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Polarization-dependent reflectivity measurements were carried out over a broad frequency range on single-
crystalline ZrGeSe and ZrGeS compounds, which are closely related to the prototype nodal-line semimetal
ZrSiS. These measurements revealed the strongly anisotropic character of both ZrGeSe and ZrGeS, with a
reduced plasma frequency for the out-of-plane direction E|c as compared with the in-plane direction E|ab.
For E||ab, the optical conductivity spectrum consists of two Drude terms followed by a shoulder or plateaulike
behavior and a distinct U shape at higher energies, while for E||c, one Drude term is followed by a peaklike
behavior, and the U shape of the profile is less developed. Under external pressure, two prominent excitations
appear in the out-of-plane optical conductivity spectrum of ZrGeSe, whose frequency position and oscillator
strength show a weak anomaly at ~3 GPa. Overall, the pressure-induced changes in the profile of the E|c
conductivity spectrum are much enhanced >~3 GPa. We compare our results to those recently reported for

ZrSiS in a quantitative manner.

DOI: 10.1103/PhysRevB.106.075143

I. INTRODUCTION

The ZrSiS-type family of square-net materials with the
general formula WXY (with W = Zr, Hf; X = Si, Ge, Sn;
and Y = O, S, Se, Te) has been extensively investigated
experimentally and theoretically in recent years since they
provide an ideal platform for exploring exotic states of quan-
tum matter, namely, the nodal-line semimetal phase [1-6] and
two-dimensional (2D) Dirac states protected by nonsymmor-
phic symmetry [7].

The WXY compounds crystallize in the PbFCI-type struc-
ture in the tetragonal space group P4/mmm. Their crystal
structure consists of slabs with five square nets, with a
stacking sequence [Y-W-X-W-Y] [8,9]. The relatively weak
bonding between two adjacent slabs is of van der Waals type.
The lattice parameters of the studied materials ZrSiS, ZrGeSe,
and ZrGeS are listed in Table I. ZrSiS, which is considered the
prototype nodal-line semimetal, shows exceptional physical
properties, like extremely large magnetoresistance and high
carrier mobility [9—11]. Its electronic band structure contains
lines of Dirac nodes at the Fermi energy Ep, which form a
cagelike structure around the I' point and result in a diamond-
shaped Fermi surface [2]. The energy range of the linear
dispersion of Dirac bands in ZrSiS is exceptionally large as
compared with other known Dirac materials, namely, 2 eV
above and below the Fermi energy Er in some regions of the
Brillouin zone (BZ). In addition to the Dirac nodes close to
EF, there are Dirac-like band crossings at energies 0.5-0.7 eV
below Ep at the X and R points of the BZ, which are 2D
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in character and protected by the nonsymmorphic symme-
try against gapping [2]. Authors of a recent angle-resolved
photoemission spectroscopy (ARPES) study suggested that
these Dirac nodes lie on a nodal plane [12]. By the choice
of the X and Y elements in WXY, the dimensionality of
the compound can be tuned between three dimensional (3D)
and quasi-2D: Starting from the most-studied ZrSiS, the slab
thickness increases significantly along the ¢ axis for ZrSiSe
and even more for ZrSiTe, due the increased ionic radius of
the chalcogene element Y. Therefore, the interlayer bonding
is decreased in ZrSiTe [8], leading to a reduction of the
structural dimensionality to close to 2D. A similar tuning of
the structural dimensionality can be achieved by substitution
of the X element but not as straightforward like for the Y
substitution, as shown in a previous optical study [13]. The
structural dimensionality is monitored via the c/a ratio of
the lattice parameters, where ¢ is the out-of-plane and a is
the in-plane lattice parameter [8], and is expected to severely
affect the electronic band structure in terms of energetic shifts
of bands [3].

Previous frequency-dependent reflectivity measurements
on ZrSiS for the polarization of the incident radiation along
(El|lab) and perpendicular (El||c) to the layers revealed a
highly anisotropic optical response, in very good agreement
with density-functional-theory (DFT) calculations [14]. Cor-
responding optical measurements under external pressure
showed only small pressure-induced changes in the in-plane
optical conductivity, whereas strong effects were observed
in the out-of-plane optical conductivity spectrum of ZrSiS,
with the appearance of two prominent excitations. Since a
pressure-induced structural phase transition could be ruled
out based on x-ray diffraction data, the pressure-induced

©2022 American Physical Society
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TABLE I. Lattice parameters a and ¢, and the ratio c¢/a from
Ref. [15], and optical parameters of ZrGeSe, ZrGeS, and ZrSiS.
Results for ZrSiS have been reported in Ref. [14].

