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This work presents a systematic study of the pressure evolution of the electronic structure of ZrSiS using bulk
magnetotransport measurements under hydrostatic pressure and first-principles calculations. Magnetoresistance
measured at four pressure points (0.25, 0.47, 1.55, and 2.10 GPa) exhibits clear Shubnikov-de Haas oscillations
characterized by five dominant frequencies, F, = 17, Fy =37, F, =93, Fy = 138, and F, = 242T, which
remain nearly unchanged with increasing pressure. To probe the pressure evolution of the electronic states,
the Berry phase (®g) was extracted from Landau level fan diagram analyses. The extracted &g values for the
o and € orbits show a systematic evolution with pressure, changing from values close to 7w at low pressure
toward values approaching zero above ~0.47 GPa, suggesting a possible change in the electronic topology near
this pressure. To further examine the evolution of the band topology, we calculated the topological invariants
calculations. The results suggest nontrivial states at low pressures and a tendency toward trivial states at higher
pressures, consistent with the experimentally observed evolution of the Berry phase. To further investigate the
underlying electronic structure, first-principles calculations were performed up to 16 GPa. The calculated band
structures reveal multiple Dirac crossings near the Fermi level derived primarily from Zr d and S p orbitals,
which remain robust under pressure. Phonon dispersion calculations show no imaginary modes up to 16 GPa,
confirming the dynamical stability of ZrSiS under hydrostatic compression. The combined experimental and
theoretical results indicate that pressure modifies the electronic states without a pronounced reconstruction of
the Fermi surface, highlighting the role of subtle changes in the electronic structure. These findings provide

insight into pressure-driven electronic evolution in nodal-line semimetals and related quantum materials.

DOLI: 10.1103/b4pt-rrpj

I. INTRODUCTION

Topological materials hosting Dirac-like electronic dis-
persions have attracted significant attention in recent years
due to their symmetry-protected gapless states and uncon-
ventional electronic responses [1-7]. A prominent subclass is
the topological nodal-line (TNL) semimetal, in which band
crossings extend along one-dimensional manifolds—Iines or
closed loops—in momentum space, leading to an enhanced
density of states and a variety of emergent quantum phenom-
ena [8—11]. ZrSiS has emerged as a model TNL semimetal
owing to its simple crystal structure, multiple Dirac cones in
close proximity to the Fermi level, and an unusually large
linear dispersion extending up to 2 eV [12,13]. High-quality
single crystals can be readily grown using the chemical
vapor transport method [14,15]. Combined with its air stabil-
ity and the use of abundant, nontoxic elements, this makes
ZrSiS particularly well suited for systematic experimental
investigations. ZrSiS exhibits several remarkable properties,
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including extremely large and anisotropic magnetoresistance
(MR) (~10°%) [15-17] and negative longitudinal MR [15],
signaling a chiral anomaly.

The electronic structure of ZrSiS has been exten-
sively studied through quantum oscillation experiments
[10,15,16,18-24], which established a complex, multisheet
Fermi surface and revealed a nontrivial Berry phase associ-
ated with its Dirac fermions. High-field torque magnetometry
measurements further demonstrated pronounced anisotropy of
the Fermi surface [25]. These studies consistently confirm the
topological nature of ZrSiS at ambient pressure.

Pressure provides a powerful means of tuning the lattice
and electronic structure of quantum materials by directly mod-
ifying interatomic distances and orbital overlap [26-28]. It
has been widely used to suppress competing orders, induce
superconductivity, and control magnetic phases in correlated
systems [29-34]. Pressure-induced topological phase transi-
tions have also been reported in several quantum materials
[35-40]. A few high-pressure and uniaxial strain studies on
ZrSiS have demonstrated that this nodal-line semimetal is
highly sensitive to lattice compression, revealing a range
of pressure-induced phenomena [41-45]. These investiga-
tions have primarily focused on structural transitions using

