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Superconductivity with the enhanced upper critical field in the Pt-doped CuRh2Se4 spinel
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We report the effect of Pt doping on the superconductivity in CuRh2Se4 spinel using a combined experimental
and theoretical study. Our x-ray diffraction results reveal that the Cu(Rh1-xPtx )2Se4 (0 � x � 0.35) crystallizes
in the structure with a space group of Fd 3̄m (No. 227), and the lattice parameter a increases with Pt doping. The
resistivity and magnetic susceptibility measurement results verify that the superconducting transition temperature
(Tc) forms a domelike shape with a maximum value of 3.84 K at x = 0.06. It is also observed that the Pt doping
slightly reduces the lower critical magnetic field from 220 Oe in CuRh2Se4 to 168 Oe in Cu(Rh0.94Pt0.06)2Se4,
while it significantly enhances the upper critical magnetic field, reaching the maximum of 4.93 T in the
Cu(Rh0.94Pt0.06)2Se4 sample. The heat capacity result indicates that the sample Cu(Rh0.91Pt0.09)2Se4 is a bulk
superconductor. First-principles calculations suggest that the Pt doping leads to a redshift of a density of state
peak near the Fermi level, consistent with the domelike Tc observed experimentally.

DOI: 10.1103/PhysRevB.105.054513

I. INTRODUCTION

As a family of well-studied materials, spinel structural
compounds are well-known for their excellent electrical,
magnetic, thermal, and unique properties such as colos-
sal magnetostriction, gigantic Kerr rotation, and multiferroic
[1–6]. The chemical composition of spinel could be described
by AB2X4, where metal ions occupy A and B sites, and X
sites are filled with elements such as oxygen, sulfur, selenium,
tellurium. Even though thousands of spinels have been dis-
covered, only a few spinels exhibit superconductivity (SC).
So far, Li1+xTi2−xO4−δ is the only bulk superconducting oxide
spinel and hosts the highest superconducting critical transition
temperature (Tc) of 13.7 K among the spinel compound family
[7]. Recently, SC has been observed in MgTi2O4 oxide spinel
film grown on the MgAl2O4 substrate, which can be achieved
by engineering a superlattice of MgTi2O4 and SrTiO3 [8].
The other spinel superconductors that have been reported so
far are undoped ternary sulpo- and selenospinels CuRh2S4,
CuRh2Se4, and CuCo2S4, as well as electron-doped CuIr2S4

and CuIr2Se4 [9–18].
Significantly, the heavy metal chalcogenide spinel CuIr2S4

has attracted considerable interest due to the metal-insulator
(M-I) transition (TMI) at T ≈ 230 K, accompanied by an
intricate structural transition that simultaneously engenders
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both charge ordering and metal-metal pairing [19,20]. Be-
sides, the peculiar TMI in CuIr2S4 increases with pressure and
disappears gradually at higher pressure [21], whereas the TMI

is suppressed by Zn substitution for Cu in the Cu1-xZnxIr2S4

series, and SC is induced with a maximum Tc of 3.4 K near
x = 0.3 [16]. It is reminiscent of the emergence of SC in the
doped chalcogenide series [17] and the high-temperature (HT)
superconductors (e.g., cuprates and iron-based pnictides)
[22,23], where the charge density wave or the magnetism
was suppressed by different dopants as a result of doping-
induced destabilization of the charge-ordered or spin-paired
state.

In contrast, such M-I transition is absent in the isostructural
selenospinel CuRh2Se4, in which Tc is around 3.5 K [24].
In addition, Tc in CuRh2Se4 can be enhanced to 4.9 K at
6.5 GPa and possible superconductor-insulator transition
emerges upon further compression with a key characteristic
of broad peak in resistivity [25], which implies that CuRh2Se4

may be in close proximity to some kind of instabilities owing
to an external disturbance despite the absence of charge-
ordering or metal-metal pairing in CuRh2Se4. However, there
are rare reports on the effect of chemical doping on the physi-
cal properties of CuRh2Se4 so far. Thus, this situation inspires
us to explore the chemical doping effect on the physical prop-
erties of CuRh2Se4. In addition, compared with CuRh2S4,
the Rh-4d and Cu-3d orbitals in CuRh2Se4 contribute more
to the electronic states near the Fermi level, as proposed by
previous first-principles calculations [26]. Besides, as far as
we know, the 3d , 4d , and 5d transition metal dopants (e.g.,
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Co, Ni, Ru, Ir) play an essential role in tuning SC in the
iron-based superconductors [27–31]. Therein, Pt substitution
for Fe in BaFe2As2 is reported to cause a significant increment
on the Tc and the upper critical magnetic field (μ0Hc2) [32].
Therefore, it will be interesting to study the properties of
Cu(Rh1-xPtx )2Se4 chalcogenides.