ZrSiS ZrGeSe ZrGeS
a 3.544 3.706 3.626
¢ 8.055 8.271 8.019
c/a 2.273 2232 2212
Ellab (eV)
wy’ 1.07 0.99 1.07
Wy 3.17 2.96 3.42
L4 position 1.44 1.30 1.39
1.5 GPa
F1 position — — —
F2 position — — —
6.0 GPa
F1 position — — —
F2 position — — —
Ellc (eV)
wy’ 0.47 0.44 0.36
Wp; 1.08 1.06 0.95
L4 position — — —
1.5 GPa
F1 position 0.93 0.82
F2 position 1.70 1.52
6.0 GPa
F1 position 0.80 0.61
F2 position 1.70 1.58

changes were suggested to be of electronic origin. More-
over, DFT calculations showed that the pronounced peaks
in the E|c optical conductivity spectra of ZrSiS cannot be
attributed to electronic correlation and electron-hole pairing
effects [14].

In this paper, we study the polarization-dependent optical
response of two other members of the compound family WXY,
namely, ZrGeSe and ZrGeS. Like ZrSiS, we find a highly
anisotropic character of the optical conductivity with a much
reduced metallic character along the out-of-plane direction.
The pressure-induced appearance of two new excitations in
the out-of-plane optical response is confirmed in the com-
pound ZrGeSe. We compare the optical conductivity of the
various compounds under ambient and high-pressure condi-
tions in a quantitative manner.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

ZrGeSe and ZrGeS single crystals were grown by the
chemical vapor transport method [16,17] and characterized by
x-ray diffraction and energy-dispersive x-ray spectroscopy to
ensure phase-purity and crystal quality.

An infrared microscope (Bruker Hyperion), equipped with
a 15x Cassegrain objective, coupled to a Bruker Vertex 80v
FT-IR spectrometer was used for carrying out the polarization-
dependent reflectivity measurements at ambient and high
pressure, both at room temperature. The ambient-pressure
reflectivity measurements were carried out in the frequency

Photon energy (eV)
0.5 1.0 1.5 2.0 25

1.0 g
7 |
g 4
i 0.1 ]
0.8 |- 2 ]
L = ]
L %) 4
_— g -
S 06 0.0/ .
S r 200 10000 20000 1
9 [ Frequency (cm™)
T 04r =
02 ]
L (a) ]
0.0 fpr—+——+—F—+—+—+—+—F—+———————————
El|ab Ellc O
ZrSiS ZrSiS
6 ZrGeSe ZrGeSe .
F'E ZrGeS ZrGeS
o
c
E
)
PR ST YT T AT TR TN TN TN N TN SN TN S T TR TN T S N ST

0
200 5000

10000 15000
Frequency (cm™)

20000

FIG. 1. (a) Ambient-pressure reflectivity of ZrGeSe, ZrGeS, and
ZxSiS along (E||ab) and perpendicular (E||c) to the square-net layers.
Data of ZrSiS have been reported in Ref. [14]. Inset: Loss function
for the three materials and both polarization directions. (b) Optical
conductivity o; of ZrGeSe, ZrGeS, and ZrSiS for the polarization
directions E|lab and E||c.

range 200-23 000 cm~! on surfaces cleaned with alcohol. As
a reference, a commercial Al mirror was used. The reflectiv-
ity results for ZrSiS are consistent with those in Ref. [18],
and therefore, the assumption of normal incidence of the
electromagnetic radiation from the Cassegrain objective to
the sample is valid. The optical functions were obtained by
Kramers-Kronig (KK) transformation of the reflectivity spec-
tra. Hereby, the reflectivity data were extrapolated to low
frequencies based on a Drude-Lorentz fit, while for the high-
frequency extrapolation, we used the x-ray atomic scattering
functions [19].

