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Enhanced superconductivity and electron correlations in intercalated ZrTe;
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Charge density waves (CDWs) with superconductivity, competing Fermi surface instabilities, and collective
orders have captured much interest in two-dimensional van der Waals (vdW) materials. Understanding the
CDW suppression mechanism, its connection to the emerging superconducting state, and electronic correlations
provides opportunities for engineering the electronic properties of vdW heterostructures and thin-film devices.
Using a combination of the thermal transport, x-ray photoemission spectroscopy, Raman measurements, and
first-principles calculations, we observe an increase in electronic correlations of the conducting states as the
CDW is suppressed in ZrTe; with 5% Cu and Ni intercalation in the vdW gap. As superconductivity emerges,
intercalation brings not only decoupling of quasi-one-dimensional conduction electrons with phonons as a
consequence of intercalation-induced lattice expansion but also a drastic increase in Zr*" at the expense of
Zr*" metal atoms. These observations not only demonstrate the potential of atomic intercalates in the vdW gap
for ground-state tuning but also illustrate the crucial role of the Zr metal valence in the formation of collective

electronic orders.

DOI: 10.1103/PhysRevB.106.165113

I. INTRODUCTION

Electronic correlations associated with charge density
waves (CDWs) and superconductivity (SC), both the Fermi
surface (FS) instabilities and low-temperature collective or-
ders in solids, have attracted considerable attention [1-4].
In particular, layered van der Waals (vdW) transition metal
chalcogenides have raised interest due to possible quantum
critical phenomena [5,6]; yet due to relatively easy exfolia-
tion, heteroepitaxial growth, and device fabrication of vdW
crystals they can be used to investigate confinement of corre-
lated electronic wave functions involved in CDWs and SC and
also to engineer new quantum states [7—11].

ZrTes provides a good platform due to its low-dimensional
crystal structure with P2;/m unit cell symmetry [Fig. 1(a)]:
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Quasi-two-dimensional (quasi-2D) ZrTe; prisms aligned
along the ¢ axis are separated by the vdW gap with quasi-
one-dimensional (quasi-1D) ZrTe¢ chains running along the
b axis; in addition, there are Te2-Te3 chains along the a axis
[12-14]. ZrTe; shows not only a CDW (Tcpw ~ 63 K) with
Peierls modulation q & (ﬁ, 0, %) but also a filamentary SC
(T. ~ 2 K) that arises on cooling from a quasi-2D electronic
conduction (resistivity p, & pp ~ %) [15-18]. A local-pairs-
induced SC mechanism was proposed [19]. Band structure
calculations and angle-resolved photoemission spectroscopy
(ARPES) measurements revealed that the FS consists mainly
of a three-dimensional (3D) FS sheet centered at the Brillouin
zone (BZ) center and quasi-1D FS sheets parallel to the incli-
nation of the BZ boundary [20-24]. A pseudogap feature and
CDW fluctuations persist far above Tcpw [25-27]. A Kohn
anomaly associated with a soft phonon mode was identified
[28], while the Raman experiment also emphasized the impor-
tant role of electron-phonon (e-p) coupling at ambient or high
pressure [29,30]. Additionally, a mixed valence of Zr in ZrTes
nanoribbons was reported [31]. Valence segregation with SC
in transition metal oxides with different electron correlation
strengths can be connected to the SC mechanism and the e-p
coupling [32-35].

Bulk SC can be induced in ZrTe; by applying physi-
cal pressure, intercalation, doping, and disorder [36-47]. A
pressure-induced reentrant SC in ZrTes; implies a possible
unconventional SC mechanism [36], while the ultralow-
temperature thermal conductivity indicates multiple nodeless
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FIG. 1. (a) Crystal structure of ZrTe; with quasi-1D ZrTes chains
along the b axis and the Te2-Te3 rectangular network layer viewed
from the ¢ axis. (b) Normalized Zr (left) and Cu and Ni (right)
K-edge XANES spectra at room temperature. (c) Temperature de-
pendence of the normalized resistivity p(7)/p (300 K) for ZrTe; and
(Cu, Ni)g0sZrTe; with the current flow along the a axis (left) and
the b axis (right). Insets show the low-temperature superconducting
transitions and current flow direction in crystals.

