms. An 8 × 8 × 6 k-point mesh for the Brillouin
zone sampling and the Gaussian smearing with a width
of 0.05 eV around the Fermi surface were employed. In
structure optimization, both cell parameters and inter-
nal atomic positions were allowed to relax until all forces
were smaller than 0.001eV/Å. When the equilibrium
structure was obtained, the phonon modes at Brillouin
zone center were calculated by using the dynamic ma-
trix method. The calculations with 6-atom cell give 15
optical modes. However, to illustrate the displacement
patterns of phonon modes, we show our results in the
12-atom supercell (Fig. 1) deduced from the real-space
translational invariance of 6-atom cell as in Ref. 27. Be-
low each mode we showed the corresponding irreducible
representation, optical activity, as well as the experimen-
tal (calculated) phonon frequencies for TaAs2. The ex-
perimental and calculated phonon frequencies for NbAs2
are listed in Table II. Among these modes, Ag and Bu

modes are related to the vibrations in the ac plane, and
Bg and Au modes are the vibrations along the b axis.

III. POLARIZED AND ANGLE-DEPENDENT

SPECTRA

Raman spectra of TaAs2 and NbAs2 collected at room
temperature are shown in Fig. 2(a) and 2(b), respectively.
Experimentally, Raman intensity clearly depends on the
polarizations of incident and scattered light and can be

expressed as

I ∝ |êi · ℜ · ês|
2 (1)

where I is Raman intensity, êi and ês are the unit vec-

TABLE II. Comparison of the calculated and experimental
phonon energies at 10 K for TaAs2 and NbAs2. The main
atom displacements of the modes are also given. R and IR
refer to Raman and infrared activity, respectively.

Mode Main atoms
TaAs2 NbAs2

Calc. Expt. Calc. Expt.
1Ag (R) Ta/Nb(ac) 122.3 129.0 134.8 140.8
2Ag (R) Ta/Nb,As1(ac) 158.2 168.7 177.9 185.6
3Ag (R) Ta/Nb, As1(ac) 196.2 207.6 206.7 217.8
4Ag (R) As2(ac) 216.3 227.9 228.4 240.6
5Ag (R) As1(ac) 248.2 263.5 259.3 275.6
6Ag (R) As2(ac) 268.2 286.3 281.5 300.0
1Bg (R) Ta/Nb, As2(b) 128.1 134.6 141.9 148.7
2Bg (R) As1(b) 166.3 177.0 156.9 167.3
3Bg (R) Ta/Nb, As2(b) 176.1 183.9 213.2 221.7
1Au (IR) As2(b) 143.9 139.9
2Au (IR) Ta/Nb(-b), As1(b) 200.1 228.3
1Bu (IR) As2(ac) 129.1 126.4
2Bu (IR) As1(ac) 188.3 183.9
3Bu (IR) As2(ac) 229.1 257.9
4Bu (IR) Ta/Nb, As1(ac) 247.5 280.3
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tors of the polarizations of incident and scattered light,
respectively, and ℜ refers to Raman scattering tensor, a
3 × 3 matrix determined by symmetry of phonon mode.
For the orthogonal coordinate system, Raman scattering
tensor28 of Ag and Bg phonons in C2h point group can
be expressed as

Ag =







a 0 d

0 b 0

d 0 c






, Bg =







0 e 0

e 0 f

0 f 0






.

If θ is defined as the angle between the b axis of crystal
and the polarization of incident light, the intensities of
Ag and Bg modes will vary as a function of the θ an-
gle. Under different polarization configurations (êi ‖ ês,
êi ⊥ ês), the angle dependence will be different and the
details are shown in the bottom of Table I. Raman ten-
sors determine that only Ag phonon can be observed at
z(xx)z configuration (êi ‖ ês, θ=90◦) and z(yy)z con-
figuration (êi ‖ ês, θ=0◦). Under the two configura-
tions, we observed six sharp peaks for TaAs2 located at
129 (1Ag), 168.7 (2Ag), 207.6 (3Ag), 227.9 (4Ag), 263.5
(5Ag), 286.3 (6Ag) cm

