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Nodal-line semimetals provide the opportunity to explore exotic properties owing to their nontrivial band
structures. Here, the structural and electronic properties of nodal-line semimetal candidate CaCdGe were sys-
tematically investigated under pressure up to 53.3 GPa through synchrotron x-ray diffraction, Raman scattering,
electrical transport measurements, and theoretical calculations. Upon compression, although no trace of evident
structural transition is detected, a maximum value of lattice ratio c/a and abnormal changes in bond angles
around PC ∼ 12.5 GPa are observed from our x-ray diffraction data. Meanwhile, a new Raman peak is observed
in the vicinity of PC. Furthermore, the resistance parameters (n, A, and �R) all show the abrupt changes above
PC. Since the electronic topological transition is absent within 30.0 GPa based on band structure calculations,
our results may demonstrate the occurrence of a subtle isostructural transition around PC in pressurized CaCdGe,
due to the distortion of CdGe4 tetrahedra.
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I. INTRODUCTION

Topological nodal-line semimetals (NLSMs), classified
into a new type of topological material in addition to the
Dirac/Weyl semimetals, have recently attracted wide research
interests due to their topological nontrivial electronic states
[1–5]. The nodal line is formed by the intersection of lin-
early dispersive bands along a one-dimensional line in the
three-dimensional Brillouin zone [3]. Accordingly, various in-
teresting properties, such as drumhead surface states [5], high
carrier mobility [2], and extremely large magnetoresistance
(MR) [6,7] are realized unique to the nodal line. Up to now,
many materials are predicated to be the topological NLSM,
such as ZrSiS [1], PbTaSe2 [8], CaP3 [9], and SrAs3 [10].
Based on previous studies, the physical properties of NLSMs
can be effectively tuned through applying external parameters.
For instance, the Fermi surface of ZrSiS undergoes a Lifshitz
transition under a uniaxial tensile stress [11]. Upon compres-
sion, topological quantum phase transitions are reported in
both PbTaSe2 [12] and ZrSiS [13]. Moreover, superconduc-
tivity is induced in the pressurized SrAs3 [14,15].

Recently, ternary hexagonal compounds CaTX (T = Ag,
Cd; X = As, P, Ge) were proposed as a new family of NLSM
candidates [6,16–22]. They crystallize in the P6̄2m space
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group (No. 189), which contain mirror reflection symmetry
but have no inversion symmetry [20,22–24]. The nodal-line
structures were initially predicted in CaAgP and CaA-
gAs by first-principles calculations [21,22]. Subsequently,
the topological nontrivial states of this system were fur-
ther verified through various experimental measurements
[6,17,18,20,23,24]. For example, the extremely large MR with
clear Shubnikov–de Haas (SdH) oscillations was observed in
CaCdGe [6]. The nontrivial phases of CaAgAs were revealed
via de Haas–van Alphen oscillations [17,18]. In addition,
its topological surface appearing as a circular hole pocket
was further uncovered by angle-resolved photoemission spec-
troscopy (ARPES) [20,23,24]. When bulk CaAgAs is reduced
to the thin film, the feature of topological surface state can
be more clearly probed, which manifests as a steep increase
of MR at low magnetic field due to the weak antilocalization
effect [25]. Recently, combined with ARPES measurements
and theoretical calculations, a topological quantum phase
transition in CaAg(P1−xAsx ) was revealed with partial As
substitution [19]. In addition, the superconductivity with TC =
1.7–1.8 K was further realized in the Pd-doped CaAgP sin-
gle crystal [16]. Based on the above studies, the electronic
properties of the CaTX system can be highly tuned via chem-
ical doping; however, additional defects and impurities are
inevitably introduced [16,19], thus a clean tuning tool, in
particular, is required.

Pressure, as a thermodynamic variable, is an effective and
clean way to modulate the lattice as well as electronic states
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[26–28]. Here, we choose NLSM candidate CaCdGe and
systematically investigate its structural and electronic prop-
erties under high pressure. With increasing pressure up to
48.5 GPa, no trace of evident structural transition is detected
based on our x-ray diffraction (XRD) data. However, anoma-
lies in lattice ratio c/a and bond angles are observed around
PC = 12.5 GPa. In addition, a new peak in Raman spectra is
observed across 9.5 GPa. Moreover, the resistance parameters
all exhibit the huge changes above 13.7 GPa. Considering the
absence of electronic topological transition based on our the-
oretical calculations, all the above experimental results may
indicate the occurrence of a pressure-induced subtle isostruc-
tural transition around PC in CaCdGe.