gaps in ZrTe;_,Se, [44]. Light intercalation of ~5% Cu and
Ni can induce bulk SC with T; ~ 3.8 and 3.1 K in Cug o5ZrTes
and NiggsZrTes, respectively, that coexists with the CDW
order [39,40]. The CDW-related resistivity anomaly for the
current flow along the a axis shifts to lower temperatures with
reduced amplitudes; however, the optical absorption spectra
show an increase in the CDW gap size in (Cu, Ni)g os5ZrTe;
[48].

Thermopower measurement is suitable to characterize
the nature and sign of carriers as well as the correlation
strength in superconductors, whereas x-ray photoemission
spectroscopy (XPS) and Raman measurements are good
probes of the valence state and phonon vibrations in tran-
sition metal compounds [49-53]. Herein we examine the
electron correlation strength and the Zr valence in supercon-
ducting (Cu, Ni)g ¢sZrTes single crystals. Thermal transport
and Raman measurements show a suppressed CDW in

(Cu, Ni)g gsZrTe; when compared with ZrTe;. An obvious
anomaly around Tcpw in thermal conductivity «(7) was ob-
served in ZrTes, indicating strong e-p coupling. The anomaly
is suppressed with weaker amplitudes in (Cu, Ni)g osZrTe;. A
clear slope change in thermopower S(7") corresponds to a FS
reconstruction across the CDW transition. Both the ratio of T,
to the Fermi temperature 7r and the effective mass m* rise in
(Cu, Ni)g gsZrTe; when compared with ZrTe; 96Seq o4 imply
an increase in electronic correlations of the bulk conducting
states due to the contribution of Cu and Ni, in agreement with
the first-principles calculations. Whereas intercalation in the
vdW gap stabilizes bulk SC at the expense of CDW order, it
coincides with drastic reduction of the Zr mixed valence and
the expansion of the unit cell along the a and ¢ directions as
well as a rapid increase in the atomic concentration ratio of
Zr** to Zr** induced by Cu and Ni intercalation. This affects
the Zr 4d-derived electronic states near the I'" point in the
Brillouin zone below the Fermi level.

II. EXPERIMENTAL DETAILS

High-quality single crystals of ZrTe; with ~5% Cu and
Ni intercalation were fabricated by the chemical vapor
transport method [39,40]. X-ray absorption near-edge struc-
ture (XANES) measurements were performed at the 8-ID
beamline of the National Synchrotron Light Source II at
Brookhaven National Laboratory in the fluorescence mode.
Thermal transport was measured in a Quantum Design PPMS-
9 with the standard four-probe technique. Thermopower was
measured by using a one-heater—two-thermometer setup with
hooked copper leads using a silver paint contact directly on
the crystals. The continuous measuring mode was adopted for
thermopower measurement with the maximum heater power
and period set as 50 mW and 1430 s, respectively, along with
the maximum temperature rise of 3%. The relative error in
our measurement for thermopower was below 5% based on a
Ni standard measured under identical conditions. Sample di-
mensions were measured using an optical microscope, Nikon
SMZ-800, with 10-um resolution. Specific heat was measured
in the warming procedure by the heat pulse relaxation method
in PPMS-9.

XPS measurements were carried out in an ultrahigh-
vacuum (UHV) system with 3 x 107! Torr base pressure,
equipped with a SPECS Phoibos 100 spectrometer and a
nonmonochromatized Al-K, x-ray source (hv = 1486.6 eV).
The XPS peak positions were calibrated using adventitious
C 1s at 284.8 eV. Single-selected-point unpolarized Raman
spectrum experiments were performed using a WITec al-
pha300 confocal Raman microscope equipped with a red laser
(A = 633 nm), an electron-multiplying CCD detector, and a
100x objective lens with numerical aperture (NA) of 0.9. The
Raman-scattered light was focused onto a multimode fiber
and monochromator with a 1800-line/mm grating. Samples
for the room-temperature XPS were exfoliated in air and then
were sputtered in UHV with 2 x 107> Torr of Ar™ ions with
kinetic energy of 2500 eV for 60 min in order to remove sur-
face oxygen contamination. Samples for Raman experiments
were freshly exfoliated.