For the generation of pressures up to 6.0 GPa, a Di-
acell CryoDAC-Mega (AlmaxEasyLab) diamond-anvil cell
(DAC) was used. The out-of-plane surface of ZrGeSe sin-
gle crystals, with the size of ~210 x 190 x 80 ptm3, was
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FIG. 2. Ambient-pressure optical conductivity o, of ZrSiS, ZrGeSe, and ZrGeS together with the Drude-Lorentz fits and the Drude and
Lorentz contributions for the polarization (a)—(c) E|ab and (d)—(f) E|lc. The L4 peak for E||ab is due to transitions between electronic bands
related to nonsymmorphic Dirac cones. Results for ZrSiS have been reported in Ref. [14].

carefully cleaned with isopropanol and loaded in the hole of
a CuBe gasket inside the DAC. Finely ground CsI powder
served as the quasihydrostatic pressure transmitting medium
and to ensure the sample-diamond interface during the op-
tical measurements. The pressure was determined in situ
using the ruby luminescence technique [20,21]. The pressure-
dependent reflectivity spectra Ry4 at the sample-diamond
interface for frequencies 300-9 000 cm~! were obtained ac-
cording to Ry q4(w) = Rgasket—dia(w) X [Is(w)/lgasket(w)]v where
I(w) is the intensity of the radiation reflected from the
sample-diamond interface, Igskei(@) the intensity reflected
from the CuBe gasket-diamond interface, and Rgasket-dia(®)
the reflectivity of the gasket material for the diamond
interface. The Ry4 spectra in the frequency range 9000-
19 000 cm~! were calculated according to Ry 4(®) = Ryiy X
[Is(w)/lhia(w)], where I(w) is the intensity reflected at the
interface between the sample and the diamond anvil, g, (w)
is the intensity reflected from the inner diamond-air inter-
face of the empty DAC, and Rgj, = 0.167 is the reflectivity
of diamond, which was assumed to be pressure indepen-
dent [22]. The pressure-dependent reflectivity spectra R, 4 are
affected in the frequency range from 1800 to 2670 cm™!
by multiphonon absorptions in the diamond anvils, which
are not completely corrected by the normalization procedure.
This part of the spectrum was interpolated based on the

Drude-Lorentz fitting, considering the sample-diamond inter-
face. The corresponding spectra of the optical conductivity
o(w) = o1(w) + 107 (w), dielectric function €(w) = €;(w) +
i€z (w), and loss function —Im(1/€), were obtained by KK
analysis of the reflectivty Rsq4(w) spectra, which were ex-
trapolated to zero based on the Drude-Lorentz fits. For the
high-frequency extrapolations, we used the ambient-pressure
reflectivity spectrum measured on freestanding crystals, ad-
justed for the sample-diamond interface. In the KK analysis,
the sample-diamond interface was considered as described in
Ref. [23]. From the Drude contributions of the Drude-Lorentz
fits, the plasma frequency w,; was obtained. The plasma fre-

quency and the screened plasma frequency w;" are related

to each other according to w" = wpi/\/€xc, Where € is
the high-frequency value of €, (w), accounting for the higher-
frequency optical transitions [18]. At w’;", the loss function
has a narrow maximum (plasmon peak), and the function
€1(w) changes its sign [24].

III. RESULTS AND DISCUSSION

A. Ambient-pressure optical response

The ambient-pressure reflectivity spectra of ZrGeSe,
ZrGeS, and ZrSiS are depicted in Fig. 1(a) for the polarization
along (E||ab) and perpendicular (E||c) to the square-net layers.
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FIG. 3. L4 energy position as a function of 1/a. Inset: L4 energy
position as a function of 1/c. The values for ZrSiS, ZrSiSe, and
ZrGeTe were extracted from Ref. [13].

