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ABSTRACT: Anisotropy in low-dimensional materials offers
an extra degree of freedom to understand and tune the peculiar
or potential properties to design novel electronic, optical,
thermal, and optoelectronic devices. However, most research
attention has been paid to qualitatively observing anisotropic
phenomena, lacking quantitatively revealing optical anisotropy,
in particular, and deeply digging for the physical mechanism. In
this work, for the first time to our knowledge, the complete
dielectric tensor of quasi-one-dimensional ZrTe5 is determined
by Mueller matrix spectroscopic ellipsometry (MMSE) to
quantitatively and comprehensively investigate the giant optical
anisotropy, and the underlying physical mechanism is revealed
by combination with the first-principle calculations. The ZrTe5 demonstrates giant dispersive birefringence and dichroism,
and the birefringence (Δn = 0.58) outperforms many other low-dimensional and conventional birefringent materials, showing
great potential and advantages in fabricating miniature and integrated polarization-sensitive devices. By combining the critical
point (CP) analysis and first-principle calculations, the specific interband transitions related to the CPs in dielectric function
spectra along three crystal axes of ZrTe5 are identified, revealing the physical essence of the optical anisotropy from the
perspective of quantum mechanics. The proposed method is general and can be easily extended to quantitatively investigate
the optical anisotropies in other novel low-symmetry materials.

Anisotropy in two-dimensional (2D) and quasi-one-
dimensional (quasi-1D) materials, such as black
phosphorus (BP),1−3 ReS2 and ReSe2,

4 α-MoO3,
5

quasi-1D chalcogenide perovskites (BaTiS3),
6 and TiS3,

7 offer
an extra degree of freedom to understand and tune the peculiar
and potential properties to design novel electronic, optical,
thermal, and optoelectronic devices, which cannot be realized by
isotropic materials.8−10 Recently, investigating the optical
anisotropy in low-dimensional materials and exploring their
applications in novel devices have been one of the hottest
research topics.11 However, most research did not go beyond
qualitatively discussing anisotropic phenomena and empirically
designing some prototype devices. Rare research attention has
been paid to quantitatively revealing the optical anisotropy and
deeply digging for the intrinsic physical mechanism behind it.
Actually, most optical anisotropic phenomena can be
quantitatively interpreted and modulated by the complete
dielectric tensor of anisotropic materials,12,13 and the dielectric
tensor can further reveal the intrinsic physical phenomena such
as the interband transition, excitonic effect, free-carrier
absorption, and so on.14−16 Additionally, the dielectric tensor
is a priority in designing polarizing elements and devices such as

wave plates,6 polarizers/diattenuators,17 polarization reflector/
color filters,18 etc.
In general, there are two main methods to obtain the optical

constants or dielectric functions. One is to measure the
absorption, reflectance, or transmission (ART) spectrum of
samples, and then, the complex refractive index can be obtained
with an additional Kramers−Kronig (K−K) relation.19,20 In the
ART method, the hypotheses on the spectrum beyond the
concerned measurement range must be considered when using
the K−K relation. Therefore, the accuracy and reliability of the
obtained optical constants still need to be improved. Besides, the
ART method is usually performed at normal incidence and can
only provide refractive index or dielectric function along specific
directions; therefore, it fails to gain the complete dielectric
tensor.21 Furthermore, the sample thickness needs to be known
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in advance when dealing with opaque samples. Another method
is using spectroscopic ellipsometry especially Mueller matrix
spectroscopic ellipsometry (MMSE),22,23 which determines the
complete dielectric tensor by fitting the measured ellipsometric
spectra with a well-built optical model.21,24 With this powerful
method, we comprehensively and quantitatively discuss the
optical anisotropy in novel materials, such as the birefringence,
dichroism, and optical activity, from the complete dielectric
tensor and further deeply reveal the underlying physical
mechanisms combined with first-principle calculations.16,21,25

With prominent physical properties, such as the three-
dimensional quantum Hall effect,26 superconductivity,27 and
Zeeman splitting,28 ZrTe5 is a promising candidate for advanced
electronic and optoelectronic devices. Particularly, ZrTe5 shows
giant optically anisotropic properties due to its quasi-1D
structure (space group Cmcm, No. 63, belonging to
orthorhombic system),29,30 which may bring ZrTe5 some
novel and potential applications in polarizing elements and
devices, polarization-sensitive photodetectors, polarization
imaging, and so on. Therefore, figuring out the fundamental
physics especially the optical anisotropy of ZrTe5 is of primary
importance. Fortunately, determining the dielectric tensor of
ZrTe5 makes it profound to understand the basic physical
properties including both the electronic transport properties31

(such as effective mass, carrier concentration, and mobility) and
optical properties32 (such as complex refractive index and
optical conductivity). More importantly, the dielectric tensor is

closely bound up with the band structure and projected density
of states (PDOS) by combining the critical point (CP) analysis
with first-principle calculations. Hence, the dielectric tensor
shows natural advantages in quantitatively and deeply
researching optically anisotropic properties and the interband
transitions to comprehend the essence of anisotropic optics.
Additionally, the birefringence and the dichroism can be
converted from the dielectric tensor, which instructs us to
design ZrTe5-based polarization-sensitive elements and devices
effectively and efficiently.
In this work, for the first time as far as we know, we determine

the complete dielectric tensor of quasi-1D ZrTe5 over a wide
spectral range (193−1400 nm) by MMSE, quantitatively and
comprehensively investigating the giant optical anisotropy, and
reveal the underlying physical mechanism by combination with
the first-principle calculations. At first, Raman spectroscopy and
transmission electron microscopy (TEM) are used to confirm
the high-quality and low-symmetry lattice structure of ZrTe5
nanobelts. Then, angle-resolved Raman spectroscopy, polar-
ization-resolved reflectance spectra, and azimuth-resolved
MMSE qualitatively demonstrate some typical anisotropic
optical phenomena of ZrTe5. By MMSE over an ultrawide
spectral range, the complete dielectric tensor of ZrTe5 is further
determined to quantitatively discuss the optical anisotropy and
figure out the physical mechanism behind it. Next, we apply CP
analysis to figure out the dominated origin of the dielectric
functions of ZrTe5 along different crystal axes. Finally,

