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Electronic structure of carbosulfide superconductors
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We present electronic band structure calculations and x-ray emission and photoelectron measurements of the
recently discovered van der Waals—type layered superconducte&®lland Cy,;sNb,S,C. Good agreement
between our local partial density-of-states calculations and our experimental x-ray emission measurements of
the constituents as well as between calculated and experintgtatispersion curves is found for N8,C.

For Cw/sNb,S,C, we observe a strong interaction between @uaBd S 33p states that is responsible for
shifting the S 33p states toward to the bottom of the valence band.
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I. INTRODUCTION Cu and sintering at 1200 °C for 30 days. J$§C was pre-

pared by stirring CysNb,S,C in 0.2 mol/l iodine dehy-

Layered tr_ansnmn—metal chalcogenides can be INtercay ated acetonitrile solution for 7 days in a nitrogen flow
lated by a wide variety of guest atoms, which can modifyg5ye hox at room temperature. dC was filtered out un-

their physical properties. Recently, layered structures with @er reduced pressure, rinsed with dehydrated acetonitrile,
periodical stacking sequence of sulfur-transition-metalang then dried under vacuum at about 1000 °C for more than
carbon-transition-metal—sulfi,SC,M,S,Cy, andM,S,C, 5 h. Further synthesis details are given in Ref. 3. According
where M is a transition metal of groups IVa and Mwere g x-ray diffraction (XRD) data, Cy,3;Nb,S,C has T-type
discovered The M,S,C, carbosulfides of Ti and Zr are structure with lattice parametera=3.31682) A and c
found to be hard compounds with a high chemical stability,=9.02453) A, whereas XRD data of N{$,C are a superpo-
which is comparable to the corresponding carbfi@m the  sition of 1T and R-type structureg1T, 76 wt% and R,
other handM,S,C-type carbosulfides of Ta and Nb have a 24 wt %).2 Nb,S,C and Cy,sNb,S,C are found to be super-
structure similar to transition-metal disulfides and, thereforeconducting at 7.6 and 4.85 K, respectively.

have a versatile host lattice for intercalation. ThsC] oc- The soft x-ray fluorescence measurements of6 and
tahedrons are separated by double layers of sulfur atom&u,sNb,S,C were performed at Beamline 8.0.1 of the Ad-
weakly bound by van der Waals forces. The nature of thes#anced Light Source at Lawrence Berkeley National Labo-
bonds accounts for the softness of these materials, of whickatory employing the soft x-ray fluorescence endstatishe
Ta,S,C has been proposed as a solid lubricantb,S,C  emitted radiation was measured using a Rowland-circle-type
could not be prepared by direct synthesis, and a topochemgPectrometer with large spherical gratings and a multichan-
cal reaction in conjunction with a chemical process is Ioro_neI two-dimensional detector. The spectrometer resolution at
posed to prepare this compouhiRecently a superconduc- the € 1, S 2, and Cu  thresholds is about 0.4, 0.4, and
tivity with T.=7.6 K was observed for NB,C.1 The Cu- 1.8 eV, respectively. The_e_nerg|es of the incident photo_ns for
intercalated NES,C compound(CuysNb,C) has shown a carbonKea (2p— 1s transition, S L, 3 (3s, 3d—2p transi-

reduction of superconducting transition temperature tc}ion)' and Cula, B (3d, 4s— 2p transition) x-ray emissi_on
P g P pectra(XES) were 300, 230, and 960 eV, respectively.