In this study, we synthesize Cu(Rh1-xPtx )2Se4

(0 � x � 0.35) by a conventional solid-state reaction
method. The crystal structure, resistivity, magnetic, and
thermal properties of Cu(Rh1-xPtx )2Se4 (0 � x � 0.35) are
well investigated. Cu(Rh1-xPtx )2Se4 samples in the doping
range of 0 � x � 0.12 exhibit SC. The optimal doping
composition Cu(Rh0.94Pt0.06)2Se4 reaches the maximum of
Tc = 3.84 K. In addition, we also investigate the system’s
magnetic properties and find that the doping of Pt leads
to a slight decline to the lower critical magnetic field of
the spinel structure material CuRh2Se4. However, the Pt
doping significantly increases the upper critical magnetic
field (μ0Hc2) from 0.6 T of the undoped sample CuRh2Se4 to
4.93 T of Cu(Rh0.94Pt0.06)Se4.

II. EXPERIMENTAL PROCEDURE

Polycrystalline Cu(Rh1-xPtx )2Se4 samples were synthe-
sized by a conventional solid-state reaction method. Stoichio-
metric mixtures of Cu (99.9%), Rh (99.95%), Pt (>99.9%),
Se (�99.999%) were placed into the quartz tubes. The
quartz tubes were then sealed under high vacuum ambiance
(<1 × 10–1 MPa) and were heated for ten days in the range
of 825–860 °C. Subsequently, the obtained powder samples
were well reground, pressed into pellets, and sintered again for
48 h at 825–860 °C.

Powder x-ray diffraction (PXRD), equipped with a Bruker
D8 Advance ECO with Cu Kα radiation and an LYNXEYE-
XE detector, was employed to define the crystal structure. The
acquired XRD data was refined by the software FULLPROF

Suite in the Rietveld refinement model using Thompson-
Cox-Hastings pseudo-Voigt peak shapes. The element ratios
were determined by scanning electron microscope com-
bined with energy-dispersive x-ray spectroscopy (EDXS,
COXEM EM-30AX). Temperature-dependent resistivity (R-
T), temperature-dependent magnetic susceptibility (M-T), and
magnetization versus applied magnetic field intensity (M-H)
curves were measured by a physical property measurement
system (PPMS-14T), which is produced by Quantum Design.

First-principles calculations were performed using den-
sity functional theory as implemented in Vienna ab initio
simulation package (VASP) [33]. In particular, the projected
augmented wave method [34] and Perdew, Burke, and En-
zerhof flavor of generalized gradient approximations [35]
to the exchange-correlation functional were employed. The
spin-orbit coupling (SOC) interaction was considered in all
reported results using a second variational method. The
plane-wave basis energy cutoff was chosen to be 540 eV
and the Brillouin zone was sampled with 12 × 12 × 12 �-
centered k mesh to ensure convergence. In order to obtain
doping-dependent electronic structure, we constructed tight-
binding Hamiltonians for both pristine CuRh2Se4 and pristine
CuPt2Se4 using the maximally projected Wannier function
method [36] and symmetrized using full crystal symmetry

[37]. The Hamiltonians for doped compounds were then inter-
polated in the spirit of virtual crystal approximation (VCA).

III. RESULTS AND DISCUSSION

Figure 1 shows the PXRD patterns of Cu(Rh1-xPtx )2Se4

(0 � x � 0.35) and the relative analyses. The XRD Rietveld
refinement for the representative sample Cu(Rh0.95Pt0.05)Se4

at room temperature is shown in Fig. 1(a), which can be
well indexed by spinel CuRh2Se4 (PDF card number: 04-005-
8682), while some samples contain a small amount of RhSe2

