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We synthesize a set of Pd-doped polycrystalline samples Pd,NdSeTe, and measure their physical properties.
Compared with pure NdSeTes, the charge density wave (CDW) order is continuously suppressed with the Pd-
intercalation. Bulk superconductivity first appears at * = 0.06 with T. nearly 2.5 K, coexisting with a CDW
transition at 176 K. Further Pd-doping enhances Tc, until it reaches the maximum value 2.84 K at x=0.1, mean-

while the CDW transition vanishes.

The upper critical field for the optimal doping sample Pdy.1NdSeTes is

determined from the R—H measurement, which is estimated to be 0.6 T. These results provide another kind of
ideal compound for studying the interplay between CDW and superconductivity systematically.

PACS: 74.25.—q, 71.45.Lr, 74.25.F—

Charge density waves (CDWs) and superconduc-
tivity are two distinctive cooperative states that
arise from the instabilities of the Fermi surface.l'!
The coexistence and competition between CDWs
and superconductivity in low-dimensional materials
have attracted the interest of a large community
for several decades, as they are among the most
fundamental problems in condensed matter physics
and material science.l”’] Superconductivity, often
emerges in the coexistence of, or in competition
with, symmetry-breaking ground states especially
antiferromagnetism (AFM) and/or CDW.["") While
the rise of iron-based superconductors!® ® provides
many samples that are relevant to AFM and super-
conductivity, issues on the CDW-superconductivity
still require researchers to find more CDW-based
superconductors. In recent years, materials includ-
ing quasi-1D organic conductors,l”) inorganic chain
compounds (such as NbSes),['") BaBiO system,!'']
17-TiSes,'? RpslraSizg,l'?) certain cuprate ma-
terials such as Lag_,Sr,CuQy4 (LSCO)[“] and
Lay_,Ba,CuO; (LBCO)!'"] even YBayCuzOggr
(YBCO),l') and more generally, Pd-intercalated
binary RgTe, (Rg=rare earth; n = 2.5 and 3)
compounds!'” and EuBiS;F!'®! have presented co-
existence and competition between superconductivity
and CDW order. Here we further expand this kind of
material to ternary rare-earth polychalcogenide sys-
tem for better understanding the relationship between
CDW and superconductivity.
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NdSeTes has been chosen as the representative of
ternary rare-earth polychalcogenide LnSeTes (Ln=La,
Ce, Pr, Nd and Sm), a series of typical CDW ma-
terials. NdSeTe, possesses the same structure as
rare-earth tritellurides RgTesz (Rp=Y, La-Lu),!"?"]
which is crystallized with the NdTes type in space
group Cmem (No.63).") Figure 1(a) shows the crys-
tal structure of NdSeTe,, exhibiting highly two-
dimensional characteristic. Double sheets of nearly
square planar tellurium Te are separated by a cor-
rugated NdSe slab, the NdSe-slab and Te-sheet are
stacked along the b-axis. The double square Te lay-
ers play an important role in the physical properties
of NdSeTey, due to the fact that they usually pre-
fer distortions and generation of commensurate or in-
commensurate CDWs rather than the high-symmetry
square arrangement.*? In this study, we present the
continuous suppression of the CDW order in NdSeTe,
with the appearing of the superconductivity through
Pd intercalation.

Polycrystalline samples of Pd,NdSeTe; (0 < = <
0.5) were synthesized by the solid-state reaction
method. Stoichiometric amounts of rare earth ele-
ments Nd(3N5), Te(5N), Se(5N), and Pd(3N) powders
were weighed and mixed in a glove box with protec-
tive argon atmosphere, then the mixed materials were
sealed in a thick walled quartz tube under vacuum.
The quartz tube was heated to 650°C in 6 h and held
for 50 h. After cooling to room temperature naturally,
the resulting product was reground, pressed into a pel-
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let, sealed in an evacuated quartz tube and reheated
for another 50 h at 650°C. Then the homogeneous sam-
ples were obtained.
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Fig. 1. (a) The crystal structure of NdSeTez, vdW is the
Van der Waals gap between the double Te layers. (b) Pow-
der XRD data of Pd;NdSeTes with different nominal Pd
contents. Impurity phases, as marked by the red and blue
arrows, appear only for the samples with high doping level.
(c) Lattice parameter b as a function of z in Pd;NdSeTes.

The x-ray diffraction (XRD) pattern of the re-
sulting samples was taken on a PANalytical diffrac-
tometer by using Cu K« radiation at room temper-
ature. Magnetization measurements were carried out
in MPMS SQUID VSM (Quantum Design) with zero-
field-cooled (ZFC) and/or field-cooled (FC) modes.
Transport properties were measured in a PPMS sys-
tem (Quantum Design). The microstructure anal-
ysis and in situ transmission electron microscopy
(TEM) observations were performed on a Tecnai F20
transmission electron microscope, equipped with low-
temperature holders.