II. EXPERIMENTAL AND CALCULATION METHODS

CaCdGe single crystals were grown by Cd self-flux method
[6]. The high quality of as-grown single crystals was checked
by x-ray diffraction and energy-dispersive x-ray spectra. The
electrical resistance and magnetoresistance at ambient pres-
sure were conducted with the standard four-probe method in
a physical property measurements system (Quantum Design,
Inc.)

High-pressure electrical transport measurements were con-
ducted in a standard Be-Cu alloy diamond-anvil cell (DAC)
made by the Honest Machinery Designer Corporation, Japan.
The diameter of the diamond culet is 300 μm. A T301
stainless-steel gasket was preindented from a thickness of
200 to 30 μm, leaving a pit inside the gasket. A hole with
a diameter of 285 μm was drilled at the center of the pit
using laser ablation. The indented gasket was then covered
with a mixture of epoxy and fine cubic boron nitride (cBN)
powder and compressed firmly to insulate the electrode leads
from the metallic gasket. A hole with a diameter of 100 μm
was further drilled at the center of the cBN-covered pit.
Soft NaCl fine powder was used as the pressure-transmitting
medium (PTM). A piece of cleaved single crystal with size of
∼ 80 × 50 × 10μm3 together with some ruby powders was
loaded into the chamber. The sample was forced to contact
with four Pt foils in a standard four-probe configuration.

High-pressure powder x-ray diffraction experiments were
conducted at beamline 15U1, Shanghai Synchrotron Radia-
tion Facility at room temperature [29]. Pressure was generated
by a Mao-Bell type symmetric DAC. The culet of the diamond
was 300 μm in diameter. The rhenium gasket was preindented
from a thickness of 200 to 30 μm and a hole with a diameter
of 150 μm was drilled as a sample chamber. CaCdGe pow-
ders were obtained by crushing and grinding the as-prepared
CaCdGe single crystals. Daphne 7373 oil was used as the
PTM. A focused monochromatic x-ray beam with wavelength
0.6199 Å was used for the angle-dispersive diffraction. The
size of the focused x-ray beam at the sample position is
3 μm × 2.5 μm. Two-dimensional area detector Mar165 CCD
was used to collect the powder diffraction patterns. The de-
tector was 185.88 mm away from the sample. The DIOPTAS

[30] and GSAS programs [31] were employed for image inte-
grations and structural refinement, respectively.

Raman-scattering measurements were performed at room
temperature on freshly cleaved CaCdGe single crystals using
a commercial Renishaw spectroscopy system with a 532-nm

laser line in backscattering configurations. The excited laser
power was kept at 0.5 mW to avoid sample damage and any
heating effect. The laser beam was focused on the sample
by a 20× objective. The polarized Raman spectra at ambient
temperature and pressure were measured with the polarization
of the scattered photons (Es) parallel to that of the incident
photons (Ei ), i.e., Ei ‖ Es. In addition, the laser propagation
direction is parallel to the a axis [see Fig. 1(c)]. The high-
pressure Raman spectra were performed at room temperature
in a Mao-Bell type symmetric DAC. The diameter of the
diamond culet is 300 μm. The T301 stainless-steel gasket was
preindented from a thickness of 200 to 30 μm and a hole of
about 150 μm was drilled as the sample chamber. Argon (run
1) and Daphne 7373 oil (run 2) served as the PTM, respec-
tively. Pressure was calibrated by using the ruby fluorescence
shift at room temperature for all the above experiments [32].

The phonon vibrational frequency at the � point was inves-
tigated by using the frozen-phonon method, which constructs
the force-constant matrix by a small-displacement method in
the harmonic approximation [33]. The geometry structure was
fully optimized before performing force constants calculation,
by using the Vienna Ab initio simulation package (VASP)
[34,35] within the framework of generalized gradient approx-
imation (Perdew-Burke-Ernzerhof exchange functional) [36].
The ion-electron interaction was modeled by the projector
augmented wave method [37,38] with a uniform energy cutoff
of 400 eV. Spacing between k points was 0.015 Å−1. Finally,
the optimal structure was obtained when the residue forces
acting on all the atoms were less than 0.001 eV/Å. For an
accurate band structure description, spin-orbit coupling effect
and the modified Becke-Johnson [39] exchange-correlation
potential were further introduced.