impurity (less than 5%, see Table. S2 in the Supplemental
Material [49]). The refined data of other compositions in
the system is presented in Fig. S1 and Table S1. Further,
EDXS is employed to confirm the atomic ratio (see Fig. S2),
implying the obtained compositions are very close to the
target compositions. Also, the EDXS mappings are shown
in Fig. S3, suggesting homogeneity in polycrystalline sam-
ples. When the doping amount of Pt is beyond x = 0.35, a
large amount of PtSe2 phases appears. As shown in the right
side of Fig. 1(b), the peaks at around 35° are enlarged. A
clear left shift for peaks can be perceived when the dop-
ing amount of Pt gradually increases. Based on Braggs Law
2d sinθ = nλ, it is not difficult to draw out the explana-
tion that the interplanar distance increases with the doping
amount of Pt increasing gradually since the ionic radius
of Pt is greater than that of Rh. Subsequently, we perform
quantitative analysis on the XRD data by fitting with FULL-
PROF suite using Thompson-Cox-Hastings pseudo-Voigt peak
shapes to obtain the lattice parameters. The lattice parameter
increases from 10.2645(4) Å for CuRh2Se4 to 10.3297(4) Å
for Cu(Rh0.65Pt0.35)Se4. Figure 1(c) shows the lattice param-
eters as a function of the Pt doping content with a good
linearity.

The R-T and M-T measurements are carried out to sur-
vey the SC. Figure 2(a) displays the normalized resistivity
(ρ/ρ300K ) vs temperature. For 0 � x � 0.35, resistivity de-
creases as the temperature going down from 300 K to the onset
of the zero-drop (around 4 K), implying they are metallic.
Figure 2(b) shows the resistivity trend at low temperatures,
ranging from 1.8 to 4.2 K. The superconducting transition
width is defined as the temperature difference between 90%
and 10% resistivity. Resistivity for Cu(Rh1-xPtx )2Se4 (0 �
x � 0.12) samples reveals a dramatic decrement that the
width is less than 0.3 K. Besides, the Tc of each sample, which
is defined from the average value of the temperature when
the superconducting transition started and ended, is used for
establishing the electronic phase diagram. The highest Tc ≈
3.84 K in the system is observed at Cu(Rh0.94Pt0.06)2Se4, and
is followed by a rapid decline as x increases. Once the doping
percentage reaches 15%, no zero resistivity can be observed
down to 1.8 K. In the light of 5% RhSe2 impurity observed
in part of our studied Cu(Rh1-xPtx )2Se4 (0 � x � 0.35) sam-
ples, we should examine whether the Tc may originate from
the RhSe2 compounds or not. Based on the previous reports,
we find out there is no accurate Tc for the undoped RhSe2

compound. Besides, the Tc of RhSe2-x varies irregularly from
1 to 6 K depending on the Se content [38]. The Tc of the
most similar compound Rh0.94Se2 was around 5 K [39].
These facets can rule out that the Tcs in Cu(Rh1-xPtx )2Se4
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FIG. 1. Structural characterizations of Cu(Rh1-xPtx )2Se4 (0 � x � 0.35). (a) The XRD results after Rietveld refinement for
Cu(Rh0.95Pt0.05)2Se4; (b) XRD patterns for Cu(Rh1-xPtx )2Se4 (0 � x � 0.35). The peak representing the lattice plane (400) was enlarged
in the inset. (c) The trend of lattice parameter as the change of the Pt doping amount.

(0 � x � 0.35) are from RhSe2 impurity, combining with the
following magnetic and specific heat measurements. The Tc

change in Cu(Rh1-xPtx )2Se4 (0 � x � 0.12) can be consid-
ered related to the shift of the Fermi level and scattering effect
based on the following first-principles calculations and RRR
values. When 0 � x � 0.06, Tc increases with the increasing
x due to the enhancement of density of states (DOS); while
x > 0.06, Tc decreases with the increment of x, which may be
the disorder effect become more remarkably. Moreover, the
residual resistivity ratio (RRR) for each sample is exhibited
in Fig. 2(c). The parent sample exhibits a high RRR value
of 37 and a sharp transition to the superconducting state at
3.45 K, denoting that the undoped sample is highly ho-
mogeneous [40]. Also, the subsequent reduction of RRR
points out a reinforced effect in electron scattering, which
might be related to the rising trend of the upper critical
field. Furthermore, SC of Cu(Rh1-xPtx )2Se4 (0 � x � 0.12)
is also investigated by magnetic measurements. Zero-field-
cooling (ZFC) measurements under 30 Oe magnetic field
were applied to detect the diamagnetism of superconduct-
ing Cu(Rh1-xPtx )2Se4 (0 � x � 0.12) samples. As shown in