©2026 American Physical Society
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FIG. 1. Temperature dependence of the electrical resistance
R(T) of ZxSiS under various applied pressures. The data show metal-
lic behavior with a residual resistivity ratio (RRR) of 31. Upper inset:
Zoomed-in view of R(T) at low temperatures. No superconductivity
is observed up to 2.10 GPa and down to 0.3 K. Lower inset: Crystal
structure of the ZrSiS unit cell.

high-pressure x-ray diffraction [41] and on magnetotrans-
port measurements to probe possible topological transitions
[43,44]. However, the reported critical pressures for the
pressure-induced topological phase transition differ signifi-
cantly, with values of 0.16-0.5 GPa [44] and 7.4 GPa [43].
This large discrepancy calls for a systematic re-examination of
the low-pressure evolution of the electronic structure in ZrSiS
using bulk-sensitive probes.

In this work, we combine magnetotransport measurements
under hydrostatic pressure up to 2.10 GPa with first-principles
calculations to investigate the pressure evolution of the elec-
tronic structure of ZrSiS. Well-defined Shubnikov-de Haas
(SdH) oscillations are observed across the entire pressure
range. Analysis of the Berry phase (®p) extracted from
Landau level fan diagrams reveals a pressure-induced evolu-
tion from a nontrivial value at low pressure toward a trivial
value above ~0.47 GPa, in close agreement with the lower-
pressure regime reported previously [44]. Our electronic band
structure calculations show multiple Dirac crossings near
the Fermi level derived primarily from Zr d and S p or-
bitals, which remain robust up to 16 GPa. These results
indicate that the pressure-driven electronic transition occurs
without a pronounced reconstruction of the Fermi surface,
suggesting that subtle changes in the underlying band topol-
ogy, rather than changes in Fermi-surface geometry, play
an important role.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

High-quality single crystals of ZrSiS were synthesized us-
ing the chemical vapor transport (CVT) method. The details
of the sample growth are provided in our recent article [25].
ZrSiS is a layered material with the tetragonal crystal structure
(space group P4/nmm). The unit cell of ZrSiS is shown in
the inset of Fig. 1. Electrical transport measurements under
high pressure and magnetic fields up to 18 T were performed

at the National High Magnetic Field Laboratory (NHMFL)
in Tallahassee, FL. Hydrostatic pressure up to 2.10 GPa
was generated using a piston-cylinder pressure cell. A shiny
single crystal of ZrSiS was selected, and four electrical con-
tacts were attached in a standard four-probe configuration
for resistivity measurements. The sample was then mounted
inside a piston-cylinder pressure cell for high-pressure exper-
iments. Daphne 7474 oil served as the pressure-transmitting
medium, and the applied pressure at low temperatures was
calibrated by monitoring the fluorescence shift of a small ruby
chip placed inside the cell. The crystal was oriented with
the magnetic field directed parallel to the ¢ axis. Magnetic
fields up to 18 T were applied under pressure, and field
sweeps were carried out at each fixed temperature at a rate
of 0.3 T/min.

The electronic structure of ZrSiS was computed using
the WIEN2k package [46], which employs the full-potential
linearized augmented plane-wave (FLAPW) method within
the DFT framework. The generalized gradient approxima-
tion (GGA) in the Perdew-Burke-Ernzerhof (PBE) form [47]
was used to describe exchange-correlation effects. The self-
consistent field (SCF) calculations were converged to 1074
Ry, and the reduced muffin-tin radii (RMT) were set to 2.47,
2.22, and 2.24 Bohr for Zr, Si, and S, respectively. The
Z, topological invariants were evaluated using the FPLO
(full-potential local-orbital) code [48,49]. Phonon calcula-
tions were carried out using the QUANTUM ESPRESSO package
[50] with the PBEsol functional for exchange correlation.
The plane-wave kinetic energy and charge-density cutoffs
were 70 Ry and 280 Ry, respectively. Phonon dispersions
were obtained using the finite-displacement method [51]
on a 2 x 2 x 2 supercell, as implemented in the PHONOPY
package [52].