Figure 1. Quasi-1D lattice structure of ZrTe5. (a) Lattice structure of ZrTe5, where the left is a perspective side view, and the right is a top view
(the Te−Te Zigzag chain and Zr−Te tetrahedron chainmarked with the orange and blue dash boxes respectively). (b) Raman spectrum of bulk
ZrTe5, where the inset is the amplification of the Ag Ramanmode. (c) Low-magnification transmission electronmicroscopy (TEM) image of the
ZrTe5 nanobelt, where the inset table summarizes the atomic ratio (atom%) of measured elements. (d) High-angle annular dark-field scanning
TEM (HAADF-STEM) image (upper left) and its elemental mapping images (lower left, Zr element; lower right, Te element; upper right, mix
of Zr and Te elements) of the ZrTe5 nanobelt. (e) High-resolution TEM image of the ZrTe5 (010) surface matching well with the inset of the
schematic structure.
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combining the CP analysis and the first-principle calculations,
we identify specific interband transitions related to the CPs in
dielectric spectra along three crystal axes of ZrTe5, which reveals
the physical essence of the optical anisotropy from the
perspective of quantum mechanics.
Figure 1a shows the quasi-1D lattice structure of ZrTe5, which

is the origin of anisotropic properties.9,10 One can tell the typical
layer structure along the b-axis from the left of Figure 1a, and the
interlayer interaction of ZrTe5 is the weak van der Waals (vdW)
force,33 which makes it easy to exfoliate from the bulk. From the
top view (the right of Figure 1a), one Zr atom is alternately
connected with three Te atoms to form a Zr−Te tetrahedron
chain (the orange dash box) along the a-axis, and the adjacent
Zr−Te tetrahedron chain is linked by the Te−Te Zigzag chain
(the blue dash box), which makes ZrTe5 a quasi-1D lattice
structure. Such a Te−Te Zigzag chain along the a-axis is possibly
subjected to crack when the bulk is exfoliated,34 leading to easily
forming layered nanobelts.
The Raman spectrum of bulk ZrTe5 is shown in Figure 1b. It

can be observed that there are six Raman peaks, including two
B2g modes and four Ag modes, located at 72, 89, 115, 124, 148,
and 183 cm−1, respectively. These results are in accordance with
previous reports,29,35 and all Raman modes indicate the specific
lattice vibration modes of ZrTe5 (Figure S1),

35 which confirms
the quasi-1D lattice structure of the ZrTe5 bulk sample. This is
the foundation and guarantees the following exfoliation and
characterization.
ZrTe5 nanobelts were exfoliated from the bulk and confirmed

by the low-magnification TEM (Figure 1c) and the field-
emission scanning electronmicroscopy (SEM) (Figure S2). The
ZrTe5 nanobelts demonstrate a highly crystalline quality.
Calculated from the energy-dispersive X-ray (EDX) spectrum

(Figure S3), the atomic ratio (atom %) of Te and Zr elements
(inset in Figure 1c) is 83.15/16.48 ≈ 5.0, perfectly coinciding
with the stoichiometric ratio of ZrTe5. Besides, one can tell the
uniform distribution of Zr and Te elements from elemental
mapping images according to the high-angle annular dark-field
scanning TEM (HAADF-STEM) in Figure 1d. Figure 1e
illustrates the high-resolution TEM (HR-TEM) image of the
ZrTe5 (010) surface, which matches well with the inset of the
schematic structure. From the HR-TEM image, we can see that
the lattice constants of the (010) surface (a = 3.89 Å and c =
13.93 Å) are in agreement with literature reported values from
before.29,36 Besides, the angle between the a- and c-axis (89.4°)
almost approaches 90°, satisfying the orthorhombic system
feature of ZrTe5. The corresponding low-magnification TEM
results (Figure S4) show that the a-axis is parallel to the long side
of the nanobelt, which coincides with the assumption that the
crack is along the a-axis to form ZrTe5 nanobelts and is in
accordance with the previous reports.29,34 Therefore, the TEM
provides a convenient and easy way to tell the crystal axis
orientation of ZrTe5, facilitating the next optically anisotropic
measurement in recognition of crystal axes. In general,
measuring and characterizing high-quality ZrTe5 nanobelts
with HR-TEM reveal its quasi-1D lattice structure that leads to
potentially giant optical anisotropy.
Angle-resolved Raman spectroscopy was used to qualitatively

observe the optical anisotropy of the ZrTe5 nanobelt. As shown
in Figure 2a, the peak intensities of Raman modes vary with the
changes of the angle α between the electric field direction of the
polarized laser and the crystal orientation of ZrTe5. The polar
coordinates curves in Figure 2b−dmore clearly demonstrate the
strong correlations between α and peak intensities of different
Raman modes (B2g

1 , B2g
2 , and Ag

3). It can be seen from Figure 2a,

Figure 2. Giant optical anisotropy of ZrTe5. (a) Raman spectra of the ZrTe5 nanobelt at different polarization directions. (b−d) Angle-resolved
B2g
1 , B2g

2 , and Ag
3 Raman modes, where the solid lines are the calculated curves in theory. (e) Polarization-resolved reflectance spectra of the

ZrTe5 single crystal. (f) Experimental spectra of theM41 element, one of the off-diagonal elements in the fourth row and the first column of the
4× 4Mueller matrix, at varied azimuths with incident angle θi of 55°. (g) Experimental and simulated azimuth-resolved spectrum ofM41 at the
wavelength of 620 nm.
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however, that the measured signals of Ag
1, Ag

2, and Ag
4 modes are

too weak to show. We also calculated the intensities of these
Raman peaks with the changes of α in theory (Supporting
Information, SI), and the calculated curves well fit the
experimental ones shown in Figure 2b−d.
Polarization-resolved reflectance spectra of the ZrTe5 single

crystal were also obtained as shown in Figure 2e. The reflectance
along the a-axis (Ra) is distinctly different from that along the c-
axis (Rc), especially in the range 200−600 nm. This obvious
difference between the reflectance spectra along different crystal
axes indicates the giant optical anisotropy in ZrTe5.
The MMSE is another powerful tool for investigating the

optical anisotropy for the reason that MMSE can measure even
generalized ellipsometry parameters (Figure S12). In other
words, the raw reflectivity measured by MMSE can reflect all of
the elements of the Jones matrix while traditional spectroscopic
ellipsometry without the function of measuring the Mueller
matrix cannot involve the off-diagonal elements of the Jones
matrix. As is known, the Mueller matrix can be totally converted
from the Jones matrix if the measured Jones matrix elements are
complete when ignoring the depolarization effects. More details
can be found in the SI (4 × 4 Matrix Method section in the SI).
For in-plane optical anisotropic materials, the off-diagonal
elements in the measured Mueller matrix deviate from zero.
Figure 2f shows the experimental spectra of the M41 element,
one of the off-diagonal elements in the fourth row and the first
column of the 4× 4Muellermatrix, measured byMMSE (Figure
S7).22 It should be noted that the values of off-diagonal elements
depend on not only materials with in-plane optical anisotropy
but also the optics axis orientation of the tested sample.13 In our
experiments, the optics axis orientation was controlled by
rotating the sample in the plane (a−c plane) to change the
ellipsometric measurement azimuth (defined as the angle

between the a-axis of ZrTe5 and the y-axis of ellipsometric
coordinate shown in Figure S8). It can be seen that the M41
element exhibits obvious deviations from zero versus the
wavelength as well as the azimuth, indicating that the ZrTe5
single crystal sample shows giant dispersive optical anisotropy.21