III. RESULTS AND DISCUSSION

CaCdGe crystallizes in a ZrNiAl-type structure with space
group P6̄2m (No. 189) [Fig. 1(a)], where CdGe4 tetrahedra
form a three-dimensional kagome triangular lattice while Ca
atoms are located at the shared edges and corners [6]. There
are totally nine atoms (three Ca, three Cd, and three Ge) in a
unit cell. Figure 1(b) shows a typical XRD pattern of CaCdGe
single crystal (λ = 1.54184 Å). The observation of only (h00)
reflections indicates that the bc plane is a natural cleavage
facet of the crystals. The upper right inset shows the photo
image of CaCdGe single crystals. The powder XRD pattern is
displayed in Fig. 1(c). The impurity peak is marked by a star,
which is ascribed to the fluxing medium Cd. The refined lat-
tice parameters are a = 7.313(4) and c = 4.488(2) Å, which
are close to the values in the previous report [6]. The energy-
dispersive x-ray spectra with point and area-scanning modes
give the ratio of Ca:Cd:Ge as 1:1.003:0.997 [see Fig. 1(d)].
Figure 1(e) shows the temperature dependence of resistance
of CaCdGe single crystal. The current is introduced along
the bc plane. The resistance monotonically decreases upon
cooling the temperature, exhibiting a typical metallic con-
duction behavior [6]. In addition, the MR of CaCdGe is
measured at different temperatures with external magnetic
field perpendicular to the bc plane. Clear SdH oscillations
are observed, as shown in the inset of Fig. 1(f). After using a
fast Fourier transform analysis, a prominent frequency labeled
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FIG. 1. (a) Lattice structure of CaCdGe. (b) XRD pattern of CaCdGe single crystal. The inset shows the photo of as-grown CaCdGe single
crystal. (c) The powder XRD pattern of CaCdGe. Lattice parameters (a and c) are extracted through structural refinements. The star stands
for the Cd impurity. (d) Energy-dispersive x-ray spectroscopy of CaCdGe single crystal. (e) Temperature dependence of resistance of CaCdGe
single crystal. (f) Temperature dependence of the fast Fourier transformed Shubnikov–de Haas (SdH) data. Inset: SdH oscillations part, δρxx ,
as a function of 1/B at various temperatures.

as F SdH = 203 T is detected, in excellent accordance with
previous study [6]. All the above experimental results show
the high quality of our as-grown CaCdGe single crystals.

We first investigated the structural symmetry of CaCdGe
under high pressure. The high-pressure XRD patterns of
CaCdGe at room temperature are displayed in Fig. 2. With in-
creasing pressure, all Bragg peaks move to higher angles due
to the shrinkage of the lattice without the appearance of new
peaks up to the highest pressure of 48.5 GPa [see Fig. 2(a)].
The XRD pattern at each pressure can be well indexed by
the space group P6̄2m [see the representative refinements
at 0.5 and 48.5 GPa in Figs. 2(b) and 2(c)]. The extracted
lattice parameters (a and c) are displayed in Fig. 2(d). With-
out detecting an evident structural transition, it can be seen
that lattice parameters decrease smoothly upon compression.
Moreover, the unit cell volume as a function of pressure
is shown in Fig. 2(e), which is fitted by using the third-
order Birch-Murnaghan equation of state [red dashed line in

Fig. 2(e)] [40]: P = 3
2 B0[(V0

V )
7/3 − (V0

V )
5/3

]{1 + 3
4 (B′

0−4)

[(V0
V )

2/3 − 1]}, where V0, B0, and B′
0 are the volume,

bulk modulus V/(dV/dP), and first-order derivative of the
bulk modulus at zero pressure, respectively. The fitting
yields V0 = 207.4(±2.0) Å3, B0 = 73.1(±10.1) GPa, and
B′