III. EXPERIMENTAL RESULTS

Figure 1 shows the temperature dependence of the electri-
cal resistance R (T') at pressures up to 2.10 GPa. The sample
displays typical metallic behavior, with a residual resistivity
ratio, RRR = R (300 K)/R (5 K), of 31, indicating the high
quality of the single crystal. This RRR value is comparable
with the previous reports [12,45]. As shown in the upper
inset, the resistance saturates at ~20 u<2 at low temperatures;
however, no signatures of superconductivity are observed
down to 0.3 K. Previous bulk electrical transport studies [44]
up to 1.7 GPa also reported no superconducting transition
in this material. In contrast, superconductivity observed in
point-contact spectroscopy [42] could be influenced by local
interfacial doping or strain effects, whereas the present mea-
surements under quasihydrostatic pressure probe the intrinsic
bulk electronic response. Further point-contact measurements
or complementary experimental probes may help clarify the
nature and origin of possible superconducting phases in this
material.

To investigate the electronic structures of this material,
we applied in situ magnetic fields up to 18 T. As shown
in Fig. 2, the material exhibits positive MR. The MR(%)
is defined as % x 100%, where R(H) and R(0) are
the resistance values at field H and zero field, respectively.
The MR reaches values as high as 1.3 x 10*%, as shown in
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FIG. 2. Magnetoresistance (MR) of ZrSiS measured at

(a) 0.25 GPa, (b) 0.47 GPa, (c) 1.55 GPa, and (d) 2.10 GPa.
The MR remains positive across all pressures and displays clear
Shubnikov-de Haas (SdH) oscillations. These oscillations gradually
weaken with increasing temperature and disappear above 30 K. Inset
of (a): MR values at different pressures at 0.3 K.

the inset of Fig. 2(a), and does not change significantly with
pressure. Such large, nonsaturating MR in ZrSiS is consis-
tent with previous reports [15-18], and the values observed
here are comparable. In addition to this large MR, clear SdH
oscillations are observed. The oscillations start above 5 T
and become more prominent at higher fields. Oscillations
are observed at all measured pressures (0.25, 0.47, 1.55, and
2.10 GPa). Their amplitudes gradually decrease with increas-
ing temperature and disappear above 30 K. As seen in Fig. 2,
the oscillations are periodic, well defined, and appear to con-
tain more than one frequency.

The frequency of the SdH oscillations is determined by
taking the Fourier transform. For this, the MR data are first
fitted with a smooth polynomial background, which is then
subtracted to extract the oscillatory component. We then
carried out the fast Fourier transform (FFT) to extract the
frequency signals. The FFT spectra for each of the pressure
points are shown in Fig. 3. The FFT spectrum is rich and
possesses five distinct peaks. At ambient pressure [Fig. 3(a)],
there are peaks at F, = 17, Fg =37, F, =93, F; = 138, and
F. =242 T. The frequency spectrum shown in Fig. 3 is com-
parable to those reported from torque measurements [10,25]
and magnetothermoelectric studies [23]. In contrast, previous
magnetotransport studies on ZrSiS [15,16,22] resolved only
two oscillation frequencies near 17 T and 242 T. In the present
work, we resolved five distinct SdH frequencies, which we
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FIG. 3. Frequency spectra of the quantum oscillations of ZrSiS at (a) 0.25 GPa, (b) 0.47 GPa, (c) 1.55 GPa, and (d) 2.10 GPa. Five
prominent frequencies—17, 37, 93, 138, and 242 T—are visible at 0.25 GPa. With increasing pressure, these peaks exhibit a slight shift in
position. The small feature near 7 T, marked by a star, originates from imperfect background subtraction. (e) Comparison of the FFT spectra
at 0.3 K under 0.25, 0.47, 1.55, and 2.10 GPa. The graphs are shifted vertically for better visibility. The major peaks, marked by dashed lines,
remain unchanged with pressure. (f) Temperature dependence of the FFT amplitude for the ~ 245 T frequency at each pressure. The solid
curves represent the best fits to the data using the Lifshitz-Kosevich formula (1).
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TABLE 1. SdH frequencies (F, in T) and effective mass m™* of
ZrSiS under different pressures. The ambient-pressure data are taken
from our previous report [25].