Besides, oscillations of other off-diagonal elements versus the
azimuth are similar to the M14 element, which can be found in
Figure S9. We also simulated theMueller matrix spectra by the 4
× 4 matrix method,13 and the simulated curves are well fitted
with the experimental ones (Figure 2g and Figure S9). More
details and discussion can be found in the SI and the next
section.
MMSEwas also used to acquire the complete dielectric tensor

of ZrTe5. A broadband MMSE covering an ultrawide spectral
range of 193−1400 nmwith the smallest probing spot of 200 μm
was employed to perform the ellipsometric measurement
experiments.22 By constructing a proper optical model to fit
the measured Mueller matrix spectra, one can extract the
complete dielectric tensor of a complex novel material. Details
about the Mueller matrix ellipsometric analysis and the optical
model for ZrTe5 can be found in the SI. The measured Mueller
matrix spectra of ZrTe5 along with the best fitting curves are
shown in Figure S10. The root-mean-square error (RMSE) is
utilized to evaluate the ellipsometric fitting process, which is
defined as21

L h
M MRMSE

1
15

( ) 1000
l

L

i j
i j i j

1 , 1

4

,
c

,
m 2∑ ∑=

−
− ×

= = (1)

where L and l are the total points and the lth point of measured
spectra, and h is the total number of fitting parameters. Mi j,

c and

Mi j,
m represent the calculated and measured Mueller matrix

Figure 3. Dielectric tensor and the in-plane (i.e., a−c plane) complex refractive index of ZrTe5. Real part (a) and imaginary part (b) of the
dielectric tensor of ZrTe5. (c) In-plane complex refractive index of ZrTe5. (d) Birefringence Δn = nc − na and dichroism Δk = kc − ka of ZrTe5.
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element, respectively, where superscripts c and m refer to
calculated and measured parameters, respectively, and sub-
scripts i and j refer to the ith row and the jth column Mueller
matrix element, respectively. The RMSE is 4.1 in our
experiment, which is a very high level for an ellipsometric
analysis, indicating the rather high precision of the Mueller
matrix measurement and the validity of the constructed optical
model for ZrTe5.
ZrTe5 is a typical orthorhombic system crystal, and thus, its

dielectric tensor is a 3 × 3 diagonal matrix, where the diagonal
elements are the dielectric functions ε (ε = εr− iεi, where εr and
εi are, respectively, real parts and imaginary parts of ε) along
three crystal axes of ZrTe5. Figure 3a,b, respectively,
demonstrates εr and εi of the complete dielectric tensor for
the ZrTe5 single crystal extracted from the measured Mueller
matrix spectra. As stated above, the interlayers of ZrTe5 are
bonded by the vdW force, which is enormously different from
the covalent interactions among atoms in the a−c plane. As a
result, the dielectric functions along the a- and c-axes showmuch
difference from that along the b-axis as shown in Figure 3a,b.
The quasi-1D chain structure makes the dielectric function
along the a-axis greatly different from that along the c-axis. The
quasi-1D chain structure determines the in-plane anisotropic
carrier behavior (such as DC conductance29) along a- and c-axes
and further determines the anisotropic dielectric response
behavior motivated by the electric field component of incident
light, leading to giant differences in dielectric functions along
three axes of ZrTe5.

13 Eventually, these giant differences in
dielectric functions quantitatively reveal the highly optical
anisotropy of ZrTe5 and further provide a promising way for
designing polarizing optical elements and devices.
The complex refractive index N is composed of basic optical

constants including the refractive index n and the extinction
coefficient k, i.e., N = n − ik. N can also be calculated from the
dielectric function according to the relation ε = N2. Figure 3c
shows the in-plane N calculated from the dielectric functions
along the a- and c-axes. Although the refractive index and the
extinction coefficient along the a-axis (na and ka) exhibit similar
fluctuation trends with those along the c-axis (nc and kc), they are
much different in magnitudes and peak positions.
With the complex refractive index, the reflectance R in an

orthorhombic system like ZrTe5 can be calculated theoretically
according to13

R
n k
n k

( 1)
( 1)x

x x

x x

2 2

2 2=
− +
+ + (2)

Here, the subscript x refers to a, b, or c, respectively, denoting
physical quantities (R, n, and k) along a-, b-, and c-axes of an
orthorhombic crystal system. Therefore, we calculated the
reflectance spectra along different crystal axes by using the
measured optical constants (Figure S11). The calculated
reflectance spectra exhibit high consistence with the exper-
imental ones (Figure 2g), which confirms the validity and
reliability of the optical constants (as well as the dielectric
tensor) determined by MMSE again. More details can be found
in the SI. Apart from calculating the reflectance, the complex
refractive index can also be used to simulate the Mueller matrix
spectra with varied azimuths by the 4 × 4 matrix method (SI).13

As mentioned before (Figure 2g and Figure S8), the simulated
curves match well with the experimental ones, which confirms
the validity and reliability of the optical constants once more.
Besides, first-principle calculations on the in-plane complex

refractive indices agree well with the experimental ones and
clarify these giant differences in optical constants in-plane again
(Figure S13).
The optical anisotropies, including the birefringence and the

dichroism, can be quantitatively described by the differences in
optical constants along different directions. It can be seen from
Figure 3d that ZrTe5 exhibits giant in-plane birefringence (Δn =
nc − na) and dichroism (Δk = kc − ka), and both absolute values
ofΔn andΔk are larger than 0.1 over most of the spectral range.
Specifically,Δn is 0.58 whileΔk is zero at the wavelength of 942
nm, where one can rationally design the wave plate. Table 1

compares the absolute values of Δn for different materials. We
find that the birefringence of ZrTe5 outperforms many other
low-dimensional materials such as BP and ReS2