As shown in Fig.1(a), Pd ions are considered to
be intercalated into the vdW gap between double Te
sheets, which will give rise to expansion of the unit
cell. Figure 1(b) shows the powder x-ray diffraction
patterns of nominal Pd content samples Pd,NdSeTe,
(0 < z < 0.25), which can be well indexed by us-
ing the orthorhombic crystal structure (NdTes-type).
Impurity phases (PdTe; and NdTesz) appear only for
samples with high doping level (z > 0.12). To ex-
clude the effect of impurity phase, we have synthesized
a pure PdTes sample, no superconducting transition
was observed in both transport and magnetic suscep-
tibility measurements as temperature went down to
1.8 K. Further detailed analysis of the x-ray data gives
the lattice constant b, as shown in Fig.1(c), which
clearly shows that the lattice constant b increases with
the Pd content x, indicating the successful intercala-
tion of Pd into the weakly bonded double Te layers.
It should be noted that, as the formation of impurity
phases mostly is PdTe,, the actual Pd content deviates

from the nominal content at high doping level. Us-
ing energy dispersive x-ray spectroscopy (EDX), the
actual Pd contents in this serial samples have been
determined.
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Fig.2. Normalized temperature-dependent resistivity

data measured on Pd-intercalated samples Pd,;NdSeTes.
CDW transition moves to lower temperature as Pd content
increases. All curves are moved with a certain distance for
better clarity.
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Fig. 3. Superconducting properties of actual Pd content
samples Pd;NdSeTez. (a) T-dependent resistivity in an
expanded region at low temperature. (b) Superconduct-
ing phase transition confirmed by dc magnetic susceptibil-
ity x(T). (c) Electronic phase diagram for Pd;NdSeTes.
Squares and circles correspond to the CDW and supercon-
ducting transition temperature, respectively.

The resistivity of pure NdSeTe, sample is shown
in Fig. 2. It has an anomaly associated with the CDW
transition at approximately 270 K, which is lower than
the single crystal based measurement,””) and a good

117401-2


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 32, No.11(2015) 117401

metallic behavior below 250 K. Generally, the forma-
tion of CDW removes electrons and opens a gap at
the Fermi surface (FS), which would lead to a semi-
conducting or insulating state. However, the metallic
behavior below Tepw can be explained by the partial
nesting effect of FS.[?*?°] While some parallel planar
sections of the F'S nests, other parts of the F'S remain
unaffected and are responsible for conductivity and
superconductivity. With Pd intercalation, the CDW
changed and evolved interestingly. We can see that,
with increasing amounts of Pd, the anomaly becomes
broader and moves to the lower temperature. The
zero resistance emerges at x = 0.06, while a less pro-
nounced anomaly is still observed at around 176 K. At
x = 0.1, the anomaly disappeared resistivity shows
a metallic behavior, meanwhile T, reaches the maxi-
mum value 2.84 K. Further Pd doping does not change
the metallic behavior, which is similar to the Cu dop-
ing 17T-TiSes, and T is found to drop slightly when
x > 0.1. For better clarity, the expanded plots of
the resistivity around 7, are shown in Fig.3(a). For
x = 0.04, the resistivity drops obviously at 1.8 K,
which implies the phase transition from normal state
to superconducting state. For other different Pd con-
tent samples we can determine T, to be 2.53K(0.06),
2.78 K(0.08), 2.84K(0.10), 2.67K(0.11), 2.69K(0.13)
and 2.52K(0.19).

Superconductivity in Pd,NdSeTe, was also con-
firmed by dc magnetic susceptibility with zero-field-
cooled (ZFC) and field-cooled (FC) under 10 Oe. Be-
low x = 0.06, no superconductivity transition could be
observed down to the lowest temperature of our mea-
surement 1.8 K. At « = 0.06, an obvious drop in the
magnetic susceptibility just begins to appear as the
temperature is lowered to 2.53K (Fig. 3(b)), suggest-
ing the onset of a superconducting transition. With
increasing the Pd content, both superconducting tran-
sition temperature and diamagnetic signal increase
and reach the maximum at z = 0.1, for which the
shielding volume fraction is estimated to be over 100%,
which imply the bulk superconductivity in the sample.
The shielding response of larger than 100% is due to
the effect of demagnetization. Further increasing xz
results in suppression of signal strength or transition
temperature. The evolution of T, with increasing the
Pd content observed from susceptibility measurement
is also consistent with the resistivity data. Figure 3(c)
is the phase diagram showing Tcpw and 7. as a func-
tion of actual Pd content in Pd,NdSeTe;. The phase
diagram is quite similar to that of Cu, TiSes,!'? where
the superconductivity emerges when the CDW order
is suppressed by doping. However, one should note
that an important difference between the two is that,
for Cu-intercalated 17-TiSes, the doped electrons en-
ter the bottom of the Ti 3d-induced conduction band,
which dominates the electronic properties, %2 while

the Pd atom has a 4d'°5s° configuration, it seems
that no electron transfer takes place between Pd and
NdSeTe,.[*"] Taking consideration of the structural
similarity to RgTe,, we suppose that the Fermi sur-
face of NdSeTes is also derived mainly by the p-orbits
of the Te atoms, which are formed by the double layers
of nearly square-planar sheets, and the contribution
near Fr from Ry 4f states may be negligible.l*”:3"]
Further theoretical and spectroscopic studies will be
helpful to understand the underlying mechanism.

