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SPECIAL TOPIC — Structures and properties of materials under high pressure
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High-pressure studies of two-dimensional materials have revealed numerous novel properties and physical mecha-
nisms behind them. As a typical material of transition metal dichalcogenides (TMDs), ZrSe; exhibits high carrier mobility,
rich electronic states regulated by doping, and high potential in applications at ambient pressure. However, the properties
of ZrSe, under pressure are still not clear, especially for the structural and electrical properties. Here, we report the investi-
gation of ZrSe, under pressure up to 66.5 GPa by in-situ x-ray diffraction, Raman, electrical transport measurements, and
first-principles calculations. Two structural phase transitions occur in ZrSe; at 8.3 GPa and 31.5 GPa, from P-3m1 symme-
try to P21/m symmetry, and finally transformed into a non-layer /4/mmm symmetry structure. Pressure-induced metallic
transition is observed at around 19.4 GPa in phase II which aligns well with the results of the calculation. Our work will
help to improve the understanding of the evolution of the structure and electrical transport properties of two-dimensional

materials.

Keywords: high pressure, transition metal dichalcogenides, structure phase transition, electrical transport

properties
PACS: 61.05.cp, 61.50.Ks, 64.30.—t, 78.30.—j

1. Introduction

Since the discovery of graphene,!!! band engineering
has been a focus in research on two-dimensional (2D)

materials>

1 due to the inherent zero band gap limitation of
graphene. To get an enhancement of the electrical, optical,
and structural properties, pressure engineering has become one
of the most commonly applied methods in 2D material re-
search. Due to weaker van der Waals forces, 2D materials are
more susceptible to pressure than other families of materials.
For example, a pressure-induced crossover between indirect
and direct bandgaps has been observed in InSe, MoS;, WS,
and WSe,.5-8] Based on the modulation of the band struc-
ture by pressure, an improvement in optoelectronic properties
was achieved in many 2D materials. Wang et al. have found
that pressure may induce a positive to negative photocurrent
response switch in ZrSe, and significantly regulate the op-
toelectronic properties.l”! Besides, with the help of pressure,
many novel properties can be induced which are not available
at ambient pressure. By applying pressure on the topological
insulator candidate material TapPd3Tes, Hui et al. observed an

1Ol The above result shows that

emergent superconductivity.
pressure has unique advantages in optimizing the properties
and discovering novel physical phenomena in 2D materials.
As a typical family of 2D materials, numerous high-
pressure studies have been applied to group IVB transition

metal dichalcogenides (TMDs). For example, a pressure-

TThese authors contributed equally to this work.
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induced two-dimensional to three-dimensional (3D) switch
was observed in HfS,, HfSe,, and ZrS, following different

s.[1I=131 However, whether such a transition be-

phase sequence
longs to a common feature of group IVB TMDs is still an open
question. Besides, although they share the same symmetry at
ambient pressure, group IVB TMDs exhibit a rich evolution of
the electrical properties during compression which is behind
a complex interaction of physical mechanisms.!'"*~'8! In this
work, we have performed the structural and electrical trans-
port properties measurements of ZrSe, under pressure up to
65.5 GPa. Two pressure-induced structural phase transitions
were confirmed by high-pressure x-ray diffraction (XRD) and
Raman spectroscopic measurement at 8.3 GPa and 31.5 GPa,
and phase III belongs to an /4/mmm symmetry relevant to a
3D structure. A pressure-induced metallization was observed
in phase II at around 19.4 GPa with a Kondo effect at the low-
temperature region. No superconducting transition was ob-
served upon further compression possibly due to the influence
of the Kondo effect.