Results for ZrSiS have already been reported in Ref. [14].
For all three materials and for both polarization directions, we
find a metallic behavior, with a high value of the reflectivity
at low frequencies and a distinct plasma edge. The findings
for ZrSiS are in agreement with recent electric transport mea-
surements [25,26]. Like the previously observed anisotropic
character of ZrSiS [14], for both ZrGeSe and ZrGeS, the

Photon energy (eV)

Photon energy (eV)

frequency position of the plasma edge is strongly polarization
dependent. Namely, for E||c, it is shifted toward lower ener-
gies compared with E||ab. This observation signals the highly
anisotropic character of the charge dynamics in all three com-
pounds. We determined the position of the plasma edge, i.e.,
the screened plasma frequency w);", from the corresponding
loss function, which shows a plasmon peak at wy" [see inset
of Fig. 1(a)]. Accordingly, a);?’ of ZrSiS, ZrGeSe, and ZrGeS
are shifted from ~1.07, 0.99, and 1.07 eV for E|jab to ~0.47,
0.44, and 0.36 eV for E||c, respectively (see Table I).

The strongly anisotropic optical response is also revealed
by the polarization-dependent optical conductivity oy, as de-
picted in Fig. 1(b): Below ~7000 cm~!' (~0.87 eV) o is
much reduced for E||c, i.e., perpendicular to the layers. For
E|ab, the o, spectrum consists of (i) Drude contributions
followed by (ii) a shoulder or plateaulike behavior up to
~3000 cm~! (0.37 eV), and (iii) a distinct U shape limited
by a rather sharp peak (denoted as L4), whose frequency
position depends on the material. Please note that the profile of
the ambient-pressure in-plane optical conductivity spectrum
and its interpretation based on DFT calculations have been
reported in detail in Ref. [13]. Accordingly, the U-shaped
optical conductivity has been ascribed to transitions between
linearly crossing bands along a surface in the BZ, forming an
effective nodal plane. The existence of nodal planes is consis-
tent with recent ARPES studies on ZrSiS [12]. The shoulder
or plateaulike contribution <~3000 cm~! can be ascribed to
transitions within the nodal-line network, which is, in this
energy region, affected by corrugation (shift away from the
Fermi level) and gapping due to spin-orbit coupling [13,27].
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FIG. 4. (a) and (b) Pressure-dependent reflectivity R4 of ZrGeSe and corresponding pressure-dependent loss function in the inset, for
the polarization directions E|lab and E||c, respectively. (c) and (d) Pressure-dependent optical conductivity o, of ZrGeSe for the polarization
directions E||ab and E||c, respectively, as obtained by Kramers-Kronig analysis of the R, 4 spectra. The arrows highlight the most pronounced
pressure-induced changes, particularly the appearance of two new excitations for E||c. (d) and (f) Pressure-dependent real part of the dielectric
function €, of ZrGeSe for the polarization directions E|lab and E||c, respectively.
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The L4 peak is associated with transitions between parallel
bands of the Dirac crossings, which are protected by non-
symmorphic symmetry against gapping (these will be denoted
as nonsymmorphic Dirac cones in the following) [13]. The
profile of the E||c optical conductivity spectrum for all three
compounds consists of one Drude term followed by a peak-
like behavior. The U shape of the profile is, however, not as
pronounced as for the in-plane direction, and the L4 peak is
missing. In analogy to the in-plane conductivity, we attribute
the low-energy optical conductivity to transitions between the
linear Dirac bands of the nodal-line network.

For ZrGeS, the plateaulike and peaklike behavior observed
in the E|lab and E|c o) spectra at low frequencies, respec-
tively, is least developed, i.e., the low-frequency limit of the
U-shaped optical conductivity is the lowest among the three
compounds. According to Ref. [13], this signals that ZrGeS is
the closest to the ideal nodal-line system. Indeed, very recent
angle-resolved photoemission experiments revealed that the
nodal line in ZrGeS shows linear band dispersions within an
exceptionally large energy range >1.5 eV below Eg [28]. It
is interesting to note that ZrGeS has the lowest c/a ratio, i.e.,
formally this compound has the strongest 3D character and
largest interlayer bonding strength [3,13,29] among the three
materials ZrGeS, ZrGeSe, and ZrSiS.