P (GPa) F, Fy F, F; F. m*/my
0 17 33 100 242 0.052
0.25 17 37 93 138 242 0.205
0.47 16 39 96 141 244 0.215
1.55 20 41 95 120 244 0.228
2.10 23 46 98 200 247 0.296

attribute to the high sensitivity and precision of the experi-
mental setup at the SCM2 facility of the NHMFL.

At higher pressure points too, the frequency peaks are
well resolved, Figs. 3(b)-3(d). At 1.55 GPa, the FFT spec-
trum exhibits a broadened response in the frequency range
corresponding to the F, and F; branches, appearing as a
shoulderlike feature and a shallow hump rather than two well-
separated peaks. While these frequencies are clearly resolved
at lower pressures, their separation becomes less distinct at
1.55 GPa due to peak broadening and partial overlap. The
identification of F, and Fj at this pressure is based on the
systematic tracking of the FFT peak positions as a function of
pressure, with these features occurring at frequencies consis-
tent with the continuous evolution of F,, and F; at neighboring
pressure points.

There appears to be a slight change in peak position;
however, it does not look very significant. We plotted FFT
spectrum at the base temperature (7 = 0.3 K) at different
pressure points [Fig. 3(e)]. As indicated by the vertical lines
in the graph, there is negligible change in the frequency value
with pressure. Such behavior of nearly unchanged frequency
peak with pressure has recently been observed in recent mag-
netotransport studies [43]. According to Onsager’s relation
[1,53,54], the quantum oscillation frequency F is directly
proportional to the extremal cross-sectional area of the Fermi
surface Ar as F = %AF, where 7 and e are the reduced
Planck’s constant and the charge of an electron, respectively.
Therefore, nearly unchanged values of frequency peaks in
Fig. 4(c) and Table I indicate that the Fermi surface, that is,
the electronic structure of ZrSiS, remains nearly unchanged
with the pressure up to 2.10 GPa.

As seen in Fig. 2, the amplitude of the oscillations decrease
at higher temperatures, this feature is also reflected in the
FFT spectrum shown in Fig. 3. The temperature dependence
of quantum oscillations can be described by the Lifshitz-
Kosevich (LK) formula [55,56]. According to the LK theory,
the temperature and magnetic field dependence of quantum
oscillations is given by

MT/H)

AR(T,H) x e P "~
sinh[A(T /H)]

ey

with Ap(H) = ZKey*Io and \(T/H) = ZKem* T Here,
Tp, K, and m* represent the Dingle temperature, Boltzmann’s
constant, and effective mass of the charge carriers, respec-
tively. The first term is the Dingle factor, which describes
the attenuation of the oscillations with decreasing field H.
The second term explains the weakening of the oscillations at

higher temperatures. By fitting the temperature dependence of
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FIG. 4. (a) Background-subtracted resistance data for ZrSiS at
different pressures. Shubnikov-de Haas (SdH) oscillations are clearly
visible with low and high frequency signals. (b) SdH oscillations
corresponding to the frequency F, obtained after using the band-pass
filter of (200-300) T. The filtered oscillations has a single frequency
signal F,, as shown in the inset. Landau-level (LL) fan diagram
for (c) F, and (d) F,, obtained by assigning integer indices N to
the maxima and N + 1/2 to the minima of the quantum oscilla-
tions. The solid lines show the linear extrapolation of the data as
1/H — 0. The lower inset in (d) is the zoomed-in view of the LL plot
highlighting the intercepts. (e) The pressure dependence of the Berry
phase ®p for the o and € orbits. $y for both orbits changes from ~m
to 0 above 0.47 GPa, indicating the topological phase transition. The
ambient-pressure value of ®y is adopted from Ref. [16].