−1 (Fig. 2(a)), respectively. Simi-
larly, for NbAs2 the six peaks are located at 140.8 (1Ag),
185.6 (2Ag), 217.8 (3Ag), 240.6 (4Ag), 275.6 (5Ag), 300
(6Ag) cm

−1 (Fig. 2(b)). The frequencies of the observed
phonons are all slightly larger than the calculated ones
(Table II). The difference in intensity between the two
configurations indicates that matrix elements of Raman
tensors are distinguishable for different modes. It can
be expected that only Bg phonons should be observed
under z(xy)z (êi ⊥ ês, θ=90◦) and z(yx)z configura-
tions (êi ⊥ ês, θ=0◦). Under both configurations, there
are three peaks in TaAs2 located at 134.6 (1Bg), 177
(2Bg), 183.9 (3Bg) cm

−1, and the three modes in NbAs2
are observed at 148.7 (1Bg), 167.3 (2Bg), 221.7 (3Bg)
cm−1. Like Ag modes, the energies of these modes are
also slightly larger than the calculated values. When the
polarization of the incident light and scattered light êi,
ês are not exactly perpendicular or parallel to the b axis,
all Raman active phonons with different symmetries can
be detected. For instance, all the Ag and Bg phonon
modes are seen in z(x′x′)z, z(x′y′)z configurations.
We further made angle-dependent measurements to

verify the symmetries of the observed Raman modes by
rotating crystal orientation around the normal direction
of (201̄) plane. In Fig. 2(c), we showed the angle depen-
dence of the integrated intensities of all the nine modes
under the two configurations, êi ‖ ês and êi ⊥ ês, for
TaAs2. For êi ‖ ês configuration, the six Ag modes have
twofold symmetry and the three Bg modes have fourfold
symmetry featured by a node at 0◦ and a maximum at
45◦. Under êi ⊥ ês configuration, the symmetry of all
the modes are fourfold and the six Ag modes are char-
acterized by a node at 0◦ and a maximum at 45◦, while
the three Bg ones are rotated by 45◦. The experimental
angle-dependent data can be well fitted using the formula
in Table I (solid curves in Fig. 2(c)). The fitting parame-
ters are summarized in Table III, which reflect the matrix

TABLE III. Fitting parameters of Raman tensors normalized
by b (≃1.485) of 4Ag mode in TaAs2 and by a (≃1.35) of 5Ag

mode in NbAs2.

TaAs2 NbAs2

a b e a b e
1Ag 25.90 31.82 11.869 11.615
2Ag 16.97 56.80 1.689 24.881
3Ag 25.05 3.05 11.519 8.363
4Ag 23.18 1 12.385 -7.333
5Ag 22.76 8.06 1 -8.570
6Ag 61.01 3.52 16.622 5.178
1Bg 32.69 17.496
2Bg 19.19 2.830
3Bg 14.68 9.141

elements of Raman tensors. It should be noted that the
experimental maximum of phonon intensity are shifted
from the expected one by a few degrees. This may origi-
nate from a small deviation of the angle between êi and
ês from the right angle. The intensity oscillations of 1Ag

and 2Ag modes are in anti-phase with those of 3Ag,
4Ag,

5Ag,
6Ag modes in the êi ‖ ês configuration. This is due

to the different relative magnitudes of matrix elements of
Raman tensors, a and b. All the angle-dependent obser-
vations are well consistent with the above assignment.

IV. TEMPERATURE-DEPENDENT SPECTRA

Temperature-dependent Raman scattering measure-
ments on the two compounds were also carried out from
10 to 300 K. Fig. 3(a) and 3(t) display the temperature-
dependent spectra of TaAs2 and NbAs2, respectively. It
is clear that all the phonon peaks become sharper with
cooling and the symmetric line shapes suggest the ab-
sence of strong EPC in the two materials.

TABLE IV. Fitting parameters of the positions and linewidths
of the observed modes in TaAs2 and NbAs2. The unit of ω(0)
and Γ0 is cm−1, and the unit of γA is 10−7K−2.