First-principles calculations were performed using the Vi-
enna ab initio simulation package (VASP) by relaxing the
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atomic positions simultaneously with changing the unit cell
volume and shape [54]. The energy convergence criterion
was 1070 eV, while the interatomic forces were less than
0.02 eV/A. The energy cutoff for plane waves was 480 eV,
and the k-point network was 6 x 9 x 4 with the Perdew-
Burke-Ernzerhof functional revised for solids (PBEsol) as an
exchange-correlation functional [55]. After lattice relaxation,
the spin-orbit coupling (SOC) was included for both the den-
sity of states (DOS) and the band structure calculations. The
band unfolding and the DOS figures were obtained using
the VASPKIT program [56]. The high-symmetry points of the
Brillouin zone were chosen in the same manner as in Ref. [45].

III. RESULTS AND DISCUSSION

The crystal structure of ZrTe; [Fig. 1(a)] consists of ZrTes
trigonal prism building blocks stacked along the b axis and
forming an infinite quasi-1D chain [12,13]. The monoclinic
unit cell contains two neighboring chains bound via the near-
est interchain Zr-Tel to form layers in the ab plane. On the
other hand, Te2-Te3 atoms form a rectangular network with
alternate distances of 2.79 and 3.10 A along the a axis, and
a single distance of 3.93 A along the b axis. The 5% Cu and
Ni intercalations induce expansion of the a- and c-axis lattice
parameters, ~0.2-0.3% for CugsZrTe; and ~0.6-0.7% for
Nig gsZrTes, respectively [39,40]. However, the b-axis lattice
constant is nearly unchanged. Figure 1(b) shows the normal-
ized Zr, Cu, and Ni K-edge XANES spectra measured at
room temperature (RT). The Zr K-edge absorption energy at
~18.008 keV for ZrTes indicates a dominant Zr** state [57];
it shifts to lower energies with Cu and Ni intercalation towards
the Zr** state. A weak pre-edge feature was observed in the
Cu and Ni spectra, which is absent in that of Zr; along with
the similar shape of Cu and Ni XANES spectra, this confirms
that Cu and Ni atoms are well hybridized and intercalated in
the vdW gap rather than substituted at Zr sites [58].

A clear resistivity upturn was observed at Tcpw = 63 K for
ZrTes, defined by the minimum point in dp/dT, with the cur-
rent parallel to the a axis [Fig. 1(c)]. Tcpw is suppressed to 58
and 41 K for CugsZrTes and Nig gsZrTes, respectively, with
a reduced amplitude. The residual resistivity ratio (RRR) of
~12.7 for ZrTes also decreases to 5.3 and 2.4 for Cug g5ZrTes
and Nig osZrTes, respectively, caused by increased disorder
scattering. An abrupt resistivity drop is clearly seen, signaling
the onset of SC, with zero resistivity at 7, ~ 3.6 and 3.1 K
for Cug gsZrTes and Nig gsZ1rTes, respectively. For the current
parallel to the b axis, no CDW anomaly was observed, but SC
remains for (Cu, Ni)g o5ZrTes, consistent with Refs. [39,40].