FFT data with the LK formula, we can estimate the effective
mass of the charge carriers.

Figure 3(f) shows the amplitude versus temperature plot
for F, at different pressure points. Here, we selected F; as
it is the prominent peak and observed at wide temperature
range up to 30 K. In the graph, the scattered points are the
raw data and the dotted curves are the best fits using the LK
formula (1). From the analyses, we estimated m* = 0.205m,,,
0.215m,, 0.228m,, and 0.296m,, where m, is the rest mass
of electron, at 0.25, 0.47, 1.55, and 2.10 GPa, respectively.
There is slight increase in m™* at higher pressure. The variation
of the frequency peaks along with m* with pressure is listed in
Table I. We have included the data at 0 GPa from our previous
torque measurements [25]. As seen in the table, there are small
variation of frequency values with increasing pressure.

To estimate g and thereby probe the topological nature of
ZrSiS, we employ the Landau level (LL) fan diagram analysis.
For topologically trivial systems, ®p = 0, whereas for topo-
logically nontrivial systems, &g = 7 [1,57,58]. As shown in
Fig. 3, five dominant oscillation frequencies are observed.
Among them, the F,, and F, peaks are the most prominent, are
well separated from the other frequencies, and are present at
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all measured pressures. Therefore, we use the SdH oscillations
associated with these two frequencies to extract ®g. Although
F5 is also relatively well separated from the other peaks, its
amplitude is much smaller, and thus it was not selected for the
Berry phase analysis.

Figure 4(a) shows the background-subtracted resistance
data at different pressure points. As expected, multiple oscilla-
tion periods are observed, indicating the presence of multiple
frequencies. To isolate the oscillations corresponding to F,
and F;, we employed the band-pass filter option in OriginLab.
Figure 4(b) shows the filtered SdH oscillations at different
pressures obtained using a band-pass filter of 200-300 T. The
presence of a single dominant frequency near 244 T in the
inset confirms that the band-pass filtering successfully isolates
the F, component. The same procedure was applied to select
the oscillations corresponding to F,.

Following Ando and previous studies [1,7,54,59], inte-
ger and half-integer Landau level indices are assigned to
the minima and maxima of the conductivity, respectively,
when constructing the Landau level fan diagram. Since the
Hall resistivity is negligible compared to the longitudinal re-
sistivity, the conductivity can be approximated as inversely
proportional to the resistivity. Therefore, the minima and
maxima of the resistivity are assigned integer N and half-
integer N + 1/2 indices, respectively, for the Landau level
fan plot. The resulting LL fan diagrams for F, and F, are
shown in Figs. 4(c) and 4(d), respectively. To extract the
Berry phase &g, a linear extrapolation was performed in
the limit 1/H — 0. For the F. orbit, this analysis yields
intercepts of Ny = 0.77, —0.09, 0.17, and 0.02 at pressures
of 0.25 GPa, 0.47 GPa, 1.55 GPa, and 2.10 GPa, respec-
tively. These intercepts correspond to Berry phase values
of &g = (1.54 £ 0.11)m, (—0.18 £ 0.06)7, (0.34 + 0.03)7,
and (0.04 = 0.07)m at the respective pressures.

A similar procedure was followed to determine ®p for the
F,, orbit. The pressure dependence of ®g for both the o and
€ orbits is shown in Fig. 4(e). For comparison, the ambient-
pressure value of @y is taken from Ref. [16]. As evident from
the figure, ®p evolves from a value close to 7 to zero above
0.47 GPa, indicating a pressure-induced topological phase
transition in this compound. This critical pressure is in good
agreement with the previously reported range of 0.16-0.5 GPa
by VanGennep et al. [44].