4.85 K3 In the present paper we have studied the electroniéQesonant inelastic x-ray scattering Spe¢REXS) were mea
structure of NBS,C and Cy,3Nb,S,C using first-principles ; ]
BS, 4sND,S, g princip sured at the carbok edge.

band structure calculations and x-ray emission and phot .
Struct wiatons xray emissi P The NbLp; 5 (4d, 55— 2p transition and SKp; 3 (3p

electron emission measurements. o e .
— 1s transition x-ray emission spectra were measured using
IIl. EXPERIMENTAL AND CALCULATION DETAILS a fluorescent Johan-type vacuum spectrometer with a
position-sensitive detect8rThe palladiumKa x-ray radia-
Cu,;sNb,S,C was synthesized by conventional vacuumtion from an x-ray tube was used to excite the fluorescent S
sintering using appropriate amounts of JSKE, S, and 2/3 Kp,; 3 spectra. A quart1010 single crystal curved tR
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FIG. 1. Crystal structure of
1T-Nb,S,C (a), 3R-Nb,S,C (b),
and IT-Cu,sNb,S,C (c) phases.

=1400 mm served to disperse the radiation. The spectra westates at the top of the valence band o, 84 (Fig. 3 are
measured with an energy resolution of approximatelyformed by Nb 4 and S 3 states. C B states are located at
0.3-0.4 eV, and the x-ray tube was operate®/aP5 keV, the bottom of the valence band, and |3&1d C 2 states are

=50 mA. separated by an energy gap of about 4 eV and show atomi-
The x-ray photoelectron spectt¥PS) were measured us- clike features.
ing an ESCA spectrometer from Physical Electroniesil Using RIXS at the carbonsledge, we have carried out

5600 c) with monochromatic AK« radiation. The pressure quantitative band mapping and compared calculated and ex-
in the vacuum chamber during the measurements was beloperimental dispersion bands. In the band mapping
5x 10°° mbar. Prior to the XPS measurements, the sampleproceduré! the excitation energie€,,, are selected at fea-
were fractured in ultrahigh vacuum. The XPS spectra wereures labeleda-d in the absorption spectrulffrig. 5), which
calibrated using an Au foil to obtain photoelectrons from thecorrespond to points of high symmetry in the Brillouin zone.
Au 4f,, subshell(binding energy of 84.0 eV CarbonKa XES were measured for selected excitation ener-
In order to calculate the band structure of JSC and gies through the C dthreshold and the emission spectra
Cu,3Nb,S,C, we have used the self-consistent tight-bindingwere normalized to the incident flufig. 6) monitored by a
(TB) linear muffin-tin orbitals methoLMTO) in the atomic  transparent gold mesh.
sphere approximatiofASA). Calculations were carried out In order to reconstruct the dispersion curves experimen-
using the TB-LMTO-ASA codéversion 47.1° Atomic coor-  tally from the resonant emission spectra, we have used an
dinates of Nb, S, and C of TtNb,S,C [2d (1/3,2/3, established procedure for example described in Ref. 12. In
0.1413)), 2d (1/3,2/306649)), and X (0,0,0], 3R- Fig. 5 we compare carbdla emission and 4 absorption of
Nb,S,C [6¢c (0,0,0.3792)), 6¢c (0,0,0.2296)), and &  Nb,S,C with our total DOS calculations made for the mix-
(0,0,0], and atomic coordinates of Cu, Nb, S, and C ofture of IT and R phases. The top of the K« emission band
1T-Cuy5Nb,S,C [2d (1/32/3,0.458)), 2d (1/3,2/3, (E=282.6 eV corresponds to zero on the calculated energy
0.12712)), 2d (1/3,2/30.6892)), and I (0,0,0] were scale. The possible values for tkevector for excited C &
taken from Ref. 3. Structures are shown in Fig. 1. electrons are determined by intersecting horizontal lines that
correspond to the selected excitation energies and the calcu-

IIl. RESULTS AND DISCUSSION

15 -
Since the sample of NB,C is a mixture of T and R a

phases, we have simulated its electronic structure as a sum of 10
the electronic structures, calculated for both phases taken in
the relation 0.76LT)+0.243R). Figure 2 shows total densi-
ties of states for pure phases and their weighted sum. As one
can see, the DOS weakly depends on the crystal structure.