The optical conductivity and corresponding reflectivity
spectra were simultaneously fitted with a phenomenological
Drude-Lorentz model (Fig. 2) for a quantitative analysis and
comparison and for extracting several optical parameters such
as the plasma frequency w,; (see Table I). For the polarization
E|lab, two Drude contributions with w,;; and wp; > had to
be inserted, accounting for the electron- and hole-type charge
carriers [10,11]. The value w, was calculated according to

Wy = /a)fﬂ’1 + a);L2 in this case. The values of the in-plane

and out-of-plane w,; for ZrSiS are in very good agreement
with the values calculated in Ref. [30]. Similar values for
wp are found for ZrGeS and ZrGeSe. Furthermore, from the
Drude-Lorentz fitting of the E|lab o; spectrum, the energy
position of the L4 peak related to the nonsymmorphic Dirac
cones was obtained. It has been argued that the relative dis-
tance of the nonsymmorphic Dirac cones from Ef is inversely
proportional to the distance between two Si atoms in the
square net [31] and hence inversely proportional to the lattice
parameter a. To check this relation, we plot in Fig. 3 the en-
ergy position of the L4 peak, which corresponds to the energy
difference between a pair of nonsymmorphic Dirac cones,
as a function of 1/a. Indeed, we find an approximate linear
dependence. For comparison, the L4 position as a function
of the lattice parameter 1/c is given in the inset of Fig. 3. A
linear dependence is less obvious in this case, and the reduced
x? value (0.0016) of the linear fit is slightly higher than the
corresponding value (0.0009) for the 1/a dependence.

For the perpendicular direction E|c, the optical conduc-
tivity for frequencies <~10000 cm~! is much lower than
E|ab, revealing the strongly anisotropic, layered character
of all three compounds. The o spectrum consists of (i) a
Drude term centered at zero frequency followed by (ii) an
absorption peak at 1700-2400 cm~' (0.2-0.3 eV), whose
position slightly depends on the material, and (iii) a mono-
tonic increase >5000 cm~! due to higher-energy interband
transitions. As already discussed above, we ascribe the low-
energy optical conductivity to transitions between the linear
crossing bands of the nodal line/plane, and the absorption
peak to transitions within the corrugated or gapped nodal-line
network.

B. High-pressure optical response

The previous study on the prototype nodal-line semimetal
ZrSiS has revealed pronounced pressure-induced changes in
the out-of-plane optical response, with the appearance of
two new excitations [14]. To check whether similar pressure-
induced changes occur in other compounds of the family,
we carried out reflectivity measurements on ZrGeSe as a
function of pressure for the polarization directions E|lab and
E| c [see Figs. 4(a) and 4(b)]. The pressure-induced changes
in the E|lab reflectivity are modest, as also revealed by the
pressure-dependent loss function displayed in the inset. In
contrast, for E||c, the profile of the reflectivity spectrum and
the loss function change drastically under pressure. These
observations are very similar to the recent findings for the
polarization-dependent optical response of ZrSiS under pres-
sure [14].
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strain applied along the ¢ direction from Ref. [30] are plotted in (f).

The corresponding optical conductivity spectra o; of
ZrGeSe for E|lab and E||c are plotted in Figs. 4(c) and 4(d),
respectively. For E|jab, the most significant pressure-induced
change is the slight shift of the L4 peak to higher energies.
For E||c, the observed changes are more pronounced, with the
appearance of two new excitations, denoted as F1 and F2 in
the following. Additionally, we show in Figs. 4(e) and 4(f)
the real part of the dielectric function €; of ZrGeSe for both
polarization directions at ambient and high pressure. Clearly,
the metallic character in both directions is revealed by the
large negative values of ¢; at low frequencies and its zero
crossing. The pressure-induced changes in €; are much more
drastic for E||c than the in-plane direction. The corresponding
results for the polarization-dependent reflectivity, optical con-
ductivity o, and dielectric function €, of ZrSiS under pressure
from Ref. [14] are shown in the Supplemental Material [32].

For a quantitative analysis, the optical conductivity spectra
were fitted with a phenomenological Drude-Lorentz model.
As examples, we show in Figs. 5(a) and 5(b) the fits of
o1 at 5.2 GPa for both polarization directions, including the