IV. DFT CALCULATIONS

To gain further insight into the electronic structure of
ZrSiS, we performed DFT calculations of the electronic
band structure and Fermi surface. Figure 5 shows the
orbital-resolved electronic band structure of ZrSiS along the
high-symmetry k path in the Brillouin zone, as indicated in
the inset. Multiple Dirac crossings are observed at or in close
proximity to the Fermi level, as highlighted by the dotted
circles. The linear band dispersion extends over a wide energy
range of nearly 2 eV, most notably for the Dirac cone along
the A—Z direction. Importantly, the electronic states near the
Fermi level and the associated Dirac crossings are primarily
derived from Zr d and S p orbitals. The calculated band
structure is in good agreement with previous DFT studies on
ZxSiS [12,13].
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FIG. 5. Orbital-resolved electronic band structure of ZrSiS.
Dirac points (DPs) near the Fermi level are highlighted by dotted
circles and are primarily derived from Zr d and S p orbitals. Inset:
high-symmetry k path.

Upon application of pressure up to 2.10 GPa [Fig. 6(a)],
the electronic bands largely overlap, indicating that there is
little to no change in the electronic structure within this pres-
sure range. This behavior is consistent with our experimental
observation of nearly unchanged frequency peaks under pres-
sure (Fig. 3). To further examine the effect of pressure, we
increased the pressure up to 16 GPa, as shown in Fig. 6(b).
As seen in the figure, the positions of the Dirac points with

E-E; (eV)

“Electron pocket
0 GPa 4 GPa 8 GPa

16 GPa

FIG. 6. Electronic band structure of ZrSiS at various pressures.
Dirac points (DPs) are highlighted by dotted circles. (a) Up to
2.10 GPa, the band structure shows no noticeable change. (b) At 0,
4, 8, and 16 GPa, the DPs shift slightly to the right, while their en-
ergy positions remain unchanged, as indicated by the dashed arrow.
(c) Fermi surface of ZrSiS at 0, 4, 8, and 16 GPa. The electron pocket
shows a gradual expansion and reconnection between its upper and
lower sections, while the hole pocket remains nearly unchanged, as
shown by the dashed area.
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respect to the Fermi level remain nearly unchanged. In par-
ticular, the Dirac point along the A—Z direction shifts toward
higher momentum; however, its energy relative to the Fermi
level remains the same. One possible origin of this shift in
the Dirac-like dispersion along the A—Z direction with in-
creasing pressure is the enhancement of interlayer hopping.
As hydrostatic pressure reduces the interlayer spacing in Zr-
SiS, the out-of-plane electronic coupling becomes stronger,
leading to increased &, dispersion of the relevant bands. This
modification of the out-of-plane hopping amplitudes can shift
the momentum position of the Dirac crossing along the A—Z
path, producing the rightward displacement observed in the
calculated band structure. Although other pressure-induced
effects—such as changes in orbital hybridization or subtle
structural distortions—may also contribute, enhanced inter-
layer coupling could be the possible reasons for the observed
trend.

Two bands cross the Fermi level and they are responsi-
ble for the Fermi surface of ZrSiS. Figure 6(c) illustrate the
Fermi surface at 0, 4, 8, and 16 GPa. The Fermi surface
at 0 GPa are consistent with previous reports [16,19]. As
seen in the graph, the Fermi surface due to the hole pocket
remain nearly unchanged. While the Fermi surface due to
the electron pocket, especially the sections connecting the
upper and lower parts, initially are disconnected at O GPa. The
middle sheetlike section grows gradually and connects them at
16 GPa.