37 and
conventional wave plate materials like rutile38 and calcite.39

Originating from the quasi-1D lattice structure,40 the giant
birefringence and dichroism of ZrTe5 make its nanomaterials
with great potential and advantages in fabricating integrated
polarizing elements to promote the integration and miniatur-
ization of optical apparatus.
To further reveal the physical origins of the optical anisotropy

of ZrTe5, we investigated the dielectric functions along crystal
axes by combining the CP analysis and the first-principle
calculations. As is known, the real part εr of the dielectric
functions can be transformed from the imaginary part εi by the
K−K relation (details in the SI, Equation S13), and εi can be
examined from the perspective of quantum mechanics:16,43,44
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where E, h, e, and m0 are the excitation energy, the Planck
constant, and the charge and the mass of free electrons,
respectively. Pcv denotes the optical matrix element, suggesting
the possibility of the transition, and is related to the symmetry of
the crystal structure. Γ is a damping coefficient related to the
bandwidth of the interband transition, and Ecv is the energy
differences between the conduction and valence bands involved
in the transition. U represents the influence of the excitonic
effect, which often takes place near the absorption edge (near the
optical band gap).2,45 ZrTe5 is a narrow-band-gap material, and
the first-principle calculations indicate that the band gap is only
53 meV, which is in accordance with reported theoretical and
experimental values (Figure S14).33,46−48 With the concerned
spectral range (193−1400 nm, i.e., 0.89−6.42 eV), the excitation
energy of MMSE is far beyond the band gap. Hence, the
excitonic effect probably has negligible influence on the
dielectric functions of ZrTe5 in our experiment. Jcv is the joint

Table 1. Comparison of Typical Low-Dimensional and
Conventional Birefringent Materials

materials birefringence (Δn) refs

ZrTe5 0.58 this work
BP 0.245 ± 0.04 37
ReS2 0.060 ± 0.006 37
ReSe2 0.082 ± 0.004 37
TiS3 0.30 ± 0.04 41
rutile (TiO2) 0.29 38
calcite (CaCO3) 0.20 39
MgF2 0.012 42
quartz (SiO2) 0.009 39
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density of states involved in the interband transition and can be
expressed as25,49
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where S is the constant energy surface defined by Ecv = E, and
∇k(Ecv) is the gradient in the k-space. Obviously, if the gradient
∇k(Ecv) approaches zero, the contribution of Jcv to εi approaches
infinity. We usually call it the optical transition CPs,
corresponding to the van Hove singularities in the k-
space.50,51 Thus, the dielectric function can be expressed as a
sum of CPs.
To identify the optical transition CPs of ZrTe5, we performed

the CP analysis on the dielectric functions along different crystal
axes. More details about the CP analysis can be found in the SI.
Figure 4a,c,e presents the second derivative of dielectric
functions d2ε/dE2 and the best fitting curves along the a-, b-,
and c-axes, respectively. The corresponding parameters of the
best fitting curves are listed in Table S2, which identifies the

specific types, shapes, and center energy positions of the CPs. It
can be seen that the dielectric function spectra along a-, b-, and c-
axes contain 6, 4, and 5 zero-dimensional (0D) optical transition
CPs over the concerned spectral range, respectively. The
theoretical curves of these 0D CPs fit well with the second
derivative of measured dielectric function spectra, indicating
that the electronic wave functions are deeply localized.52

Therefore, over the concerned spectra range in our experiment,
the dielectric functions of ZrTe5 are dominated by interband
transitions with a number of van Hove singularities instead of
delocalized excitons.52,53

The energy differences between the conduction and valence
bands Ecv can be treated as a bridge to connect the CPs with the
band structure and PDOS, which helps to explore the origin of
CPs.16,25 To further identify the specific bands and carrier types
involved in the optical transitions at the CPs, we calculated the
band structure as well as the PDOS by the first-principle
calculations, as given in Figure 4b,d,f.

Figure 4. Critical points (CPs) along crystal axes and their origins from the perspective of band structure and projected density of states
(PDOS). Calculated second derivative of dielectric functions along the a-axis (a), b-axis (c), and c-axis (e) of ZrTe5 to perform CP analysis, and
the corresponding interband transitions in the band structure (left) and PDOS (right) of ZrTe5 (b, d, f), where Vp and Cq, respectively,
represent the pth highest valence band and the qth lowest conduction band.
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As we are concerned with the visible light region (E < 4 eV),
and electrons at the lower-energy valence bands are hard to be
excited, the three highest valence bands (V1, V2, and V3) are
only taken into consideration. In Figure 4b, the CP Aa at center
energy (E0) of 0.9 eV involves the transition from V2 to C4
between Y and M points in the Brillouin zone; the CP Ba at 1.27
eV is contributed from the transition from V3 to C1 between X
and Γ points. Between Y and M points lie the CPs Ca and Da,
which are attributed to transition from V3 to C6 and C7,
respectively. There are two interband transitions along the b-axis
(Figure 4d) in the concerned energy region. The transition of
the CP Ab is from V2 to C2 between Γ and Y points while the
transition of the CP Bb takes place between Γ and Z points from
V3 to C7 with its CP center energy at 2.02 eV. Along the c-axis,
there are four CPs in the visible region (Figure 4f). Both the CPs
Ac (E0 = 1.27 eV) and Bc (E0 = 2.11 eV) are due to the carriers
jumping from V3 to C1 and C7, respectively, while the CPs Cc
(E0 = 2.99 eV) and Dc (E0 = 3.40 eV) indicate that the carriers
jump from V2 to C6 and C7, respectively. The interband
transitions corresponding to the CPs along three crystal axis
directions (Figure 4b,d,f) show striking differences in the
number of interband transition, the transition position in k-
space, and involved bands. It is these striking differences that
give rise to the different dielectric functions (complex refractive
indices) along crystal axes, which eventually becomes the origin
of the giant optical anisotropy in ZrTe5 from the perspective of
quantum mechanics. All of the most possible transitions from
V1, V2, and V3 to the conduction band and their corresponding
transition position in k-space are listed in Table S3. All the CPs
along three crystal axis directions are due to the contributions
from the electrons in the 5p orbital of Te atoms as the major
carriers jump from involved valence bands to the conduction
band.
In summary, for the first time we have determined the