2. Results and discussion

Proportions and element distribution of the single crystal
ZrSe, were analyzed with the scanning electron microscopy
(SEM) system equipped with energy dispersive x-ray spec-
troscopy (EDX). As shown in Fig. S1(a), the SEM spectra

reveal a smooth surface of the single crystal ZrSe,. EDX
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analysis results manifest that the proportions of Zr and Se el-
ements in the single crystal sample are 66.42% and 33.58%
[Fig. S1(b)], respectively. Thus, the stoichiometric ratio of the

single crystal is Zry o1 Sep, which indicates the high purity of
the sample. Figures S1(c)-S1(e) exhibit the elemental distri-
bution map of ZrSe;.
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Fig. 1. (a) High-pressure XRD spectra of ZrSe; (A = 0.6199 A) up to 66.5 GPa. Black arrows indicate the new peaks of phases II and III at
8.3 GPa, 31.5 GPa, and 39.0 GPa. (b) Full-profile Rietveld refinement of phases I, I, and III with P-3m1, P2;/m, and I4/mmm symmetries.
The red circle points, black solid line, green sticks, and blue solid line represent the experimental data, calculated results, Bragg peaks, and the
difference between experimental data and calculated results. (c) Crystal structures of the P-3m1, P2{/m, and I4/mmm symmetries of ZrSe,.

ZrSe, crystallizes in the trigonal P-3m1 space group at
ambient conditions. In this study, high-pressure synchrotron
XRD measurements were conducted to explore the structural
evolution of ZrSe; up to 66.5 GPa, as shown in Fig. 1(a). At
3.2 GPa, the XRD measurement result is well fitted using the
Rietveld refinement with the P-3m1 space group, yielding re-
sults of a = b =3.726 A, ¢ =5.945 A, and V) = 71.477 A3,
which are consistent with the previous study.'’! At 8.3 GPa,
a new peak appears at 20 = 13.17°, indicating a possible new
phase (phase II) at this pressure. As pressure increases from
8.3 GPa to 14.6 GPa, the new peak at 26 = 13.17° becomes
much more intense and gradually replaces the main peak of
the initial phase, which indicates a possible mixed state be-
tween 8.3 GPa and 14.6 GPa. Above 31.5 GPa, another new
phase occurs with three new peaks at 26 = 14.9°, 16.4°, and
21.3°, named phase III. To further confirm the structures of the
new phases, we conducted an extensive review of group IVB
transition metal dichalcogenides. Previous work has found
two possible structures for phase II, which belong to P2/m
and /mmm symmetries, respectively. Ghosh et al. found that
Zr1 03Se; underwent a gradual structural transition from P-
3ml to P2;/m symmetry at 5.9 GPa, while Martino et al. sug-
gested that a structural phase transition from P-3m1 phase to
Immm phase appeared in ZrSe; at around 8 GPa.l??1l As
shown in Fig. 1(b), the Rietveld refinement result has shown
that the XRD pattern of the sample at 16.8 GPa is in good
agreement with the P2{/m symmetry, thus we believe that a
new phase with P2;/m symmetry at 8.3 GPa is more favorable

in our experiment. As for phase III, previous work has pre-
dicted a new phase with /4/mmm symmetry in ZrSe, after two
structural phase transitions during compression,??! and such
an /4/mmm phase was also predicted in the same family of ma-
terial ZrS,.!?31. As shown in Fig. 1(b), the experimental result
of in-situ XRD measurement at 66.5 GPa is well fitted with
I4/mmm symmetry, thus confirming the third phase of ZrSe;
under pressure. In conclusion, two structural phase transitions
from P-3ml to P2;/m (phase II) to I4/mmm (phase III) sym-
metry are confirmed in this study from 3.2 GPa to 66.5 GPa.
It should be emphasized that for phase IIl, the I4/mmm sym-
metry corresponds to a non-layered structure. Such a 2D to
3D structural phase transition in a layered system is also ob-
served in the same family of materials such as ZrS,, HfS,, and
HfSe,, which might be regarded as a feature of this family of
materials.[!1-13]

Lattice parameters as a function of pressure are summa-
rized in Fig. 2(a). To investigate the structural evolution be-
tween the three phases, the pressure dependence of volume
is fitted based on the third-order Birch-Murnaghan equation