Drude and Lorentz contributions. The main results of this
quantitative analysis are summarized in Fig. 6: The L4 peak
in the E||ab optical conductivity spectrum of ZrGeSe shifts to
higher energies with increasing pressure [see Fig. 6(a)]. This
means that the nonsymmorphic Dirac cones shift away from
Er with increasing pressure. These results are like those in
ZrSiS [14], which we include in Fig. 6. The pressure-induced
excitations F1 and F2 show a specific frequency shift under
pressure [Fig. 6(b)]. Below ~3 GPa, the positions are hardly
changed, whereas >~3 GPa, the F1 peak (F2 peak) shifts
to lower (higher) frequencies. The oscillator strength of the
peaks as a function of pressure [see Fig. 6(c)] shows hints
for an anomaly at ~3 GPa; however, it is less obvious than
in the frequency shift with pressure. We also note that the
pressure-induced changes in the overall profile of the E||c con-
ductivity spectrum are much enhanced >~3 GPa [Fig. 4(d)].
It is interesting to compare these findings with the ones ob-
served for ZrSiS [14], which are also included in Fig. 6(b).
For all studied pressures, the F1 and F2 peaks appear at lower
frequencies for ZrGeSe than ZrSiS (see Table I for the peak
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positions at ~1.5 and ~6 GPa). In the case of ZrSiS, the
anomaly in the parameters of the F1 and F2 peak occurs at
~4 GPa, i.e., at a pressure slightly higher than for ZrGeSe.
A higher critical pressure for ZrSiS is consistent with its
calculated bulk modulus (144 GPa), which is slightly higher
than ZrGeSe (121 GPa) [33]. In analogy to ZrSiS, where a
pressure-induced structural phase transition could be ruled
out [14], we suggest that the anomaly at 3 GPa for the F1 and
F2 peaks and the conductivity profile observed for ZrGeSe has
an electronic origin.

The pressure dependence of the plasma frequency w
for ZrGeSe and ZrSiS, as obtained from the Drude-Lorentz
fitting, is displayed in Figs. 6(d) and 6(e) for polarization
directions E|lab and E||c, respectively. For E|ab, one ob-
serves an initial drop of w,; followed by an increase >~3 GPa
for both compounds. Qualitatively, this is consistent with the
theoretical predictions by Zhou et al. [30] based on DFT
electronic structure calculations [see Fig. 6(f)]. Please note
that the calculations in Ref. [30] were carried out for ZrSiS
under compressive uniaxial strain applied along the ¢ direc-
tion, which is in principle different from the quasihydrostatic
conditions in our experiments. For E|c, a linear decrease
of w,; with increasing compressive strain was predicted for
ZrSiS [30]. In contrast, our optical data reveal the opposite
behavior for both ZrSiS and ZrGeSe, namely, an increase of
wp With increasing pressure [Fig. 6(d)]. Such an increase
could be attributed to an enhancement of the interlayer charge
carrier transport caused by the pressure-induced decrease in
the interlayer distance.

Our pressure-dependent optical data for ZrGeSe thus con-
firm the recent observation of pressure-induced excitations in
the out-of-plane optical response of the closely related com-
pound ZrSiS [14]. The subtle quantitative differences for the
two materials can be explained by the difference in chemical
composition, i.e., chemical pressure effect. The appearance of

the pronounced peaks in the E||c optical conductivity spec-
tra of ZrSiS still lacks theoretical explanation. According
to DFT calculations [14], they cannot be linked to electronic
correlation and electron-hole pairing effects in pressurized
ZxSiS. It is, however, important to note that, in analogy to the
closely related material ZrSiSe [34], electronic correlations
are expected to be larger in ZrGeSe as well. Our confir-
mation of the pressure-induced excitations in yet another
material of the ZrXY compound family will hopefully trig-
ger further theoretical investigations, considering additional
phenomena such as exciton-polaron formation under pressure,
in addition to electronic correlation and electron-hole pairing
effects.

IV. CONCLUSIONS

The nodal-line semimetals ZrGeSe and ZrGeS, which are
closely related to ZrSiS, which is considered the prototypi-
cal nodal-line semimetal, show a pronounced anisotropy in
the optical conductivity, with a reduced plasma frequency
for the out-of-plane as compared with the in-plane direction.
For both polarization directions, a characteristic profile of
the optical conductivity is found, like the results for ZrSiS
reported in Ref. [14]. Pressure-dependent experiments on
ZrGeSe revealed two new excitations in the out-of-plane opti-
cal conductivity spectrum induced by pressure and anomalies
in several optical parameters at ~3 GPa, confirming the pre-
vious findings for ZrSiS.
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