Fig. 2(d), strong diamagnetic shields and clear superconduct-
ing transitions are observed. The tendency of Tc shows great
agreement with the R-T result at slightly lower level due to
the suppression from the applied magnetic field. However, the
superconducting transition does not appear as steep as it is
expected to be. We suggest that this phenomenon is originated
from the decay of the Meissner screen current, which happens
commonly in polycrystalline samples [32]. Besides, we em-
ployed cylindrical powder samples with an applied magnetic
field parallel to the axis of the cylinder for ZFC measurements
[41]. Therefore, the demagnetization effect caused the 4πχ

values to be less than −1. We then used the formula Hi =
Ha

1−n to modify the value of 4πχ , where Hi is the strength
of the magnetic field inside the sample and Ha is the ap-
plied magnetic field. The values of the demagnetization factor
n calculated from geometric elements vary from 0.5924 to
0.6268.

Subsequently, to determine the lower critical transition
magnetic field μ0Hc1(0), we measured the M-H curves at
different temperatures. For comparison, the parent sample
CuRh2Se4 and the representative sample Cu(Rh0.94Pt0.06)2Se4

are chosen for the test. The test details of μ0Hc1(0) are
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FIG. 2. The measurements of R-T and M-T for Cu(Rh1-xPtx )2Se4 (0 � x � 0.35). (a) The overview of the normalized resistivity (ρ/ρ300 K )
in the range of 1.8 to 300 K; (b) The temperature dependence of normalized resistivity (ρ/ρ300 K ) in the range of 1.8 to 4.5 K; (c) The RRR
value vs Pt content; (d) The ZFC M-T curves for Cu(Rh1-xPtx )2Se4 (0 � x � 0.12) in the range of 1.8 to 4.2 K.

shown in Fig. 3. The upper right insets of Figs. 3(a) and 3(b)
display the M-H curves at various temperatures. When the
external magnetic field is weak, the magnetization intensity
M performs as a linear relation of the external magnetic
field H: Mfit = e + f H , where e is the intercept and f is
the slope of the line [42]. The lower left insets of Figs. 3(a)
and 3(b) exhibit the M-Mfit vs H curves. Commonly, the
value of μ0H∗

c1 is extracted when the difference between M
and Mfit over 1% Mmax. The obtained points shown in the
main panel of Figs. 3(a) and 3(b) are comply well with the
formula μ0Hc1(T ) = μ0Hc1(0)[1−(T/Tc)2]). The estimated
value μ0Ha1(0) of CuRh2Se4 and Cu(Rh0.94Pt0.06)2Se4 are
identified as 100 Oe, 84 Oe, respectively. Due to demagnetiza-
tion, the estimated value μ0Ha1(0) should be modified using
the formula μ0Hc1(0) = μ0Ha1(0)

1−n , where the demagnetization
factor n of CuRh2Se4 and Cu(Rh0.94Pt0.06)2Se4 is 0.5461 and
0.5, respectively. The modified lower critical field μ0Hc1(0)
of CuRh2Se4 and Cu(Rh0.94Pt0.06)2Se4 is 220 Oe and
168 Oe, respectively. This result suggests that Pt substitution
can slightly affect the μ0Hc1(0).

The upper critical fields are studied by the R-T
measurement under diverse applied fields systematically.
Figures 4(a)–4(f) show the measurement process of
Cu(Rh1-xPtx )2Se4 (x = 0, 0.05, 0.06). It can be seen in
Figs. 4(b), 4(d), and 4(f) that Tc puts up a continuous
declination with the increase of the applied magnetic
field intensity. Data plots of the upper critical field
μ0H∗

c2, which are determined by the 50% criterion of
normal-state resistivity values, are used to estimate μ0Hc2(0)
following the Werthamer-Helfand-Hohenburg (WHH) and
Ginzberg-Landau (G-L) theories, respectively. dHc2/dTc,
which refers to the slope of plots near Tc, is used in the
simplified WHH formula: μ0Hc2(0)= −0.693Tc( dHc2

dT )Tc . As
a dirty limit from the WHH model, the calculated values of
CuRh2Se4, Cu(Rh0.95Pt0.05)2Se4, and Cu(Rh0.94Pt0.06)2Se4