0 = 4.2(±0.6).
We further plot the lattice ratio c/a, bond lengths, and

bond angles as a function of pressure, as shown in Fig. 3.
It can be seen that the CdGe4 tetrahedra contains two dif-
ferent sites of Ge atoms, i.e., Ge1 and Ge2 [see Fig. 3(a)],
thus forming two covalent bonds (Cd1-Ge1 and Cd1-Ge2).
With increasing pressure, both bond lengths (dCd1-Ge1 and
dCd1-Ge2) decrease smoothly while bond angles (�Ge1-
Cd1-Ge1 and �Ge1-Cd1-Ge2) show abrupt changes above
PC ∼ 12.5 GPa. Meanwhile, a maximum of lattice ratio
c/a is observed around PC [see Fig. 3(d)]. Since no evi-
dent structural transition takes place under pressure, these
changes in lattice compression behavior are indicative of an
isostructural transition [41–43]. The detailed analysis will be
discussed latter.
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FIG. 2. (a) Synchrotron radiation x-ray diffraction patterns of CaCdGe under various pressures (λ = 0.6199 Å). (b),(c) The structural
refinements at 0.5 and 48.5 GPa were performed by using the standard Rietveld method. The open circles and red line represent the observed
and calculated data, respectively. The vertical bars indicate the position of Bragg peaks. (d) Pressure-dependent lattice parameters (a and c).
(e) Volume as a function of pressure. The open symbols stand for unit volume. The red dashed line is the fitting result based on the third-order
Birch-Murnaghan equation of states.

Raman scattering has been proven to be a powerful and
effective tool in probing the lattice vibrations, which is sensi-
tive to the local lattice symmetry and can provide information
including electron-phonon coupling, weak lattice distortion,
and structural transition [44–46]. Figure 4(a) shows the room
temperature Raman spectrum of CaCdGe single crystal. At
first glance, six Raman peaks are clearly observed in the range
of 50–210 cm−1. To figure out the specific Raman vibrational
mode of these peaks, polarized Raman spectra are measured
with polarization of the incident photons (Ei ) parallel to
that of the scattered photons (Es), i.e., Ei ‖ Es, as shown in
Fig. 4(b). It can be seen that five high-frequency peaks show
twofold symmetry while the lowest-frequency peak shows
fourfold symmetry. According to the theoretical calculations,
CaCdGe has the point group D3h and its irreducible represen-
tations at the � point are

�acoustic = E ′ ⊕ A′′
2;

�optic = 6E ′ ⊕ 2E ′′ ⊕ 3A′′
2 ⊕ 2A′

2 ⊕ A′′
1 ⊕ 2A′

1

Among these irreducible representations, A′
1 and E ′′ modes

are Raman active; the A′′
2 mode is IR active. In particular, the

E ′ mode is both Raman and IR active. Considering that E ′ and
E ′′ modes are both double-degenerate modes, thus there are
totally 20 (7E ′ ⊕ 2E ′′ ⊕ 2A′

1) Raman vibrational modes and
18 (7E ′ ⊕ 4A′′

2) IR vibrational modes. In addition, the inten-
sity of polarized Raman peaks is proportional to |êi · R · ês|2,
where êi and ês are the polarization unit vector of the in-
cident and scattered light, respectively, and R is the Raman
tensor. The Raman tensors of the Raman-active modes are

written as

A′
1 =

⎛
⎝

a 0 0
0 a 0
0 0 b

⎞
⎠; E ′ =

⎛
⎝

0 0 0
0 0 c
0 c 0

⎞
⎠;

E ′′ =
⎛
⎝

0 0 −c
0 0 0

−c 0 0

⎞
⎠;

E ′(x) =
⎛
⎝

d 0 0
0 −d 0
0 0 0

⎞
⎠ and

E ′(y) =
⎛
⎝

0 −d 0
−d 0 0
0 0 0

⎞
⎠.