The calculated electronic band structures of,8jiC
(wighted sum of T and R phases and Cy,;sNb,S,C are
given in Figs. 3 and 4. The NbpB, 15 SL, 3 SKB;, and C
Ka XES, which probe Nb d, S 3, S 3, and C 2 states,
respectively, are converted to the binding energy scale using
core-level XPS measurements. The data are compared with
calculated partial density of statd309) in the same figures
and show good agreement between theory and experiment. /\

The total DOS curves show metallic like features with Ty T
density of states at the Fermi lev&l(Er) of 0.94 and
1.87 states eV* (unit cell)™ for Nb,S,C and Cy;3Nb,S,C,
respectively, which agrees with Ref. 3 where charge transfer FIG. 2. Total densities of states of MC calculated for T and
from Cu to NBS,C and an increase in conduction electrons3Rr phases and as a weighted sum ®fahd &R phases taken in the
are suggested. Based on these calculations, the electronigation 0.761T)+0.243R).
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FIG. 5. CKa x-ray emission and Cslx-ray absorption spectra
and total density of states of MN®,C.
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Following the idea ok momentum conservation, vertical
lines from these intersection points are drawn to the disper-
Energy [¢V] sion curves for the occupied states from where the subse-
quent radiative decay will occysee the vertical lines in Fig.
FIG. 3. Total and partial density of states of J$5C (solid and 7). The energy positions of these occupied states correspond
dashed lines Nb LB, 15 SLy 3 SKB, and CKa XES. to the energy positions of features in the carlBanemission
spectrum for each selected excitation endspe Fig. 6, and
lated dispersion curves forp2vacant stategsee, for ex- the points where vertical and horizontal dotted lines intersect
ample, the solid horizontal line in Fig. 7, corresponding to anare represented by the symbols in Fig. 7. The same procedure
excitation energy of 282.6 eV that intersects the dispersiofis used for each carbdfa emission spectrum and different

curves of the unoccupied states in three points symbols represent different excitation energies. The obtained
results agree well with the calculated dispersion curves for
I Nb,S,C (Fig. 7).
1Cwu,,Nb,S,C Total DOS One can see from Figs. 3 and 4 that introducing Cu to
10_ Nb,S,C results in changes most noticeably in the sulfur en-
: )AMA,\‘W ergy bands: S 8states shift to lower energies and away from
0 - the top of the valence bar(dbout 4.1 eV. S 3p and Nb 4
101 Cu3d Cu Lo XES
51 |, NbSC

g
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FIG. 6. CKa x-ray emission spectra of N8,C measured at
FIG. 4. Total and partial density of states of £aglb,S,C (solid excitation energies of 283.1 eYturve a), 285.0 eV (curve b),
and dotted lings CuLa, Nb LB, 15 SL; 3 SKB, and CKa XES. 288.5 eV(Curvec), and 290.5 eMcurved).

024528-3



KURMAEYV et al. PHYSICAL REVIEW B 71, 024528(2005

CuLa XES —o— Cu,,Nb,S,C
R Cu metal
® 2831eV 7 —— CulrS,
O 2850eV g —— Cu0
v 28856V £
A 2905eV =
2
'~ g
>, 5
&
[+
K T T - T
920 930 940 950 960
Emission Energy [eV]
FIG. 8. Cu La, B emission spectra of a carbosulfide,
CuysNb,S,C, and reference compounds Cu metablid areg,
Culr,S,, and CuO.
-10 . . .
G KM GA LH A According to our band structure calculations, the density

of states at the Fermi level is 1.18 stat@d/ cell) for

FIG. 7. Comparison of calculated and experimental dispersiorlT-Nb,S,C, 1.60 stategeV cell) for 3R-Nb,S,C, and
curves based on the analysis of the&@ x-ray emission spectra of 1,97 stateseV cell) for CuysNb,S,C. Based on these