are 0.81(2) T, 3.22(2) T, 3.75(8) T, respectively. It is
worth mentioning that the calculated upper critical field
from WHH model must be less than the Pauling limiting
field HP = 1.86Tc, which is a precondition derived from
the Pauling-limiting effect [43]. In this case, HPs of
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FIG. 3. The temperature dependence measurement of lower critical (μ0Hc1) field for CuRh2Se4 and Cu(Rh0.94Pt0.06)2Se4. The inset located
in the upper-right corner showed the variation of magnetization intensity with the increment of the applied magnetic field. The inset located in
the low left quarter showed the intersection point of M-Mfit and 1%Mmax. The curves in the insets of the figure are taken by applying the field
after zero-field cooling.

CuRh2Se4, Cu(Rh0.95Pt0.05)2Se4, and Cu(Rh0.94Pt0.06)2Se4

are 6.311(2) T, 7.072(2) T, and 7.176(4) T,
all of which are higher than the calculated μ0Hc2(0),
respectively. μ0H∗

c2 also follows the function distribution

based on G-L theory: μ0Hc2(T ) = μ0Hc2(0) ∗ 1−(T/Tc )2

1+(T/Tc )2 ,
in which the μ0Hc2(0) can be calculated. As shown in
Figs. 4(a), 4(c), and 4(e), the distribution of spots obeys
the function nicely. The estimated μ0Hc2(0) for CuRh2Se4,
Cu(Rh0.95Pt0.05)2Se4, and Cu(Rh0.94Pt0.06)2Se4 is 1.00(1)
T, 4.03(1) T, 4.93(1) T, respectively. Although there is a
non-negligible difference between the obtained μ0Hc2(0)
values from the WHH model and G-L theory, the results
indicate that Pt substitution can greatly increase the upper
critical fields. We propose that the increase of the upper
critical field is derived from the effect of Pt substitution. RRR
shown in Fig. 2(c) is an indicator of disorder, the reduction
of whose value implies the increase in disorder. Once Pt gets
in, a sharp drop of RRR value is observed, suggesting that the
weak-magnetic element platinum behaves as an effective
scattering center. The employment of weak-magnetic
element platinum does not affect the critical temperature
but significantly augment the disorder. Therefore, the electron
scattering is more intense, and the mean free path of carriers
declines [44–47]. In addition, from Fig. S4, it can be seen
that the enhanced μ0Hc2(0) is corresponding to the shorter
coherence length (ξGL ) and ratio RRR. From these facets,
we speculate the enhanced μ0Hc2(0) in the Pt doped samples
may be induced by the shorter coherence length due to the
impurity scattering.

Further, the intrinsic property heat capacity measurement
at low temperature is performed to confirm the polycrystalline
sample Cu(Rh0.92Pt0.09)2Se4 whether it is a bulk supercon-
ductor. The analysis of heat capacity measurement is depicted
in Fig. 5. The heat capacity mainly comes from the contri-
bution of electron (Cel .) and phonon (Cph.), which can be

described as γT and βT 3, respectively. The heat capacity data
above Tc can be fitted as the equation Cp = γ T + βT 3. The
value of γ and β is determined to be 22.57(20) mJ mol–1 K–2

and 1.65(1) mJ mol–1 K–4, respectively. Figure 5(a) shows
the Cp/T vs T 2 curves measured under the magnetic field
of 0, 1, and 5 T. It is apparent that the superconducting
transition peak shifts to lower temperatures as the magnetic
field increases and even disappears under 5 T magnetic field,
suggesting CuRh1.82Pt0.18Se4 is a type-II superconductor. Fig-
ure 5(b) shows the Cel./T vs T curve in the temperature
range between 1.8 and 5.5 K under zero magnetic fields,
where Cel is obtained by the equation Cel = Cp − βT 3. The
estimated Tc = 3.26 K determined by an equal-area entropy
construction is consistent with the Tc’s extracted from re-
sistivity and magnetic susceptibility measurements for the
polycrystalline sample Cu(Rh0.92Pt0.09)2Se4. The normalized
specific heat jump value 
C/γ Tc is calculated to be 1.52,
which is slightly higher than the Bardeen-Cooper-Schrieffer
(BCS) weak-coupling limit value of 1.43, evidencing bulk
SC. The Debye temperature is available in line with the
formula θD = ( 12π4nR