Figure 2(a) shows the temperature-dependent thermal con-
ductivity « (T') with the heat pulse applied in the ab plane. The
k(300 K) shows a relatively low value of 1.63 WK !'m™!
for ZrTes, caused by the combination of low crystal sym-
metry and a chemical composition with heavy elements.
A clear kink in «(T) is observed around Tcpw for ZrTes,
indicating strong e-p coupling. The value of «(300 K) in-
creases to ~1.87 and ~1.77 WK~ m~! for Cuyg ¢5ZrTe; and
Nig gsZrTes, respectively. In addition, «(7) is weakly tem-
perature dependent at high temperatures; the absence of a
commonly observed maximum in «(7) indicates a signifi-
cant acoustic phonon scattering [59]. Figure 2(b) presents
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FIG. 2. Temperature-dependent (a) thermal conductivity «(7)
and (b) thermopower S(7) for the indicated samples. The inset in
(b) shows the linear fit of S(7') from 5 to 15 K.

the temperature-dependent thermopower S(7') for ZrTe; and
(Cu, Ni)gpsZrTe; crystals. Above 100 K, there are weak
changes in S(7"). With decreasing temperature, the S(7") of
ZrTes changes its slope at Tepw, reflecting a FS reconstruction
across the CDW transition. Then S(7") changes its sign from
negative to positive inside the CDW state featuring a peak
value at ~19(3) K, indicating a crossover behavior from dom-
inant electronlike to dominant holelike conduction. Similar
behavior is observed in (Cu, Ni)y5ZrTe; but with reduced
absolute values of S at high temperatures, showing an increase
of the hole band contribution in (Cu, Ni)yosZrTes. It can
be seen that Tcpw is suppressed to lower temperatures for
(Cu, Ni)g0sZrTe; when compared with ZrTes, in line with
the resistivity data [Fig. 1(c)]. It is plausible to consider both
the electronic diffusion, Sgifr, and phonon-drag, Sgrg, con-
tributions to thermopower in ZrTes. The Sy, term usually
gives T3 for T <« Op, & 1/T for T > Op, and a peak
feature at (~i—é)®D. The peak feature in ZrTes; cannot be
simply attributed to only the phonon-drag effect since the
peak temperature is lower than ®p /5 &~ 36.6(1) K this is also
applicable for (Cu, Ni)gos5Z1rTes (see Table I). However, the
phonon drag should diminish by 1/7 at high temperatures,
which is not seen here, pointing to the presence of a diffusion
contribution as well. At low temperatures, the diffusive See-
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TABLE 1. A set of parameters derived from the thermopower S(7") and specific heat C,(T') for the indicated single crystals.

Samples S/T (wV/K?) y (mJmol~' K~2) q T.K) T(10°K) T./Tp (x107%) m*/m. Op(K) T (K) Tepw (K)
Z1Tes 0.114(3) 2 3.7(1) 0.54(1) 19(3) 60(2)
Cug.05Z1Tes 0.09(1) 2.6(1) 332) 36 4.7(5) 0.77(8) 22(1)  186(1)  30(5) 55(2)
Nig 05 ZrTes 0.188(4) 2.7(1) 6.7(1) 3.1 2.3(1) 1.35(6) 2.8(1) 192.4(1)  26(3) 58(2)

beck response of the Fermi liquid dominates and is expected
to be linear in 7. In a single-band system, S(7") is given by
[60,61]

S 7T2kB 1

72 k3 N(eg)
T 2 e Tw ’

3 e n

ey

where kg is the Boltzmann constant, 7¢ is the Fermi tem-
perature related to the Fermi energy ep and the density of
states N (er) as N(eg) = 3n/2¢g = 3n/kgTE, and n is the car-
rier concentration. In a multiband system it gives the upper
limit of Tr of the dominant band. The derived S/T from 5
to 15 K [inset in Fig. 2(b)] is ~0.114(3) [LV/KZ for ZrTe;
and ~0.09(1) and ~0.188(4) uV/K? for CuggsZrTe; and
Nig gsZ1Tes, respectively. Then we calculate Ty ~ 3.7(1) x
103 K for ZrTes; Ty ~ 4.7(5) x 10? and 2.3(1) x 10% K for
CugsZrTes and NiggsZrTes, respectively. The ratio T./Tf
characterizes the correlation strength in superconductors;
1. /Tr is ~0.1 in Fe 4, Te;_,Se,, pointing to the importance
of electron correlation, whereas it is ~0.02 in the BCS super-
conductor LuNi,B,C [52]. Here, T./T¢ is ~0.54(1) x 1073
for ZrTes, and it is ~0.77(8) x 1073 and ~1.35(6) x 1073 for
Cug gsZrTes and NiggsZrTes, respectively. This indicates not
only a weak electron correlation strength but also a substantial
enhancement in (Cu, Ni)g gsZrTe; when compared with ZrTes;
(Table I).
The electronic specific heat can also be expressed as