Another important parameter of superconductors
is the upper critical field H.,. Figure 4(a) shows
the temperature-dependent resistivity of the optimal
doping sample Pdg 1 NdSeTes under different magnetic
fields. With increasing the magnetic field, the transi-
tion temperature T; shifts to lower temperature and
the transition width gradually becomes broader, sug-
gesting the strong anisotropy of the critical field,[*'] as
expected from the two-dimensional electronic struc-
ture. At H = 0.6 T, the superconducting transition
almost cannot be observed above 1.8 K. The corre-
sponding upper critical field H., versus T, is plot-
ted in Fig.4(b), where T. is defined by a criterion
of 90% of normal state resistivity. Since the Pauli
limiting field H, = 1.847; > 0.6 T, the mainly pair-
breaking mechanism in the Pdy 1NdSeTe; is the or-
bital effect. According to the conventional one-band
Werthamer—Helfand-Hohenberg formula H,(0) =
—0.69(dH., /dT)T,, which describes the orbital lim-
ited upper critical field of type-II superconductors, the
value of dH./dT is —0.31 for Pdg 1NdSeTes, and tak-
ing T, = 2.84 K, the upper critical field is estimated
to be 0.61T.

In the previous work, we have reported the su-
perconductivity in Pd,RgTes,l'" in which we found
that, for heavy rare earth elements with smaller ionic
radius, Y and Gd-Tm, the CDW transition temper-
atures Tcpw are relatively low (240-380K) and the
superconducting transition temperatures T, are rel-
atively high (2-3K); while for light rare earth el-
ements with larger ionic radius, La—Nd, Tcpw are
higher (greater than 450K) and T, are lower (less
than 0.6K). No superconductivity was observed in
Pd,CeTes and Pd,NdTes as temperature down to
50 mK. The absence of superconductivity in Pd,CeTes
may be ascribed to the hybridization of the 4f! elec-
trons with itinerant conduction electrons, while it may
not be the same for Pd,NdTes as Nd3* ions are well
localized.!'” However, in NdSeTes, a compound which
can be thought of as substitution of Se atoms for Te
in the RTe slab in NdTes, the CDW transition tem-
perature decreases from higher than 450 K in NdTes
to less than 300K in NdSeTe;. On this basis, Pd-
intercalation in the double Te layer further suppresses
the CDW transition and leads to superconductivity
with the highest T, of 2.84 K.
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Fig. 4. (a) Characterization of the superconductivity in
Pdo.1NdSeTes under magnetic field. (b) The Hc, (T) dia-
gram determined from p(H) data.

Fig. 5.
of the NdSeTez. (b) The T = 300K electron diffrac-
tion patterns of the NdSeTes. (c) The T' = 100K elec-
tron diffraction patterns of the superconducting sample
Pdg.1NdSeTes.

(a) The T = 100K electron diffraction patterns

To directly probe the structural features relevant
to the CDW transition in this ternary rare-earth poly-
chalcogenide system, electron diffraction experiments
were performed on pure NdSeTe; and optimal super-
conducting sample Pdy 1NdSeTes, as shown in Fig. 5.
Our measurements at 100K (Fig.5(a)) clearly show
that there exist super-reflections due to the structure
modulations accompanied by the formation of charge
density waves, compared with the normal state results
in Fig.5(b) at 300 K. While for the superconducting
samples of Pdg 1NdSeTe; at 100 K shown in Fig. 5(c),
the intensity of the superstructure spots evidently de-
creased, indicating the suppression of CDW by the
Pd intercalation. When shown in combination with
temperature-dependent resistivity data and magnetic
susceptibility data, these facts clearly demonstrate the

competition between CDW and superconductivity in
Pd, NdSeTes,.

In conclusion, we have successfully adjusted a
ternary rare-earth polychalcogenide CDW material-
NdSeTe, to be a superconductor via palladium inter-
calation. A superconducting signal first appears in
Pd,NdSeTe, at Pd content of 4%, bulk superconduc-
tivity emerges at Pd content of 6% with T, nearly
2.5K and reaches a maximum of 2.84K at 10%. Fur-
ther Pd-doping suppresses T; to a lower temperature.
Our finding offers an ideal compound for systematic
study of the interplay between CDWs and supercon-
ductivity. Furthermore, the successful adjusting of
superconductivity in Pd,NdSeTes; can also provide
a guideline to exploring superconductivity in other
ternary rare-earth polychalcogenide materials.
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