complete dielectric tensor of quasi-1D ZrTe5 over a wide
spectral range by the MMSE, quantitatively and comprehen-
sively investigated the giant optical anisotropy, and revealed the
underlying physical mechanism by combination with the first-
principle calculations. Angle-resolved Raman spectroscopy,
polarization-resolved reflectance spectra, and azimuth-resolved
MMSE have qualitatively demonstrated typical optically
anisotropic phenomena in quasi-1D ZrTe5. Besides, the optics
axes of ZrTe5 are clearly distinguished by the azimuth-resolved
Mueller matrix spectra. The complete dielectric tensor of ZrTe5
has been determined by the MMSE over an ultrawide spectral
range (193−1400 nm), which opens a quantitative way to
discuss the giant optical anisotropy of ZrTe5.We have found that
ZrTe5 demonstrates dispersive giant birefringence and dichro-
ism, and the birefringence (Δn = 0.58 @ 942 nm) outperforms
many other low-dimensional and conventional birefringent
materials, showing great potential and advantages in fabricating
miniature and integrated polarization-sensitive devices. Because
of its small band gap (only 53 meV), the electronic properties of
ZrTe5 can be easily tuned, e.g., by mechanical strain56 or by
ultrafast light.57 The birefringence of ZrTe5 can be further tuned
by these external perturbations. By combining the CP analysis
and the first-principle calculations, we have identified specific
optical transitions related to the CPs in dielectric function
spectra along three crystal axes of ZrTe5, which reveals the
physical essence of the optical anisotropy from a perspective of
quantum mechanics. Results indicate that the dielectric
functions of ZrTe5 along three crystal axes are dominated by
different interband transitions with a number of van Hove

singularities instead of delocalized excitons. The dielectric
tensor and the anisotropic optical constants determined in this
work are basic for modulating the optical properties of ZrTe5
and designing polarization-sensitive devices. The proposed
method is general and can be easily extended to quantitatively
investigate the optical anisotropies in other novel low-symmetry
materials.

■ EXPERIMENTAL METHODS

Synthesis and Exfoliation of ZrTe5 Single Crystals.
Synthesized by the chemical vapor transportation (CVT)
method,54,55 the ZrTe5 single crystal was exfoliated into
nanobelts by scotch tape. After that, the nanobelts were
transferred to a SiO2/Si substrate.

Characterization of Giant Optical Anisotropy in ZrTe5.
A Raman system (LabRAM HR800, Horiba JobinYvon) was
used to confirm the quasi-1D structure of ZrTe5 and observe the
optically anisotropic phenomenon in ZrTe5 qualitatively.
Atomic force microscopy (AFM, SPM9700, Shimadzu), field-
emission scanning electron microscopy (SEM, FEI Nova 450
Nano), and TEM with EDX spectroscopy (Titan G2 60-300)
were used to explore the morphology and high-quality and low-
symmetry structure of ZrTe5 nanobelts. A commercial Mueller
matrix spectroscopic ellipsometer (ME-L Muller matrix
ellipsometer, Wuhan E-optics Technology Co. Ltd., Wuhan,
China) was used to acquire the Mueller matrix spectra and
further obtain the complete dielectric tensor of ZrTe5 with its
200 μm probing spot.

First-Principle Calculations. All the calculations were
performed with the Vienna ab initio package (VASP).58 The
Perdew−Burke−Ernzerhof (PBE)59 generalized gradient ap-
proximation (GGA) is used to deal with the exchange and
correlation potential. Owing to the vdW interaction between
layers along the b-axis in ZrTe5, van der Waals corrections were
taken into consideration. In geometric optimization, the crystal
structure optimized with the optB86b-vdW functional60 shows
the smallest difference with the experimental one among the
PBE functional and other vdW functionals with convergence
criteria of 0.001 eV/Å for forces (Table S4). After carefully
checking to ensure convergence, we used the projector-
augmented-wave (PAW)61 pseudopotentials with an energy
cutoff of 300 eV and a 9× 9 × 5 Γ-centeredMonkhorst−Pack k-
point mesh (except for PDOS calculations with 17 × 17 × 9
mesh). In the self-consistent calculations, the criterion for the
convergence is 10−7 eV for total energy. All the calculations
include spin−orbit coupling (SOC) and use the crystal structure
optimized by the optB86b-vdW functional.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.1c00026.

Ionic displacement of Raman phonon modes, field-
emission SEM, low-magnification TEM images, EDX
spectrum, calculations on the intensity of the Raman
modes, MMSEmeasurement and analysis, calculations on
reflectance, 4 × 4 matrix method, raw reflectivity
measured by Mueller matrix spectroscopic ellipsometry,
first-principle calculations on optical constant, compar-
ison of calculated Eg with experimental and theoretical
ones, CP analysis, and tables of the most possible
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Figure S1. Schematics illustrating the ionic displacement of each phonon modes (B2g and Ag) 

of ZrTe5
S1. The lattice structure of ZrTe5 demonstrated for B2g and Ag modes are the 

perspective from b-axis and a-axis, respectively. 

 

Figure S2. Field-emission scanning electron microscopy (SEM) image of the ZrTe5 nanobelt, 

with its thickness measured by atomic force microscopy (AFM). 

 
Figure S3. Energy-dispersive X-ray (EDX) spectrum (integrated in scanning transmission 

electron microscopy, STEM) of ZrTe5 nanobelt. 
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Figure S4. The corresponding low-magnification TEM of Figure 1e, where the a-axis is 

parallel to long side of nanobelt. 

Calculations on the intensity of the Raman modes 

In our angle-resolved Raman measurement configuration, the polarized laser goes 

through the counterclockwise-rotation half-wave plate first, and then excites the sample. 

Before collected by the detection system, the excited signal of sample passes through the 

analyzer that is perpendicular to the electric field direction of the incident polarized laser 

(Figure S5). 

 
Figure S5. Schematic diagram of the Raman setup, where the polarized laser and its electric 

field direction are equivalently demonstrated by the unpolarized laser with the vertically 

placed polarizer, and /2 is the angle between the optics axis of the half-wave plate and z-axis, 

and therefore  represents the angle between the electric field direction of the polarized laser 

and the crystal orientation of ZrTe5. 

Generally, the intensity I of the Raman modes can be calculated byS2 

 
2

out inI   e R e , (S1) 

where ein and eout are the unit polarization vectors of the incident polarized laser and the 

scattered Raman signal, respectively. The electric field direction of the incident polarized 

laser is parallel to z-axis direction in the laboratory coordinate (x–y–z). Hence, one can obtain 

T

in (0 0 1)e . The excited signal passes through the analyzer fixed along x direction, and 

therefore out (1 0 0)e . R is the Raman tensor for the vibration modes, and the Raman 

tensor for Ag and B2g modes of ZrTe5 are respectivelyS3 
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R . (S3) 

The Raman tensors are defined with respect to its crystal coordinate. Therefore, when the 

ZrTe5 nanobelts were measured at arbitrary crystal orientation, the coordinate conversion 

should be taken into account. The in-plane (x–z plane) angle between laboratory coordinate 

(x–y–z) and crystal coordinate (a–b–c) is defined as . As shown in Figure S6,  is 6 in our 

Raman measurement.  