Here, we define θ as the angle between the c axis and Ei. Since
the polarization of the incident photons is parallel to that of
the scattered photons (i.e., Ei ‖ Es) and the laser propagation
direction is parallel to the a axis, thus the Raman intensity is
given by

A′
1 : Intensity = (a sin2θ + bcos2θ )

2
, (1)

E ′′ : Intensity = (c sin 2θ )2 or 0, (2)

E ′(x) : Intensity = (dsin2θ )
2
, (3)

E ′(y) : Intensity = 0. (4)

Based on Eqs. (1)–(4), we know that A′
1, E ′′, and E ′ Raman

modes can be experimentally observed under the configura-
tion of Ei ‖ Es. With increasing angle (θ ), the intensities of
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FIG. 3. (a) An illustration of the CdGe4 tetrahedra. (b),(c) Pressure dependence of dCd1-Ge1 and dCd1-Ge2. (d) Lattice ratio c/a as a function of
pressure. (e),(f) Pressure dependence of the Ge1-Cd1-Ge1 and Ge1-Cd1-Ge2 bond angles in the tetrahedral coordination. The vertical dashed
lines represent the critical pressure.

both A′
1 and E ′ modes exhibit twofold symmetry while that

of the E ′′ mode exhibits fourfold symmetry. Therefore, the
lowest-frequency Raman peak with fourfold symmetry can be
assigned to the E ′′ vibrational mode while other peaks are as-
signed to the A′

1 or E ′ modes [see Fig. 3(a)]. Here, the Raman
spectrum is further fitted by using the Lorentzian line shape.
However, we find that the peaks around 175 cm−1 could be
well fitted by three Lorentzian lines. Combined with the the-
oretical calculation results, we demonstrate that these peaks
actually consist of E ′-2, A′

1-2, and E ′-3 Raman vibrational
modes. Therefore, totally seven Raman peaks located at 80.8
(E ′′), 112.5 (A′

1-1), 130.6 (E ′-1), 172.7 (E ′-2), 175.5 (A′
1-2),

180.7 (E ′-3), and 202.1 (E ′-4) cm−1 are determined at ambi-
ent pressure. The detailed information of Raman vibrational

modes based on theoretical calculations and experimental re-
sults are summarized in Table I.

Now, we focus on the pressure effect on these Raman
modes. Figure 5(a) shows the room temperature Raman spec-
tra of CaCdGe single crystal under high pressure up to
16.3 GPa with argon as the PTM (run 1). At 1.3 GPa, seven
Raman peaks are determined: one E ′′ mode, two A′

1 modes
and four E ′ modes [see Fig. 5(b)]. With initial increasing
pressure, all Raman modes monotonically shift to higher wave
numbers (blueshift), indicating the overall shrinkage of the
crystal lattice. In addition, the A′

1-2 mode is gradually visi-
ble at 3.8 GPa and becomes more and more evident. More
importantly, upon further compression to 9.7 GPa, a new
peak (labeled as Q) around 154.3 cm−1 appears, marked as
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FIG. 4. (a) Room temperature Raman spectrum of cleaved
CaCdGe single crystal. (b) Polarized Raman spectra of CaCdGe
single crystal at room temperature with the polarization of inci-
dent photons (Ei ) parallel to that of the scattered photons (Es ), i.e.,
Ei ‖ Es.

a star in Fig. 5(a). After releasing the pressure back to 0 GPa,
the Raman peaks return to the original profile, indicating the
evolution of Raman modes upon compression is reversible.
We have further conducted high-pressure Raman experiment
using Daphne 7373 oil as the PTM up to 52.9 GPa (run 2), as
shown in Fig. 5(c). Similar to run 1, the same seven Raman
modes are determined at 1.0 GPa [Fig. 5(d)]. Meanwhile, a
new peak marked as a star around 153.0 cm−1 is observed at
9.5 GPa, which is reproducible compared with run 1 except for
a minor difference in the critical pressure value. Lorentzian
line-shape fitting of Raman spectra at selected pressures for
two runs are displayed in Fig. S1 (Supplemental Material
[47]). To obtain a clear view, the peak positions of Raman
modes as a function of pressure are displayed in Fig. 5(e).
It can be seen that both experiments (run 1 and run 2) show
the appearance of the new Raman peak Q upon compression.
It can also be tracked in the contour plot of Raman spectra,
as shown in Fig. 5(f). In addition, there are some differences
between these two Raman-scattering experiments. First, the

TABLE I. Comparison between theoretical calculation and ex-
perimental results of CaCdGe Raman vibrational modes at ambient
pressure.