TaAs2 NbAs2

ω(0) γA Γ0 λph−ph ω(0) γA Γ0 λph−ph

1Ag 130.2 2.46 0.21 0.30 142.5 2.96 0.29 0.37
2Ag 170.7 2.86 0.22 0.39 188.0 3.06 0.13 0.56
3Ag 209.5 2.20 0.12 0.52 220.3 2.76 0.24 0.86
4Ag 229.8 2.08 0.17 0.92 243.8 3.16 0.17 0.74
5Ag 266.1 2.36 0.51 1.00 279.0 2.98 0.38 1.02
6Ag 289.7 2.78 0.25 1.05 304.3 3.48 0.54 1.31
1Bg 135.9 2.60 0.11 1.03 150.4 2.66 0.18 0.66
2Bg 178.3 1.90 0.15 0.30 168.9 2.32 0.13 1.39
3Bg 185.6 2.24 0.07 1.23 224.7 3.18 0.19 0.85
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FIG. 3. Temperature dependence of Raman spectra of TaAs2 (a) and NbAs2 (t) from 10 to 300 K. Temperature dependence
of the extracted positions and linewidths (HWHM) of the modes in TaAs2 ((b)-(j)) and NbAs2 ((k)-(s)). The data points in
(b)-(s) are extracted from Raman spectra in (a) and (f) by Voigt function fitting. The solid lines in (b)-(s) are the fitting curves
using Eqs. (2) and Eqs. (5) (see text).

In Fig. 3(b)-(j) and 3(k)-(s), we show the temperature
dependence of peak positions of the nine modes of TaAs2
and NbAs2, which have been fitted with Voigt functions.
In general, the temperature dependence of phonon fre-
quencies ωi(T ) is mainly contributed by the lattice ther-
mal expansion and anharmonic interaction, and can be
expressed29,30 as:

ωi(T ) = ωi(0) + ∆V
i (T ) + ∆A

i (T ), (2)

where the ωi(0) is the harmonic frequency of an optical
mode at zero temperature. The second term in (2) de-
scribes the contribution of the lattice thermal expansion,
and can be written as

∆V
i (T ) = ωi(0)

(

e−γi

∫
T

0
α(T ′)dT ′

− 1
)

, (3)

where γi is the Grüneisen parameter and α(T ) is the
thermal expansion coefficient.
The third term in (2) represents the change in phonon

energy due to the anharmonic interaction with other
phonons. If the anharmonic effect is described by three-
phonon processes, it follows that

∆A
i (T ) = −

2Γ2
0,i

ωi(0)

(

1 +
4λph−ph,i

eh̄ωi(0)/2kBT − 1

)

, (4)

The width Γ0,i of the ith Raman line can be obtained by
Γi(T ) extrapolated to zero temperature. And λph−ph,i

represents the phonon-phonon coupling strength.

To the best of our knowledge, the experimental
Grüneisen parameter γi and thermal expansion coeffi-
cient α(T ) of TaAs2 and NbAs2 are still lacking so far.
For simplicity, the thermal expansion coefficient α(T )
is assumed to be roughly linear with temperature, i.e.,
α(T ) = AT . And the coefficient A and Grüneisen pa-
rameter γi are combined together as a single fitting pa-
rameter (see Table IV). The treatment allows a very
good fit to our data and the fitting curves are displayed
in Fig. 3.
We also display the temperature dependence of

linewidths (Half Width at Half Maximum, HWHM) of
the nine modes in Fig. 3. It should be noted that the
linewidths of As-related modes, for example, 5Ag, are
greatly narrow than those in other materials31. On one
hand, this reflects the high quality of the crystals used
in our measurements. On the other hand, it may also be
an indication of small electron-phonon coupling interac-
tion in the two compounds. The temperature dependence
of phonon linewidths (Fig. 3) can be described by multi-
phonon decay process32, in which an optical phonon with
zero wave vector and a finite frequency ω, decays into two
acoustic phonons with opposite wave vectors and equal
frequencies ∼ ω/2. And the corresponding expression29

is written as

Γi(T ) = Γ0,i

(

1 +
2λph−ph,i

eh̄ωi(0)/2kBT − 1

)

. (5)

Interestingly, the linewidths of 5Ag and 6Ag modes in
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both samples extrapolated to zero temperature, are al-
most two times larger than those of other Ag modes. The
phonon-phonon scattering at zero temperature is negligi-
ble due to phonon freezing, and phonon linewidths at zero
temperature mainly comes from impurities and electron-
phonon scattering. If the contribution from impuri-
ties scattering is approximately equal for all the phonon
modes, the larger linewidths of 5Ag and 6Ag modes sug-
gest a finite electron-phonon coupling in the compounds.