 
Figure S6. The ZrTe5 nanobelt measured by angle-resolved Raman spectrometer, and the 

in-plane (x–z plane) angle between laboratory coordinate (x–y–z) and crystal coordinate 

(a–b–c) is defined as . 

The obtained Raman tensors after the coordinate conversion R' can be written asS4 

 
T' R MRM . (S4) 

Here, M is the transform matrix 

 

cos 0 sin

0 1 0

sin 0 cos

 

 

 
 

  
 
 

M , (S5) 

and MT is the transposed matrix of the transform matrix M.  

Besides, the half-wave plate is introduced to make the electric field direction of the 

polarized laser and the crystal orientation of ZrTe5 form a variable angle  by rotating it. 

Hence, the Jones matrix of the half-wave plate λ
2

J  counterclockwise rotating in the x–z 

plane need to be introduced in calculationS5 
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 λ
2

cos 0 sin

= 0 0 0

sin 0 cos

 

 

  
 
 
  

J ,  (S6) 

where α is the twice of the counterclockwise-rotation angle α/2 between the optics axis of the 

half-wave plate and z-axis (Figure S5).  

Accordingly, the intensity of the Raman modes in our Raman measurement 

configuration can be described as 

 λ λ
2 2

2 2
T

out in out in' =I       e R J e e MRM J e . (S7) 

Finally, one can respectively get the intensity of Ag and B2g modes 

 
g

2

A cos6 sin( 6 ) sin 6 cos( 6 )I A C         , (S8) 

and 

 
2g

2

B cos(2 6 )I E    , (S9) 

which are fitted the experimental ones well in Figure 2b-d. 

Mueller matrix spectroscopic ellipsometry (MMSE) measurement and analysis 

 
Figure S7. The commercial MMSE (a) and its working principle (b), where  i represents the 

incident angle and Mueller matrix can be obtained with two rotating compensators. 

 
Figure S8. Schematic diagram of ZrTe5 measurement by MMSE, where the azimuth is 

defined as the angle between the a-axis and the y-axis. 
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Figure S9. Off-diagonal Mueller matrix elements M42 (a) and M31 (c) experimental spectra 

at different azimuth angles with incident angle i of 55. Experimental and simulated 

azimuth-resolved spectra of M42 (b) and M31 (d) elements at the wavelengths of 580 and 445 

nm, respectively. 

 
Figure S10. Mueller matrix spectra with incident angle i from 55 to 70 and the best fitted 

curves of ZrTe5 sample. 
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Ellipsometric analysis is a model-based method. The optical model is constructed to 

obtain calculated Mueller matrix spectra, and then the calculated Mueller matrix spectra is 

used to fit with the measured ones by adjusting and optimizing the parameters of the optical 

model.  

The optical model consists of two parts. One is the real physical structure of this model. 

In ellipsometric analysis of ZrTe5 sample, the ZrTe5 single crystal and air above it compose 

the physically structural aspect of the optical model. The real physical structure of this model 

is constructed based on the following consideration: 1) as the roughness do not play dramatic 

role in decreasing the root mean square error (RMSE, see Eq. (1) in main text), we do not 

consider the roughness or overlay, such as effective medium approximation (EMA); 2) The 

backside reflection contributions are not taken into consideration for the reason that the ZrTe5 

single crystal is opaque; 3) The ZrTe5 single crystal is regarded as the anisotropic substrate as 

the thickness does not play a role in the fitting process. Another is the dielectric tensors for 

each part of physical structure. For ZrTe5, the dielectric tensors can be described as the 

dielectric functions  along the a-, b-, and c-axes, namely a, b, and c. These dielectric 

functions can be modeled by the generalized oscillators with physical implication, such as 

Lorentz model and Tauc-Lorentz model,S6  

 
k Lorentz n, Tauc-Lorentz o, g,( , , ; ) ( , , , ; ),k=a, b, and c

QM
m q

m m m q q q q

m q

A E E A E E E       ， 

  (S10) 

where Lorentz

m  and Tauc-Lorentz

q  are the Lorentz oscillator model and the Tauc-Lorentz 

oscillator model respectively. They can be respectively expressed as 

 
Lorentz 2 2

n, n,

( )
i

m m m

m m m

A E
E

E E E







 
, (S11) 

and 

 Tauc-Lorentz r, i,( ) iq

q qE    , (S12a) 

 

2
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 (S12b) 

In Eq. S11 and S12, A, , and En refer to the amplitude, the damping coefficient, and the 

center energy of the oscillators, respectively. E0 is the peak transition energy and Eg is the 
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bandgap energy. r,q and i,q are respectively the real and imaginary part of dielectric functions 

for Tauc-Lorentz oscillator model.  

r,q can be obtained by Kramers–Kronig relation, which describes the relation between 

the real part and imaginary part of dielectric functionsS7 

 

g,

i,

r, r, 2 2

( )2
( ) ( )

E
q

q

q q

E

E P d
 

  
 



  
 , (S13) 

where r,q() is an additional fitting parameter and P is the Cauchy principal value of the 

integral.  

In our experiment, four, five, and three Lorentz oscillator models and three, three and 

one Tauc-Lorentz oscillator models are used for modeling a, b, and c, respectively. To be 

specific, the results fitted by B-spline are parameterized by six Lorentz oscillators and three 

Tauc-Lorentz oscillators to fit ellipsometric parameters (the amplitude ratio  and the phase 

difference  of p- and s-polarizd light) in the isotropic ellipsometric analysis at first, and then 

the isotropic oscillators model are converted to biaxial anisotropic model to fit Mueller matrix. 

The best fitted parameters of oscillators model used in biaxial anisotropic model are listed in 

Table S1. The Euler angles  and  are fitted to make the crystal axes parallel to the 

ellipsometric coordinate axes, and  and  are 136.2 and −5.3 in this analysis to make 

a-axis and c-axis parallel to y-axis and x-axis, respectively. 
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Table S1. The best fitted parameters of oscillators model used in biaxial anisotropic 

model. 