No. Symmetry
Vibrational
orientation

Calculation
(0 K) (cm−1)

Experiment
(300 K) (cm−1)

1 E ′ ab 75.3
2 E ′′ c 78.1 80.8
3 A′

1 ab 108.3 112.5
4 E ′ ab 122.9
5 E ′ ab 124.7 130.6
6 E ′′ c 156.4
7 E ′ ab 162.9 172.7
8 A′

1 ab 163.6 175.5
9 E ′ ab 170.1 180.7
10 E ′ ab 188.3 202.1

A′
1-2 mode is clearly visible at 3.8 GPa in run 1 while that

just can be observed above 9.5 GPa in run 2. Second, the E ′-4
mode is always observed in run 1 while it seriously broadens
and is hardly tracked in run 2. Third, the full width at half
maxima (FWHM) of Raman modes broaden more evidently
in run 2 upon compression, especially for the A′

1-2 mode (see
Fig. S2, Supplemental Material [47]). Here, all these discrep-
ancies between two runs could be related to the presence of
deviatoric stress under high pressure since Daphne 7373 oil is
used as the PTM [48].

In principle, the appearance of new Raman peaks upon
compression usually involves a crystal symmetry breaking
[49–51]. However, since there is no trace of evident structural
transition under pressure based on our XRD data, the new
Raman peak Q observed here should be attributed to the
other origin. On one hand, we note that in many previous re-
ports without evident structural transitions, the appearance of
new Raman peaks in high-pressure Raman spectra have been
usually considered as experimental signatures of a pressure-
induced isostructural transition [52–55]. This isostructural
transition does not show any new Bragg peaks in XRD pattern
but involves subtle changes in lattice, such as tilt and rotation
of the polyhedra [54–56], and discontinuity in bond lengths
and angles [42,53,55].

On the other hand, the above abnormal behaviors in Raman
and XRD data can also be driven by an electronic topological
transition (ETT). An ETT occurs when a band extremum,
which is associated to a Van Hove singularity, crosses the
Fermi level (EF) and leads to a strong redistribution of the
electronic density of states (EDOS) near EF [57]. This EDOS
redistribution can lead to anomalies in Raman spectra as
well as the lattice compressibility [58–61]. In particular, sim-
ilar behaviors are reported in many high-pressure studies of
topological electronic materials, such as Bi2Se3 [59], Bi2Te3

[62,63], Sb2Se3 [61], and Sb2Te3 [64]. Here, the maximum of
lattice ratio c/a and the appearance of a new Raman peak Q are
observed in our present work. According to the group theory,
the E ′ vibrational mode of CaCdGe is a double-degenerate
mode, which may be lifted in the vicinity of ETT [65] and
thus resulting in the appearance of a new Raman peak above
9.5 GPa. In order to further confirm whether the ETT takes
place, the band structures of CaCdGe are calculated under
pressure, as shown in Fig. S3 (Supplemental Material [47]).
With increasing pressure up to 30.0 GPa, the electronic pocket
at the K point is monotonically lifted while the hole pocket
around the � point moves downwards a bit. Nevertheless,
the band structure of CaCdGe maintains its original feature
upon compression, i.e., both energy bands (located around the
K and � points) cross the Fermi level, which evidences the
absence of ETT. In addition, recalling that the bond angles of
CdGe4 tetrahedra show the abrupt changes above PC, these
anomalous behaviors in our case are most likely attributed
to a subtle isostructural transition, due to the distortion of
CdGe4 tetrahedra upon compression. It is worth noting that
the discrepancy in the critical pressure (9.5 GPa for Raman;
12.5 GPa for XRD) could be attributed to different sensitivity
of these two methods.

Furthermore, we have conducted electrical transport mea-
surements of CaCdGe single crystal under high pressure, as
shown in Fig. 6. At 3.9 GPa, the temperature dependence
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FIG. 5. Raman spectra of CaCdGe single crystal at various pressures using argon (a) and Daphne 7373 oil (c) as the pressure-transmitting
medium, respectively. Upon compression, a new peak appears above ∼ 9.5 GPa, marked as a star. The Raman spectrum upon decompression
back to the starting pressure is denoted by DP. (b),(d) Lorentzian line-shape fitting of Raman spectra at the initial compression pressure. Peak
positions (e) and contour plot of Raman peaks (f) as a function of pressure. The vertical dashed lines represent the critical pressure.