It is important to note that although our DFT calculations
indicate noticeable modifications of the Fermi surface only
at much higher pressures (above 8 GPa), the experimental
quantum oscillation frequencies remain nearly unchanged up
to 2.10 GPa. Importantly, the Berry phase extracted from the
o and € orbits exhibits a clear evolution from a nontrivial
value at low pressure toward a trivial value above 0.47 GPa.
This indicates that the pressure-induced transition observed
experimentally is primarily associated with a change in band
topology rather than a reconstruction of the Fermi surface
area. Such a topological transition can occur without a pro-
nounced change in extremal orbit size or quantum oscillation
frequency, consistent with the nearly pressure-independent
SdH frequencies observed in our measurements.

It is worth noting that the Berry phase extracted from
Landau fan diagrams (Fig. 4) may be influenced by sev-
eral factors, including overlapping oscillation frequencies and
possible pressure-induced changes in the band curvature or
chemical potential. Therefore, the Berry phase analysis alone
may not uniquely determine the topological nature of the
system. To further examine the evolution of the band topology
under pressure, we calculated the Z, topological invariants
using the FPLO code, following the methodology reported in
our previous studies [60,61]. The topological nature of a ma-
terial can be characterized by four Z, invariants (vp; vivov3),
which distinguish strong and weak topological phases. If
vo = 1 and the other indices (v;v,v3) are equal to zero, the
material is classified as a strong topological material. If vy = 0
and any of the indices (v;v,v3) is equal to one, the material is
considered a weak topological material. The calculated invari-
ants for ZrSiS at different pressure points are summarized in
Table II. As shown in Table II, the results suggest nontrivial
states at 0 and 1 GPa, while the system becomes trivial at 1.5

TABLE II. Pressure dependence of the Z, topological invariants
and the corresponding electronic phase.

Pressure (GPa) vo; (V1 Vav3) Comments
0 1; (000) Strong topological state
1 1; (000) Strong topological state
1.5 0; (000) Trivial state
4 0; (000) Trivial state

and 4 GPa, indicating a possible pressure-induced change in
the topological state.

To check the dynamical stability of ZrSiS under external
pressure, we computed the phonon dispersion relations along
high-symmetry directions of the Brillouin zone together with
the corresponding atom-resolved phonon density of states
(DOS) at pressures of 0, 4, 8, and 16 GPa, as shown in
Figs. 7(a)-7(d). At ambient pressure [Fig. 7(a)], our phonon
spectrum is consistent with the previously reported spec-
trum [13,41,62,63]. The absence of imaginary frequencies
throughout the entire Brillouin zone, confirming the intrinsic
dynamical stability of the tetragonal ZrSiS structure. Upon
application of pressure up to 16 GPa [Figs. 7(b)-7(d)], no
soft modes or imaginary frequencies emerge, demonstrating
that the crystal structure remains dynamically stable under
compression up to 16 GPa.

With the increase of pressure, there is a clear pressure-
induced hardening of phonon modes. Both acoustic and
optical branches exhibit systematic upward shifts in frequency
over the full Brillouin zone, reflecting enhanced interatomic
force constants and bond stiffening under compression. The
hardening is particularly pronounced for the high-frequency
optical modes, which are primarily associated with vibrations
of the lighter S and Si atoms, while the lower-frequency
modes are dominated by Zr vibrations, as evidenced by the
atom-projected phonon DOS in Figs. 7(b)-7(d). The phonon
DOS further supports these trends.

With increasing pressure, the DOS spectral weight pro-
gressively shifts toward higher frequencies, accompanied by
a broadening of the optical phonon features. This behavior
indicates an overall increase in lattice rigidity and reduced
anharmonicity under compression. The absence of phonon
softening or mode crossing suggests that no pressure-induced
structural phase transition occurs within the studied pres-
sure range. The observed pressure-driven phonon hardening
implies a concomitant increase in elastic stiffness and may
significantly influence thermodynamic and thermal transport
properties, such as the Debye temperature and lattice thermal
conductivity, under high-pressure conditions. These results
establish the robust dynamical stability of ZrSiS and provide
a solid foundation for further investigations of its pressure-
dependent vibrational and thermal properties.