 Oscillators 

Center 

energy 
(En)  [eV] 

Peak 

transition 

energy (E0)  

[eV] 

Bandgap 

energy(Eg)  

[eV] 

Amplitude 

(A) 

Damping 

coefficient ()  

[eV] 

a 

Lorentz 
0.88  

0.002 
/ / 

20.29 ± 

0.146 
0.86 ± 0.010 

Tauc-Lorentz / 
1.30 ± 

0.002 
1.01 ± 0.005 

43.47 ± 

1.109 
0.42 ± 0.004 

Tauc-Lorentz / 
1.88 ± 

0.222 
1.67 ± 0.022 

32.91 ± 

11.371 
2.051 ± 0.236 

Lorentz 
3.05 ± 

0.006 
/ / 

0.49 ± 

0.043 
0.47 ± 0.032 

Lorentz 
3.63 ± 

0.004 
/ / 

2.82 ± 

0.084 
1.15 ± 0.028 

Lorentz 
4.55 ± 

0.008 
/ / 

2.16 ± 

0.124 
1.61 ± 0.053 

Tauc-Lorentz / 
7.11 ± 

0.152 

1.524 ± 

2.171 

6.78 ± 

6.282 
2.93 ± 0.465 

b 

Lorentz 
1.13 ± 

0.026 
/ / 

0.12 ± 

0.006 
0.90 ± 0.082 

Tauc-Lorentz / 
2.07 ± 

0.024 
0.61 ± 0.248 

0.29 ± 

0.097 
0.79 ± 0.036 

Lorentz 
5.05 ± 

0.017 
/ / 

0.11 ± 

0.015 
0.85 ± 0.087 

Lorentz 
7.29 ± 

0.145 
/ / 

1.70 ± 

0.300 
1.30 ± 0.118 

c 

Lorentz 
0.83 ± 

0.001 
/ / 

25.62 ± 

0.238 
0.67 ± 0.007 

Lorentz 
1.34 ± 

0.008 
/ / 

6.47 ± 

0.418 
0.37 ± 0.010 

Tauc-Lorentz / 
1.41 ± 

0.012 
1.09 ± 0.039 

26.70 ± 

6.606 
0.38 ± 0.017 

Tauc-Lorentz / 
2.13 ± 

0.020 
0.45 ± 0.736 

0.93 ± 

0.850 
0.64 ± 0.032 

Lorentz 
3.00 ± 

0.009 
/ / 

0.24 ± 

0.048 
0.39 ± 0.066 

Lorentz 
3.51 ± 

0.014 
/ / 

2.06 ± 

0.551 
1.75 ± 0.194 

Lorentz 
3.93 ± 

0.188 
/ / 

2.72 ± 

0.544 
4.87 ± 0.886 

Tauc-Lorentz / 
6.67 ± 

0.044 
0.92 ± 5.091 

2.31 ± 

4.072 
1.16 ± 0.079 

Calculations on reflectance along a-axis and c-axis in ZrTe5 

The dielectric functions  and the complex refractive index N can be mutually converted 

by the Eq. S14 
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 2N  ; (S14a) 

 
2

r ii ( i )n k    . (S14b) 

In Eq. S14b, r and i are the real part and the imaginary part of the dielectric function 

respectively. In an orthorhombic system crystal like ZrTe5, the dielectric functions  and 

complex refractive index N should be expressed as 3-order diagonal tensors: 

 

2

2

2

0 0 0 0

0 0 0 0

0 0 0 0

a a

b b

c c

N

N

N







  
  

   
     

, (S15a) 
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2
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0 0 i 0 0 ( i )

a a a a
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c c c c

n k

n k

n k

 

 

 

   
  

    
      

. (S15b) 

Here, the physical quantities (, r, i, N, n, and k) with subscripts a, b, and c represent those 

along a-, b-, and c-axes, respectively.  

By applying Eq. 2 in the main text, the reflectance along a-axis and c-axis can be 

acquired eventually. 

 
Figure S11. The calculated reflectance spectrum along a-axis (Ra) and c-axis (Rc) from 

dielectric tensors. 

4  4 matrix method 

The 4 × 4 matrix method has been employed widely for analysis of anisotropic 

samples.S7 As mentioned above, ZrTe5 single crystal is regarded as the anisotropic substrate 

without backside reflection in ellipsometric analysis. As a result, the transfer matrix is then 

expressed as
1

i t,ani ,T L L where
1

iL
is the inverse matrix and t,aniL is the exit matrix for 

anisotropic substrates. The inverse matrix
1

iL
can be expressed by following matrix 
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i i

i i1

i

i i

i i

0 1 1/ ( cos ) 0

0 1 1/ ( cos ) 01

1/ cos 0 0 1/2

1/ cos 0 0 1/

n

n
L

n

n











 
 
 
 
 
 

, (S16a) 

where ni is the refractive index of ambient and i is the angle of incidence. To obtain the exit 

matrix t,aniL , one can solve the eigen equation 
B (0) q (0)j j j     to acquire eigenvectors 

(0)j  (j = 1, 2, 3, 4). In this eigen equation, q j  (j = 1, 2, 3, 4) is the eigenvalues, and the 

two eigenvalues with its negative real parts are neglected for no backside reflection. Therefore, 

the two eigenvectors corresponding to positive real parts of the rest two eigenvalues compose 

the exit matrix 

 

1 1

2 2

t,ani

3 3

4 4

0 0

0 0

0 0

0 0

a b

a b

a b

a b

L

  
 
 
 
  
 
  

. (S16b) 

In eigen equation, B is a 4 × 4 matrix expressed as 

 

2

B 2

0 1

0 0 1 0

0

0

zyzx xx
xx xx

zz zz zz

zy yzzx
yz yx xx yy yz xx

zz zz zz

zyzx xz
xx xz xy xz xx

zz zz zz

K
K K

K K

K



  

 
   

  

 
   

  

 
   

 
 
 

   
  

 
 
 

   
 

, (S17) 

where Kxx is defined as i isinxxK n   and ij (i, j = x, y, z) is the dielectric functions in 

ellipsometric coordinate (x–y–z). The dielectric functions in principal axes (crystal axes for 

orthorhombic system crystal) coordinate (a–b–c) can be converted into those in ellipsometric 

coordinate by using the Euler angles (, , ) 

 
T

0 0

0 0

0 0

xx xy xz a

yx yy yz b

zx zy zz c

   

   

   

   
   

   
     

B B , (S18a) 

and B is the inverse transformation matrix of the rotation matrix A using Euler angles 

 

1

1

cos sin 0 1 0 0 cos sin 0

sin cos 0 0 cos sin sin cos 0

0 0 1 0 sin cos 0 0 1

   

     

 





      
      

         
            

B A . (S18b) 
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Therefore, one can obtain the B to solve the the eigen equation 
B (0) q (0)j j j    , and 

then the 4 × 4 transfer matrix T are acquired  

 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

T T T T

T T T T

T T T T

T T T T

 
 
 
 
 
 

T . (S19a) 

After that, the Jones matrix J can be easily obtained from it 

 
11 43 13 41 33 41 31 43

11 23 13 21 21 33 23 3111 33 13 31

1pp ps

sp ss

r r T T T T T T T T

r r T T T T T T T TT T T T

    
    

    
J . (S19b) 

At last, the Mueller matrix M can be transformed from the Jones matrix J 

1 2 3 4 1 2 3 4 13 42 13 42

1 2 3 4 1 2 3 4 13 42 13 42

14 32 14 32 12 34 12 34

14 32 14 32 12 34 12 34

1 1
( ) ( )

2 2

1 1
( ) ( )

2 2

E E E E E E E E F F G G

E E E E E E E E F F G G

F F F F F F G G

G G G G G G F F

 
         

 
         
 
 

    
 
     

M , (S20) 

where 
*

l l lE r r , 
* *Re( ) Re( )mn nm m n m nF F r r r r   , and 

* *Im( ) Im( )mn nm m n m nG G r r r r      (l, 

m, n = 1, 2, 3, 4). Herein, r1, r2, r3, and r4 represent rpp, rss, rps, and rsp, respectively. 