of resistance exhibits a typical metallic conduction behavior,
consistent with that at ambient pressure [6]. Upon compres-
sion to the highest pressure of 53.3 GPa, the metallic behavior
is always observed. Nevertheless, above 13.7 GPa, the whole
resistance curve shows an abrupt decrement [see Fig. 6(a)],
which is consistent with the results in high-pressure Raman
and XRD data. Here, the low-temperature resistance curves
are fitted by using the power-law formula R(T ) = R0 + A ×
T n. The extracted exponent n and the temperature prefac-
tor A coefficient as a function of pressure are displayed in
Fig. 6(b). The inset of Fig. 6(b) shows a typical fitting of
the R(T) curve at 3.9 GPa. It can be seen that the value
of n lies between 3 and 5 under high pressure, which in-
dicates that the electron-phonon (e-ph) scattering dominates
the low-temperature transport behavior [66]. In addition, with
increasing pressure, n increases from the initial 3.5 to the max-
imum value of 4.9 around PC, suggesting that the interband
s-d e-ph scattering gradually transforms into the intraband s-s
e-ph scattering [67]. However, n shows an abrupt decrement
above PC and returns back to 3 (i.e., original interband s-d e-ph
scattering). In addition, the A coefficient also shows anoma-
lous change across PC. We noted that the high-temperature
resistance curve (>100 K) exhibits a slight negative curvature
(d2R/dT 2 < 0). The similar behavior was also observed in
Nb3Sn [68] and has been described using a parallel-resistor

model [69]: 1
ρ(T ) = 1

ρ1(T ) + 1
ρsat

, where ρsat is the temperature-
independent saturation resistivity and ρ1(T ) is the ideal
temperature-dependent resistivity dominated by e-ph scat-
tering. ρ1(T ) = ρ0 + A( T

�R
)
5 ∫ �R/T

0
x5dx

[exp(x)−1][1− exp(−x)] , where
ρ0 is residual resistivity, and the second term is the generalized
Bloch-Grüneisen expression [70]. Figure 6(c) shows a typical
fitting at 3.9 GPa by using a parallel-resistor model. The
extracted Debye temperature (�R) as a function of pressure
is displayed in Fig. 6(d). Similar with pressure evolution
of parameters A and n, a huge anomalous change of �R is
also observed across PC, which implies the abnormal evolu-
tion of lattice vibration of CaCdGe. In addition, the residual
resistance ratio R300 K/R1.8 K and resistance at different tem-
peratures as a function of pressure are presented in Figs. 6(e)
and 6(f). Both of them show clear changes above 13.7 GPa
(see vertical dashed lines), consistent with results from high-
pressure XRD and Raman data. These abrupt changes in
resistance further reflect on the occurrence of the isostructural
transition across PC.

IV. CONCLUSION

In summary, we have grown high quality of CaCdGe
single crystal and systematically investigated its structural,
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FIG. 6. (a) Temperature dependence of resistance under different pressures. (b) Pressure dependence of n and A from fitting of the low-
temperature resistance by the power law R(T ) = R0 + A × T n. Error bars form fitting are within the symbols. The inset of (b) shows a typical
fitting of R-T at 3.9 GPa by using the power law. (c) A typical fitting of R-T at 3.9 GPa by using the parallel-resistor model. (d) Pressure
dependence of Debye temperature from fitting of the high-temperature resistance by the parallel-resistor model. (e) Pressure dependence of
resistance at various temperatures. (f) R300 K/R1.8 K as a function of pressure. The vertical dashed lines represent the critical pressure.

vibrational, and electrical transport properties under high
pressure up to 53.3 GPa. Upon compression, although no
evident structural transition is detected within 48.5 GPa,
anomalies in lattice ratio c/a and bond angles are clearly ob-
served around PC = 12.5 GPa. Moreover, a new Raman peak
Q appears across 9.5 GPa. Based on our high-pressure band
structure calculations, the ETT is absent within 30.0 GPa.
Combined with these abnormal features, we thus unveil a
pressure-induced isostructural transition of CaCdGe at PC,
which is further supported by the abrupt change of resis-
tance parameters (n, A, and �R) through electrical transport
measurements.
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