72 n

k ATy 2
V-?BFF—?B@F)- 2
Combining Eqgs. (1) and (2) yields S/T = +y /ne; the units
are V/K for S, JK=>m=3 for y, and m~> for n, respec-
tively [51,62]. In order to compare different materials, it
is common to express y in Jmol~' K~2. Then we can
define a dimensionless quantity g = %%, where Ny is Avo-
gadro’s number; the calculated ¢ are 3.3(2) and 6.7(1) for
Cug 0s5ZrTe; and Nig gsZrTes, respectively. Given the volume
of unit cell of ~0.23 nm?, we obtain the carrier density per
volume n ~ 1.3(1) x 10?! cm™3 and kg ~ 3.4(1) nm~' for
CugsZrTes; n ~ 6.5(1) x 102 cm™3 and kr ~ 2.68(1) nm ™!
for Nig ¢sZrTes. The effective mass m™, derived from kgTr =
h2k§/2m*, is 2.2(1) and 2.8(1) m, for CugosZrTe; and
Nig gsZ1Tes, respectively, where m, is the electron mass.
Both the ratio of 7. to the Fermi temperature 7y and the
effective mass m* rise in (Cu, Ni)gosZrTes when compared
with ZI‘TCQ,%SC()_(M [TC/TF = 00016(1) and m* = 153(1) me]
[63], indicating the increase in the correlation strength with
Cu and Ni intercalation when compared with Se substitution.

Figure 3(a) shows the Raman peaks for ZrTe; (~215 and
~155 cm™") [63,64], corresponding to A, modes which in-
volve atomic movements in the ac plane [29]. The mode
at 155 cm™! hosts momenta that have a larger component

along the a axis of the Te2-Te3 chains. The conductive elec-
trons belonging to the quasi-1D FS are mainly contributed by
the Te 5p, orbitals of the Te2-Te3 chains, which can only
be scattered forward or backward along the Te2-Te3 chains.
Consequently, phonons in this mode will experience stronger
scattering with conduction electrons of the quasi-1D FS, caus-
ing the wide peak as observed due to strong e-p coupling
by satisfying q - v ~ w,,, where vr is the Fermi velocity
and w,, is the phonon energy [29]. The mode at 215 cm™!
also involves the Te2-Te3 chains but does not exhibit a large
linewidth like that at 155 cm~'. This can be explained by
the fact that this mode is not coupled with the quasi-1D con-
duction electrons and can only be affected by nonconductive
3D-like electrons [29]. The sharpness of this peak suggests the
good crystallinity of ZrTes.

For (Cu, Ni)yosZrTes, the mode at 215 cm™! is almost
unaffected; in contrast, the mode at 155 cm™! is signifi-
cantly modulated. The position of the highest peak redshift,
~12 cm™! from 155 to 143 cm™!, suggests tensile lattice
deformation of the Te2-Te3 chains along the a or ¢ axis.
This is quantitatively consistent with the structure analysis
that Cu and Ni intercalations induce expansion of the a- and
c-axis lattice parameters. In addition, broad peaks at ~125
and ~170 cm™! are resolved for (Cu, Ni)yosZrTe;. Weak
Raman peaks at ~122 and ~177 cm~! that also belong to
the eight A, modes in the ac plane were observed for pure
ZrTe; at 70 K with a counter-rotating, circularly polarized
laser [29]. Therefore the lattice modulation caused by Cu and
Ni intercalations enabled these vibration modes to become

Intensity (arb. units)