Quantum oscillation measurements under high pressure
are experimentally challenging and often exhibit reduced
signal-to-noise ratios due to the limited sample volume and
background contributions from the pressure cell and pressure
medium. To enhance the signal-to-noise ratio, the measure-
ments were carried out down to 0.3 K using a *He system.
While the oscillations corresponding to the low frequency
F,, are not sharply defined and exhibit only a few maxima
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FIG. 7. Phonon dispersion relations and phonon density of states (DOS) of ZrSiS under hydrostatic pressures of (a) 0 GPa, (b) 4 GPa,
(c) 8 GPa, and (d) 16 GPa. The absence of imaginary modes across all pressures indicates that ZrSiS remains dynamically stable throughout

this range.

and minima [Fig. 4(a)], the oscillations associated with F;
are well defined and display multiple maxima and minima.
The frequency F, further follows the expected temperature
dependence described by the LK formalism [Fig. 3(f)] at
different pressures. These observations support their assign-
ment as quantum oscillation features. However, due to their
comparatively small amplitudes, particularly for F;,, a minor
contribution from experimental noise cannot be completely
excluded, and therefore the parameters extracted from these
weaker features should be interpreted with some caution.

V. SUMMARY

We have investigated the pressure evolution of the elec-
tronic structure in the topological nodal-line semimetal
ZrSiS using bulk magnetotransport measurements and first-
principles calculations. Magnetoresistance measurements per-
formed in magnetic fields up to 18 T reveal clear Shubnikov-
de Haas (SdH) oscillations, from which five fundamental
frequencies, F, =17, Fg =37, F, =93, F; = 138, and F, =
242T, are resolved. By analyzing the Landau level fan di-
agrams, we extracted the Berry phase ®p for the F, and
F. orbits at different pressures. The extracted phase shows
a systematic evolution with pressure, suggesting a possible
change in the topological character of the electronic states
above ~0.47 GPa. This pressure range falls within the low-
pressure regime of 0.16—0.5 GPa reported by VanGennep et al.
[44]. The apparent discrepancy with higher critical pressures
reported in other studies (e.g., ~7.4 GPa by Gu et al. [43])
may arise from differences in experimental probes and the
criteria used to identify topology-related changes.

First-principles calculations reveal multiple Dirac cross-
ings near or at the Fermi level, predominantly derived from
Zr d and S p orbitals. Up to 2.10 GPa, the overall elec-
tronic band structure and the locations of the Dirac points

remain nearly unchanged. At higher pressures, however, the
Dirac crossing along the A—Z direction exhibits a shift in
momentum, suggesting enhanced interlayer coupling under
compression. Complementary phonon dispersion calculations
show no imaginary modes up to 16 GPa, confirming the dy-
namical stability of ZrSiS under hydrostatic pressure.

As shown in Fig. 3(e) and summarized in Table I, the SdH
frequencies F,, and F, remain nearly pressure independent up
to 2.10 GPa, indicating the absence of a significant Fermi sur-
face reconstruction. Consistently, DFT calculations show no
substantial changes in the electronic band structure, including
the Dirac points [Fig. 6(a)], over this pressure range. While the
Berry phase analysis indicates a pressure-induced evolution of
the phase offset, such changes may also be influenced by fac-
tors such as chemical potential shifts or band curvature effects.
To further examine the evolution of the band topology under
pressure, we computed the Z, topological invariants. The
calculated invariants suggest nontrivial states at low pressures
and a tendency toward trivial states at higher pressures, which
is consistent with the experimentally observed evolution of the
Berry phase.

Taken together, our results demonstrate that pressure
provides an effective tuning parameter for modifying the
electronic structure of ZrSiS. The combined experimental ob-
servations and first-principles calculations suggest a possible
pressure-induced change in the topological character of the
electronic states at low pressures. These findings highlight the
sensitivity of nodal-line semimetals to external pressure and
motivate further experimental and theoretical studies to clarify
the microscopic origin of the observed behavior.
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