[24] Ag shown in

of state for the three phases under pressure.
Fig. 2(b), a mixed state of phases I and II is observed between
8.3 GPa and 14.7 GPa, while a mixed state of phases II and
IIT is persistent between 31.5 GPa and 54.9 GPa. The fitted
results of Vp, By, and B(’) for the three phases are summarized
in Fig. 2(b). The volume collapse between phases I and II and

between phases II and IIT is 7% and 12%, respectively.
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Fig. 2. (a) Lattice parameters of ZrSe, as a function of pressure. (b) Unit-cell volumes of ZrSe, as a function of pressure. All three phases are

fitted by the third-order Birch—-Murnaghan equation of state.

In-situ Raman spectroscopy measurements were con-
ducted at room temperature up to 49 GPa, as shown in
Fig. 3(a). At 0.8 GPa, two characteristic peaks are observed in
the Raman spectrum of ZrSe, at 144.5 em ! and 195.5 cm™!,

Land

consistent with previous studies.!?’! Peaks at 144.5 cm™
195.5 cm™! correspond to the E; and A, vibrational modes,
representing in-plane and out-of-plane vibrations of Se atoms
in ZrSe;, respectively. Figure 3(b) summarizes the pressure-
dependent Raman shifts of Raman modes. Both E; and A,
modes blue-shift in the low-pressure region; the peak shift rate
of the A, mode with pressure (dw/dP) is 12.35 cm~Y/GPa,
obviously higher than that of the E; mode 8.95 cm~!/GPa,
possibly due to the weak van der Waals forces between lay-
ers along the ¢ axis direction. The E; mode disappears af-
ter 7.7 GPa, which may be attributed to the appearance of
phase II (for #run 2, at 9.4 GPa), and a change in the peak shift
rate of A, mode is observed at 14.3 GPa, simultaneously with
the melting of phase I. The Ay mode retains until 22.3 GPa.
As shown in Fig. 3(a), from 11.2 GPa to 14.3 GPa, four
new peaks appear at 125.5 cm™!, 166.2 cm~!, 256.9 cm™!,
and 274.1 cm™!, as a further evidence of the appearance
of phase II, which is consistent with previous results.>0! At
29.8 GPa, a change in the peak shift rate of peak 4 is ob-
served and peak 2 disappears above the pressure, very close
to the pressure of the second structural phase transition ob-
tained from the XRD measurement (31.5 GPa). Compared to
the result obtained from the XRD measurement (Fig. 2(b)), no
clear phase boundary is observed in Fig. 3(b). Considering
that Raman shift modes mainly focus on the vibration among
different atoms of the sample, we believe that this is a fur-
ther evidence that the two phase transitions in ZrSe, belong
to a relatively mild phase transition, which means that there
are structural similarities between the prior phases and new

phases. Therefore, partial inheritance of the original peaks is
observed in the Raman spectra measurement.
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Fig. 3. (a) Raman spectra of ZrSe, from 0.8 GPa to 49.0 GPa for
#run 1. Two characteristic peaks of Raman modes Eg (144.5 cm~!) and
Ag (195.5 cm™!) are indicated by red asterisks. (b) Pressure dependence
of different Raman modes for both runs, as indicated by solid circles
(#run 1) and open squares (#run 2).
Electrical transport measurements were conducted from
2.6 GPa to 64.6 GPa with a standard four-probe method. As
shown in Fig. 4, in our experiment, a semiconductor-like be-
havior is clearly observed from 2.6 GPa to 15.5 GPa. The re-
sistance of the sample decreases by about two orders of mag-
nitude within this pressure range. At 19.4 GPa, a metallic
transition is observed in ZrSe,, higher than the pressure range
of the mixed state of phases I and II (14.7 GPa). Therefore,
the influence of the mixed state on the metallization transi-
tion can be excluded. The metallization transition is com-
pleted at 30.9 GPa and the resistivity of ZrSe, is estimated
to be 8.0 x 1077 Q-m (30.9 GPa, 240 K). Meanwhile, an up-
turn in resistance is observed in the low-temperature region.
In Fig. S2(a), we present the normalized resistance R/Rp40 K
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from 19.4 GPa to 64.6 GPa to get a clearer view of the up-
turn in the low-temperature region. Such characteristic is
also observed in Zrj g3Se; and the same family of material
ZrTe, and is attributed to the Kondo effect at the low-pressure
regions.?>?”l The metallic behavior begins at 19.4 GPa and
becomes more and more obvious with increasing pressure up
to 64.6 GPa.