5β
)1/3, where n stands for the account

of atom per formula unit and R is the molar gas con-
stant. Under the premise of given Debye temperature and
Tc, the electron-phonon coupling constant λep can be calcu-
lated to be 0.63 with μ∗ = 0.13 by employing the McMillan

formula: λep = 1.04+μ∗ln( �D
1.45Tc

)

(1−1.62μ∗ )ln( �D
1.45Tc

)−1.04 [48]. The DOS located

at the Fermi level [N (EF )] can also be estimated by the for-
mula N(EF) = 3

π2k2
B(1+λep )

γ with the value of γ and λep. The
resultant N (EF ) of Cu(Rh0.92Pt0.09)2Se4 is 5.87 states/eV f.u.,
which is lower than that of the undoped sample CuRh2Se4

as shown in Table I. This result also matches the fact that
Cu(Rh0.92Pt0.09)2Se4 has a lower Tc than that of undoped
sample CuRh2Se4.
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FIG. 4. The temperature dependence measurement of the upper critical (μ0Hc2) fields for Cu(Rh1-xPtx )2Se4 (x = 0, 0.05, 0.06);
(a), (c), and (e) show the refinements of Cu(Rh1-xPtx )2Se4 (x = 0, 0.05, 0.06), respectively. The red curve exhibits the refinement by G-L
theory, while the blue curve displays the refinement by WHH model; (b), (d), and (f) show the detailed process for determining μ0H∗

c2.

FIG. 5. The temperature-dependent specific heat for Cu(Rh0.91Pt0.09)2Se4. (a) Specific heat divided by temperature Cp/T vs squared
temperature T 2 under diverse applied magnetic fields. (b) Electronic contribution to the heat capacity divided by temperature (Cel./T ) vs
temperature T in the range of 2.0 to 3.8 K without an applied magnetic field.
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TABLE I. The comparison of superconducting characteristic parameters for spinel compounds. μ0HP is the Pauling limited field. ξGL is the
Ginzburg-Laudau coherence length at 0 K. γ is the constant of electronic specific heat and β is the phonon contribution terms. �D is the Debye
temperature. 
C/γ Tc is the normalized specific heat jump value. λep is the electron-phonon coupling constant. N (EF ) is the DOS located at
the Fermi level.

CuRh2Se4 Cu(Ir0.8Pt0.2)2Se4 CuRh2S4

Compound [12] Cu(Rh0.95Pt0.05)2Se4 Cu(Rh0.94Pt0.06)2Se4 Cu(Rh0.91Pt0.09)2Se4 [17] [12]

Tc (K) 3.38(1) 3.80(1) 3.84(2) 3.47(3) 1.76 3.5
μ0Hc1(0) (Oe) 220(6) − 168(12) − − −
μ0Hc2(0) (T) (ρ50%

N G-L theory) 1.00(1) 4.03(1) 4.93(1) − − −
−dHc2/dTc (T/K) 0.352(8) 1.233(8) 1.418(31) − 2.6 0.614
μ0Hc2(0) (T) (ρ50%

N WHH theory) 0.81(2) 3.22(2) 3.75(8) − 3.2 2.0
μ0HP (T) 6.311(2) 7.072(2) 7.176(4) − 3.2 8.74
ξGL (Å) (ρ50%

N WHH theory) 20.1 10.1 9.36 − 101 −
γ (mJ · mol–1 · K–2) 21.4 − − 22.57(20) 16.5 26.9
β (mJ · mol–1 · K–4) − − − 1.65(1) 1.41 −
�D (K) 218 − − 202.0 212 258

C/γ Tc 1.68 − − 1.52 1.58 1.89
λep 0.63 − − 0.63 0.57 0.66
N (EF ) (states/eV·f.u.) − − − 5.87 4.45 −
ζ (nm) 18.2 8.89 8.16 − 10.1

The electronic phase diagram for Cu(Rh1-xPtx )2Se4

(0 � x � 0.12) is performed to summarize our characteriza-
tions. The acquired Tc from the experiment result of R-T and
M-T is summed up as a curve related to the Pt doping concen-
tration. From Fig. 6, we can find that with the increment of Pt
substitution, Tc shows an upward trend and reaches the maxi-
mum value of 3.85 K for Cu(Rh0.94Pt0.06)2Se4. Subsequently,
Tc drops down at the higher Pt doping region. It can be taken
as evidence that Pt chemical doping can be used to tune the
SC for the spinel CuRh2Se4.