In our simulation, the ni is the refractive index of air (ni is set to be 1) and the angle of 

incidence is 55. The dielectric functions in principal axes coordinate are obtained from the 

ellipsometric analysis. In our measurement, rotating the azimuth in x–y plane of ellipsometric 

coordinate is actually to change the , one of Euler angles that is the counterclockwise 

rotation angle of x-axis or y-axis. The simulated curves with varied azimuths match well with 

the experimental ones in Figure 2g and S9, which confirms the validity and reliability of the 

optical constants. 

 

Figure S12. The raw reflectivity expressed with the form of the generalized ellipsometry 

parameters ( & ) measured by Mueller matrix spectroscopic ellipsometry with incident 

angle of 55. The raw reflectivity can be obtained by the following formula: 
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pp ss pp pptan exp( i )r r     , ps pp ps pstan exp( i )r r     , and sp ss sp sptan exp( i )r r     , 

where rij (i, j = s, p) is the Jones matrix element. 

 
Figure S13. First-principle calculations of extinction coefficients k (a) and refractive indices 

n (b) along a-axis (denoted as ka and na respectively) and c-axis (denoted as kc and nc 

respectively). 

 
Figure S14. Comparison between experimental and theoretical energy gaps (Eg) and the one 

calculated by this work. The experimental and theoretical Eg are from Refs. S8–11. 

Critical point (CP) analysis 

The second derivative of dielectric functions expressed as the form of CPs is 

followingS12 

 

i 22
0

2 i 2

0

( 1) ( i )       0d

d ( i ) ,                   0

mm m Ae E E m

E Ae E E m










     
 

   
 (S16) 

where A is the amplitude,  is the phase angle, E0 is the center energy, and  is the broadening 

of the peak. The exponent m = 1/2, 0, and 1/2 respectively correspond to the 

three-dimensional, the two-dimensional, and the one-dimensional CPs. A discretely excitonic 

line shape (zero-dimensional CPs), resulting from the interaction of the discrete excitation 

with a continuous background,S13 corresponds to m = 1. The best fitted parameters (A, , E0, 
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and ) are listed in Table S2, and the 2 2d d E of the ZrTe5 matches the discretely excitonic 

CPs best, i.e. m = 1. 

Table S2. The best fitted parameters for CPs of ZrTe5. 

 Center energy (E0) [eV] Phase angle (ϕ) [°] Amplitude (A) [F/m] Broadening (Г) [eV] 

d2a/dE2 

0.90 180.11 15.75 0.66 

1.27 152.84 1.69 0.22 

3.02 166.22 0.10 0.23 

3.57 160.11 1.03 0.51 

4.61 154.41 0.94 0.71 

6.59 128.13 0.53 0.83 

d2b/dE2 

1.04 121.97 0.01 0.29 

2.02 153.66 0.08 0.40 

5.03 141.39 0.05 0.43 

7.37 230.11 1.11 0.34 

d2c/dE2 

1.27 91.42 5.42 0.34 

2.11 229.30 0.29 032 

2.99 197.91 0.05 0.20 

3.40 204.22 2.57 0.95 

6.56 228.66 1.38 0.79 

Table S3. The most possible parameters of interband transitions for ZrTe5. 

 Center energy (E0) [eV] Vi to Ci
a) Transition position in k-space 

Along a-axis 

0.90 (Aa) V2 to C4 Y to M (0 0.0875 0.5)b) 

1.27 (Ba) V3 to C1 X to Γ (0 0.2 0) 

3.02 (Ca) V3 to C6 Y to M (0 0.3 0.5) 

3.57 (Da) V3 to C7 Y to M (0 0.375 0.5) 

Along b-axis 
1.04 (Ab) V2 to C2 Γ to Y (0 0 0.4) 

2.02 (Bb) V3 to C7 Γ to Z (-0.15 0.15 0) 

Along c-axis 

1.27 (Ac) V3 to C1 X to Γ (0 0.2 0) 

2.11 (Bc) V3 to C7 Γ to Z (-0.15 0.15 0) 

2.99 (Cc) V2 to C6 M to Γ (0 0.4125 0.4125) 

3.40 (Dc) V2 to C7 X to Γ (0 0.4625 0) 
a)Vi and Ci respectively represent the i-th highest valance band and the i-th lowest conduction 

band;   
b)In parentheses is the coordinate value of transition position in the reciprocal space with 40 

k-points between the high-symmetry k-points. 
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Table S4. Calculated and experimental lattice constants and volumes of ZrTe5. 

Functionals a [Å] b [Å] c [Å] V = a  b  c [Å3] 

Experiment 3.99 14.52 13.72 792.87 

PBE 
4.05 

(1.53%) a) 

15.76 

(8.51%) 

13.84 

(0.87%) 

883.38 

(11.37%) 

optPBE-vdWS14 
4.06 

(1.89%) 

15.03 

(3.54%) 

13.92 

(1.43%) 

849.42 

(7.25%) 

optB86b-vdW 
4.00 

(0.36%) 

14.59 

(0.48%) 

13.73 

(0.05%) 

801.28 

(1.12%) 

optB88-vdWS14 
4.04 

(1.34%) 

14.77 

(1.70%) 

13.84 

(0.82%) 

825.84 

(4.13%) 

vdW-DFS15 
4.12 

(3.34%) 

15.53 

(6.93%) 

14.12 

(2.91%) 

903.45 

(13.97%) 

vdW-DF2S16 
4.19 

(5.17%) 

15.47 

(6.55%) 

14.38 

(4.75%) 

932.10 

(17.64%) 

a)In parentheses is reported the % error with respect to the experiment. Experimental data is 

from Ref. S17. 
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