The averaged linewidths of 1Ag to 4Ag phonon modes
extrapolated to zero temperature, can be approximately
taken as the contributions caused by impurities. Then
the linewidths (Γe−ph) contributed by electron-phonon
scattering for 5Ag and 6Ag, are 0.33(±0.099) cm−1,
0.07(±0.078) cm−1 in TaAs2, and 0.17(±0.083) cm−1

and 0.34(±0.081) cm−1 in NbAs2, respectively. Gener-
ally, electron-phonon coupling constant associated with
a particular mode can be estimated by Allen formula33:

λe−ph = 2× Γe−ph/(πNEf
h̄ωi(0)

2). (6)

where NEf
is electronic density of states at Fermi

level per eV per spin per unit cell, ωi(0) the bare
frequency in the absence of electron-phonon coupling.
For 5Ag mode of TaAs2, Γe−ph = 0.33 cm−1, ωi(0) =
267.4 cm−1, and NEf

= 0.76 states/eV/spin/unit cell
from our band structure calculations, we have λe−ph

= 0.031(±0.009). Similarly, λe−ph is estimated to be
0.006(±0.006) for 6Ag mode in TaAs2. Applying the
same procedure to 5Ag and 6Ag modes of NbAs2, we ob-
tained electron-phonon coupling constants 0.014(±0.007)
and 0.023(±0.005), respectively. It should be pointed
out that these values seem quite close to that of WTe2
(λe−ph ∼0.016)34. The small electron-phonon coupling
constants indicate that electron-phonon coupling may
play a relatively small role in this kind of large mag-
netoresitance semimetal materials. The situation is
completely different in the manganese-based perovskites
CMRmaterials, where electron-phonon coupling is rather
strong (∼1) and is important to the understanding of its

colossal magnetoresistance16,17. On the other hand, EPC
seems to be involved into the large MR in some way.
The ultrafast carrier-dynamics experiments15 in WTe2
show that the phonon-assisted electron-hole recombi-
nation, which is dominated by the interband electron-
phonon scattering, is indispensable to the enhancement
of the large MR. Actually the present study raises a fun-
damental issue: exactly what role EPC plays in the large
MR? A comprehensive theoretical framework and more
experiments are needed to address the issue.

V. SUMMARY

In summary, we have carried out polarized and
temperature-dependent Raman measurements on TaAs2
and NbAs2 single crystals. All the Raman active phonons
are observed and well assigned through a careful symme-
try analysis and first-principles calculations. The angle
dependence of phonon intensities verifies the symmetry
for each assigned mode and further gives the elements of
Raman tensor matrixes. The small electron-phonon cou-
pling constants, which are derived from the broadening
of two Ag phonons, indicate that electron-phonon inter-
action may play a relatively small role in understanding
the large magnetoresitance in the semimetal materials.
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densed Matter 27, 485701 (2015).

31 M. Rahlenbeck, G. L. Sun, D. L. Sun, C. T. Lin, B. Keimer,
and C. Ulrich, Phys. Rev. B 80, 064509 (2009).

32 P. G. Klemens, Phys. Rev. 148, 845 (1966).
33 P. B. Allen, Solid State Communications 14, 937 (1974).
34 Obtained according to λ < ω2 >= πkBG/(3h̄γe)

35, with
G = 6.79×1015 Wm−3K−1, γe = 0.81 mJmol−1K−2, given
by Ref. 15 and assuming < ω2 > = 225 meV2.

35 P. B. Allen, Physical Review Letters 59, 1460 (1987).