In order to understand the above experimental results, we
have also performed first-principles calculations. Figure 7(a)
shows the electronic band structure of pristine CuRh2Se4 and
CuPt2Se4. For CuRh2Se4 [Fig. 7(a), left panel], two doubly
degenerate bands (band No. 89 – 92) cross the Fermi level
once SOC interaction is considered, creating three doubly
degenerate Fermi surface sheets including a pair of drumlike
pockets and a pair of crosslike pockets at the zone boundaries,

FIG. 6. The electronic phase diagram for Cu(Rh1-xPtx )2Se4

(0 � x � 0.12) vs Pt content.

as well as a pair of starlike pockets around Г point [Fig. 7(b)].
Interestingly, these two doubly degenerate bands are well
separated from all other band states, and are dominated by
the Se-4p and Rh-4d orbitals, as also evident from the DOS
calculation [Fig. 7(c)]. In general, the CuPt2Se4 band structure
[Fig. 7(a), right panel] resembles a heavily electron-doped
CuRh2Se4, since the top of band 91/92 is now ∼0.6 eV
below the Fermi level. However, there are several important
differences, which invalidate the commonly adopted rigid-
band shifting method. Firstly, bands 89–92 are now entangled
with the bands below them. Secondly, bands 89–92 became
more dispersive than they were in CuRh2Se4, possibly due to
the larger hopping terms between Pt-5d orbitals and Se-4p
orbitals than those between Rh-4d and Se-4p, as a result of
the larger atomic radius of 5d wave functions. As a result,
although a direct gap is always present between bands 91/92
and 93/94, the indirect gap between them is decreased from
247 meV to −30 meV.

With the electronic structure of both pristine com-
pound explained, we now address the electronic structure
of Cu(Rh1-xPtx )2Se4 under the spirit of VCA. The doping-
dependent DOS is shown in Fig. 7(d). The elemental
substitution causes a significant red-shift of the DOS peak
around 0.1 eV above the Fermi level, corresponding to the
electron doping effect. At x = 0.1, the DOS peak shifts very
close to the Fermi level, resulting in a peak of N (EF ) [in-
set of Fig. 7(d)]. Increasing Pt doping to x > 0.1, the DOS
peak moves away from the Fermi level, and N (EF ) decreases
monotonically [inset of Fig. 7(d)]. In addition, it is apparent
that the van Hove singularity close to the band edge (located
approximately 0.2 eV above the Fermi level) for pristine
CuRh2Se4 is quickly suppressed upon Pt doping. This can be
understood since the Pt-5d orbital radius is much larger than
the Rh-4d orbital radius. Therefore, the enhanced hoppings
effectively enhance the three dimensionality. According to
the BCS theory Tc ∝ exp(− 1

N (EF )V ), where V is the attractive
potential, the N (EF ) change with respect to doping content
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FIG. 7. The electronic structure of Cu(Rh1-xPtx )2Se4. (a) Band structure of CuRh2Se4 (x = 0) (left panel) and CuPt2Se4 (x = 1) (right
panel). The width of bands are proportional to the orbital composition (red: Rh-4d/Pt-5d , blue: Se-4p, green: Cu-3d). (b) Fermi surface sheets
of CuRh2Se4. (c) Total and projected DOS of CuRh2Se4. (d) Total DOS of doped system.

x is roughly consistent with the experimental observation.
However, the existence of RhSe2 plays the role of hole dopant.
Based on the monovalence assumption of copper, the absence
of copper in the impurity produce 0.5 hole/f.u., causes an ad-
ditional blueshift depending on the concentration of the RhSe2

impurity. As a result, the measured peak was discovered at a
lower doping level than the calculated one.

IV. CONCLUSION

In summary, we have succeeded in synthesizing a series of
Cu(Rh1-xPtx )2Se4 (0 � x � 0.35) spinels via a conventional
solid-state reaction. Combining the experimental and theoret-
ical studies, we find that Pt substitution plays a positive role in
Tc enhancement, reaching a maximum Tc of 3.85 K in the opti-
mal doping composition Cu(Rh0.94Pt0.06)2Se4. Meanwhile, it
can vastly raise the upper critical magnetic field μ0Hc2(0) by

the disorder. This finding sheds light on the discovery of new
spinel SC materials and provide a material platform to study
the mechanism of spinel superconductors.
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