To get further insight into the relationship between elec-
trical transport properties and structural phase transitions,

pressure-dependent resistances at various temperatures are

summarized in Fig. S2(b). All the resistances at different tem-
peratures exhibit a similar trend during compression. One
sudden increase in resistance appears between 6.2 GPa and
8.6 GPa, which should originate from the first structural phase
transition. Besides, a non-monotonic change in resistance is
found at around 9.5 GPa. We believe that such an anomaly
is attributed to the mixed state of phases I and II. At the
end, a much gentler evolution of resistance is observed above
30.9 GPa, which follows a different slope of phase II, as a fur-
ther evidence of the appearance of phase III.

(a) 2001 (b) — 194 GPa (¢) [—309GPa
0.351— 23.8 GPa 0.0551 — 37.8 GPa
— 26.9 GPa —— 42.3 GPa
100 —— 47.1 GPa
52.8 GP.
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)
~ 025 0.045
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0.035
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14 0.030
0.7 T 0.05
0 80 160 240 0 80 160 240 0 80 160 240

Temperature (K)

Temperature (K)

Temperature (K)

Fig. 4. Electrical transport measurements of ZrSe, at high pressure. (a) The temperature dependence of resistance for ZrSe, from 2.6 GPa to
15.5 GPa. (b) The temperature dependence of resistance for ZrSe; from 19.4 GPa to 26.9 GPa. A metallic behavior is observed above this
pressure region. (c) The temperature dependence of resistance for ZrSe, from 30.9 GPa to 64.6 GPa.
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Fig. 5. (a)—(d) Calculated electronic band structure of P2{/m ZrSe, from 10 GPa to 25 GPa, together with the high-symmetry points in the
corresponding first Brillouin zones. The right panel indicates the total and projected electronic density of states at 10 GPa, 15 GPa, 20 GPa, and

25 GPa, respectively.
To further confirm and explain the metallization transi-
tion in phase II, we employed the first-principles calculations

on P2{/m ZrSe; to determine the band structure and electronic

density of states under pressure. As shown in Fig. 5, the re-
sults indicate that at 10 GPa, the conduction band and valence

band of the P2;/m phase are located at the Z and I" points,
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respectively, demonstrating a narrow-gap semiconductor with
an indirect bandgap of 0.0298 eV, which aligns closely with
experimental data. As pressure increases, the conduction band
at the Z point shifts downward, while the valence band at the I”
point moves upward. The bandgap closes at 15 GPa, leading to
a transition into a metallic state. This trend is consistent with
resistance measurements. Further pressure increases result in
greater band overlap at the Fermi level.

3. Conclusion

In short, pressure-induced structural phase transitions are
observed in ZrSe;, at 8.3 GPa and 31.5 GPa from P-3ml to
P2i/m and then to I4/mmm symmetry. A mixed state widely
exists during compression. The above results, combined with
the Raman test results, indicate that two relatively mild phase
transitions occur in ZrSe,. The electrical transport study and
first-principles calculation results both confirm that phase II
appears as a semiconductor phase and is gradually metalized
during compression. A pressure-induced 2D to 3D switch oc-
curs during the second structural phase transition. No super-
conducting state is observed upon further compression possi-
bly due to the influence of the Kondo effect, which appears in
the low-temperature region.
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