155

ZrTe3
ZrTe3

80 120 160 200 240 280 189 186 183 180 177
Raman shift (cm‘l) Binding energy (eV)

FIG. 3. (a) Raman peaks and (b) Zr 3d XPS spectra measured at
room temperature for the indicated samples.
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observable at RT here with an unpolarized laser. More im-
portantly, the major peak at 143 cm~! with narrow linewidth
is much sharper compared with the corresponding peak for
ZrTes at 155 cm™', which suggests the decoupling of quasi-
1D conduction electrons with phonons at RT. This probably
due to the e-p coupling condition of q - Vg ~ w,, being less
satisfied since the phonon energy is reduced as a conse-
quence of intercalation-induced lattice expansion. Thus the
Raman results proved that the suppressed CDW is structural-
distortion-driven suppression of the quasi-1D conductive e-p
coupling. Structurally driven CDW suppression due to hy-
drostatic pressure and Se-doping-induced long-range disorder
of lattices in the ¢ and a axis, respectively, were also re-
ported [30,63]. In these two cases, the suppression of e-p
coupling was evidenced by the reduced Raman intensity ratio
of the broad peak at 155 cm™! to the peak at 215 cm™!;
structurally, the values of the lattice parameters in the ¢ axis
decreased or the size of the crystal unit cell was compressed.
In (Cu, Ni)g ¢sZrTes, in contrast, the suppression of e-p cou-
pling is evidenced by the reduced linewidth of the major peak
at 155 cm™!; structurally, the lattice parameters in the a axis
and c axis are expanded, indicating that CDW suppression can
be realized through structural modulation in various pathways.

The XPS shows that both ZrTe; and (Cu, Ni)g gsZrTe; have
mixed chemical states of Zr** and Zr** as evidenced by two
sets of binding energies of Zr 3ds;, and Zr 3d;,, at ~183
and ~185.4 eV and at ~180 and ~182.4 eV [Fig. 3(b)].
However, the atomic concentration ratio of Zr*t to Zr** is
dramatically altered by the intercalation; the values of this
ratio are 4.3, 0.32, and 0.23, for ZrTes;, Cug¢sZrTe;, and
Nig gsZ1Tes, respectively. The average valence Zr is approx-
imately +3.6 for ZrTes;, which decreases to approximately
+2.5 for Cug ¢sZrTe; and +2.4 for Nig osZrTes, respectively,
in agreement with the trend in the XANES measurement.
The Zr-Te bonds around Zr are spatially anisotropic in bond
type and spatial distribution, causing a spatially anisotropic
charge orbital environment around Zr and consequently an
inhomogeneous Zr valence. The XANES and Raman results
suggest that the lattice parameters of ZrTes; are changed by
Cu and Ni intercalations; thus the spatial anisotropic degree
of Zr-Te bonds around Zr for (Cu, Ni)g os5ZrTes can also be
expected to be changed, resulting in the observed change in
the ratio of Zr** to Zr**. In contrast to the finding that unit
cell reduction caused by Hf and Se doping is accompanied
by a decreased Zr**-to-Zr*" ratio [30,63], unit cell expansion
induced by Cu and Ni intercalations is accompanied by an
increased Zr**-to-Zr*t ratio. Since 5% Ni induced a more
expanded unit cell than Cu, the Zr**-to-Zr** ratio also in-
creased more. The hole-type 3D FS at the BZ center is mainly
contributed by the Zr d orbital. ARPES shows that the 3D
FS is slightly reduced in ZrTe; 96Sep.04 Wwhen compared with
ZrTes [65]. The reduced Zr*t-to-Zr** ratio in ZrTes 96Se0 04
[63] is coincident with the reduction of hole-type carrier num-
bers in the 3D band as confirmed by ARPES [65]; thus it is
possible that Zr?* contributed to the 3D FS though it is not
much involved in the formation of the CDW. The quasi-1D
FS responsible for the CDW and SC is mainly distributed
on the BZ edge, in particular, in the D pocket [65], and is
more sensitive to the change in BZ size modulated by lattice
expansion or reduction.
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FIG. 4. Total and atomic contribution to density of states
[(a)—(c)] and calculated band structures near I', B, D, and Y high-
symmetry points [(d)—(f)] for ZrTes, Cug osZrTes, and Nig gsZrTes.