Nb,S,C measured at excitation energies of 283.1, 285.0, 288.5, anqajues one would therefore expect h|gh'é(!f values for
290.5 eV. CuysNb,S,C than for NS,C but the experiments show the

; ; ; ite behaviorT.=7.6 K for Nb,S,C andT.=4.85 K for
states are split and reside about 3 eV higher. The@Gtates ~ °PPOS! 3 ¢ . ¢
are slightly shifted toward the top of the valence bahy ~ CUzaND.S;C.> The decrease i for Cu-doped NBS,C
about 0.5 eV. We note that in undoped NB,C the S $ and does not correlate with the decrease of the density of states at
Nb 4d states reside in almost the same energy range throudﬁe Fermi level and could be explained by intercalation of Cu
almost the entire valence band whereas thepGstates are  Aloms between the layers. This intercalation results in reduc-

situated close to the bottom of the valence band. tion of the two dimensionality of the compound, which is
The insertion of Cu 8 states(near the center of the va- known to be one of the favorable conditions for supercon-

lence banyitherefore strongly affects the electronic structureductivity.
of Nb,S,C, pushing S 8and S $ states out of the Cud3
band energy. Such behavior was observed also in ternary IV. CONCLUSION
copper tellurides and selenides and is discussed in terms of |y conclusion, we have studied the electronic structure of
the d-sp resonance modéf. Based on our findings we can yan der Waals—type layered superconductors® and
conclude that a Strong interaction between GCuaBd S 3, CUZ/3Nb232C by means of X-ray photoe'ectron emission and
3p states takes place in guND,S,C which enhances the resonant emission spectroscopy and compared with our band
interaction between layers and can be reason for reduction @fructure calculations. We find good agreement between the
superconductivity in NJB,C. It was shown in Ref. 14 that 2 partial density of state calculations and the measured x-ray
strong interaction with iron-impurities between layers in emjssion spectra of the constituents as well as between cal-
iron-doped Tagreduces the superconducting transition tem-cylated and experimentgl(k) dispersion curves for Ni$,C.
perature. For CusNb,S,C, the strong interaction between Cd &nd

In Fig. 8 nonresonant Clia, B XES of CuysNb,S,C are g5 as3p states pushes the 33 states out of the CudBband
compared with spectra of Cu metal and reference compoundshergy. Inserting of Cu into NB,C induces a strong inter-
of different valence, Cuj, (Cu’, metal conductivity and  action between layers that reduces the two dimensionality of
CuO (Cu, insulato). The intensity ratiol(LB)/I(La) iS  this compound and leads to a decreasd of
small for pure metal and deviates from the value of 0.5 ex-
pected due to the=3/2 andj=1/2 occupancy ratios. This is
a result ofL,L3M, 5 Coster-Kronig(CK) processe$? It is
further known that the(LB)/I(La) intensity ratio increases Funding by the Research Council of the President of Rus-
from pure 3 metals to their oxides because the nonradiativesian Federation(Project No. NSH-1026.2003.2 Russian
L,L3M, 5 CK transition probability is expected to be lower Ministry for Industry and SciencéProject on Superconduc-
for 3d oxides than for metals. Reference 16 suggests that on#vity of Mesoscopic and Strongly Correlated Systenend
of the CK channels is due to excitation of free carriers andhe Natural Sciences and Engineering Research Council of
this channel is largely suppressed in metals. The intensit€anada(NSERQ is gratefully acknowledged. The work at
ratio I(LB)/1(La) for Cu,sNb,S,C is small and comparable the Advanced Light Source at Lawrence Berkeley National
with that for pure Cu metal since the Cu-intercalated carbotaboratory was supported by the U.S. Department of Energy
sulfide is characterized by metallic conductivity and, there{Contract No. DE-AC03-76SF000280ne of the authors
fore, a decrease of number of carriers leads to disconnectidiV.R.G)) gratefully acknowledges support from the Deut-
of the CK channel. scher Akademischer Austauschdie(@BAAD) Program.
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