For insight into the impact of Cu and Ni intercalation we
further performed comparative first-principles calculations of
the density of states (DOS) [Figs. 4(a)—4(c)] and band struc-
ture [Figs. 4(d)—4(f)]. An intercalated atom in ZrTes, either
Cu or Ni, resides in a pentacoordinated Wyckoff 2e position
within the vdW space gap. This position is in agreement with
the most favorable interstitial position [45] as it is energeti-
cally favored when compared with tetrahedrally coordinated
2a and 2b positions. The calculated DOS for ZrTes [Fig. 4(a)]
is in agreement with previous findings [66]. Upon interca-
lation, the Ni contribution to the DOS at the Fermi level is
somewhat higher when compared with Cu [Figs. 4(b) and
4(c)], in agreement with the effective mass m* (Table I).
The effects of intercalation in the vdW gap of ZrTes are
not substantial at the Fermi level. They are mainly visible in
bands along the B-D high-symmetry direction as the increase
in the spectral weight of the bands at energies (0.2-0.25)
eV above the Fermi level, whereas quasi-1D band dispersion
is unchanged between D and Y indicating negligible charge
transfer from intercalated atoms to Te2-Te3 chains. On the
other hand, we notice a shift near I" for intercalated crystals
[Figs. 4(e) and 4(f)] for the Zr 4d-derived band at about —0.25
eV; the shift has been associated with Zr-Ni charge transfer in
Ni,ZrTes [45].

For doped ZrTes, the electronic structure of the quasi-1D
FS, i.e., the FS nesting condition, is modulated via atomic
structural modulation that is not spatially uniform throughout
the entire ZrTes crystal. In other words, the lattice or BZ
modulations are more likely in short-range order, consistent
with the observation of reduced intensity or linewidth of the
Raman peak at 155 to 143 cm~' [Fig. 3(a)]. A long-range
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static CDW appears to compete with SC [67-69], while short-
range CDW correlations are present over a substantial range
of carrier concentrations [67,70] that support the appearance
of SC. This can explain the higher T; for Se-doped or Cu-
and Ni-intercalated ZrTe; than that of pristine ZrTe;. For Hf-
doped ZrTes, because most of the Te2-Te3 chains are relaxed
and thus the original lattice periodicity is kept, the long-range
static CDW is preserved and is more stable at the cost of a
reduced density of states of the quasi-1D band at the Fermi
level; since a higher density of states is necessary for SC
formation, this therefore renders suppressed SC. Compared
with TiSe; [71] and other CDW materials, the SC can be sub-
stantially enhanced by Cu and Ni intercalation in ZrTes; while
the CDW is only slightly suppressed. Recently, the thermal
destruction of a CDW in ZrTe; studied by scanning tunneling
microscopy (STM) has revealed a weak to strong impurity
pinning across the CDW transition [72], calling for further
STM studies on the effects of Hf,Se doping and Cu and Ni
intercalation on the collective CDW and SC orders in ZrTes.

IV. CONCLUSIONS

In summary, 5% Cu and Ni intercalations in the vdW gap
of ZrTes result in an increase in T, as well as the electron
correlation strength. The ratio of Zr** atoms to Zr** atoms

also increases, resulting in band shifts near the I" point in the
Brillouin zone. Intercalation results in a tensile lattice defor-
mation of the Te2-Te3 atomic chains along the a or ¢ axis and
consequent expansion of the unit cell along these directions.
This not only reduces the e-p coupling of the quasi-1D FS due
to reduction of the phonon energy but also affects its nesting
condition via atomic structural modulation, thus revealing the
mechanism of CDW suppression. It exposes the important
role of mixed valence in the competition of collective orders
for the ground state at the Fermi surface.
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