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We present here the results of polarization-dependent x-ray-absorption near-edge stX4dtlES) studies
at the BK, C-K, and NiL ; thresholds of single-crystalline borocarbide compouRrHNs,B,C (with R=Er to
Lu) using bulk-sensitive fluorescence yield technique. The. NKANES spectrum for YbNIiB,C with pho-
ton polarization parallel to th@b plane is significantly more intense than in analogous spectra of other
members of this series. This indicates a reduced dNb8cupancy in the NB, layer in YbNLB,C, a fact that
might be responsible for the absence of superconductivity in this material.
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The observation of superconductivity in the Y-Ni-B-C YbNi,B,C.** The pair breaking by Yb ions is so strong that
system Tc~15K) (Refs. 1 and Rand in the Y-Pd-B-C even 10 at.% Yb in both LuNB,C and YNiB,C, sup-
system Tc~23 K) (Ref. 3 has rekindled intense theoretical pressesTc of the host compound by more than 124¢°
and experimental interest in intermetallic superconductingecause of this hybridizing nature of Yb ions in YbR,C,
systems. While the Y-Pd-B-C material has not been synthethe exchange interaction and density of states change as well,
sized so far in single-phase form, the superconducting Y-Nileading to the failure of deGennes scaling in YhBHC.

B-C phase has been identified as YB4C.* The structure of As shown previously for the cuprates, it is possible to
YNi,B,C is a filled variant of the tetragonal ThSi, struc-  shed light on the origin of superconductivity by studying the
ture (space groug4/mmny (Fig. 1, inse}, which contains hormal-state electronic structulf?e.Polarization—d_ependent
alternating layers of a rocksaltlike Y-C layer and,Bj ar- XANES is a powerful tooI.to e>_<p|ore the eIectromg structure
rays consisting of square-planar Ni layers sandwiched peand bonding character. Since in XANES the transﬂmns from
tween boron planes giving a NjRtetrahedral form, with a a core level are governed by the dipole selection rule, one
gradual changing in B-Ni-B tetrahedral angéngle made by

a Ni-atom with two closest boron atoms which are along the
c axis) from 102° for LaNjB,C to 106° for GdNjB,C to
108.8° for LuNpB,C.> The RNi,B,C compounds R= Dy,

Ho, Er, Tm, and Ly exhibit an interplay between supercon-
ductivity and magnetism, and their superconducting transi-
tion temperaturesT:) apparently scale with the deGennes
factor®~° Both band-structure calculatiolflsand experimen-

tal observations show that the electronic structure and
transport properties of these superconducting compounds are
three dimensional in character, despite their anisotropic crys-
tal structure. The density of electronic stat&09S) at the
Fermi level Eg) in these systems is predicted to be nearly
50% of Ni-3d character, with additional significant contri-
butions from the B-p, C-2p, andR-5d states-° According

to the deGennes scaling, Yh/8i,C was expected to show
superconductivity at=12 K, but turned out to be nonsuper-
conducting down to 0.34 K213 Yb-L, x-ray-absorption
near-edge structureXANES) studies have shown that Yb
ions are trivalent, like in all other rare-earth analogs, and do
not change their valence with temperattfdsrom thermo- L
dynamic and transport measurements in polycrystalline 850 855 860 865
YbNi,B,C (Ref. 12 and single-crystalline Ly ,Yb,Ni,B,C
samples?!* it was shown that in YbNB,C, Yb ions
strongly hybridize with those conduction electrons that give FiG. 1. Polarization-dependent Ni; XANES spectra of
rise to superconductivity. It has been argtfetiat since the  RNi,B,C (with R=Er, Tm, Yb, and Ly taken with the polarization
Kondo temperature of YbNB,C (T~ 10 K) is of the same  vector parallel to theab plane (®=0°: open symbolsand at an
order of magnitude a3 of LuNi,B,C (Tc=16.5K), an angle of ®=65° relative to this plandclosed symbols Inset:
exceptionally enhanced pair breaking takes place irCrystal structure oRNi,B,C.
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obtains information on the spatial distribution of the B;2 method, which leads to a typical sampling depth of 1000 A.
C-2p, and Ni-Xd unoccupied states by measuring the p0|ar_The pressure in the experimental chamber was better than
ization dependence of the XANES spectra atkhedges of 510" *° mbar during the measurements. The sample holder
boron and carbon (&-2p) and at theL edges of nickel ~Was aligned to an accuracy af2° by reflecting the zero-

(2p—3d/4s). Since the probability for transitions fromp2 order incident beam. The energy resolution of the monochro-
to 4s states is about 30 times smaller than that frqori@3d ~ Mator was set to around 250 meV, 200 meV, and 600 meV at

states.’ the experimental results basically reflect the natur he BK, CK, and Niiz absorption edges, respectively.
he monochromator energy was calibrated by measuring the

of 3d unoccupied states. With single-crystal samples an : o
X . L - . . Cu-Lz and OK edges of CuO. To avoid effects of variations
linearly polarized photons, it is possible to selectively eXC|teOf the photon flux with time, the spectra thus obtained were

states with specific symmetries. In our case, when the polardivided by the beam flux monitored simultaneously. An

ization of the m_clldent_ light is parallel to thab plane energy-dependent structure in the photon flux, which is par-
(Ellab), the transitions in the B< and CK XANES spectra ey jarly strong near the carbok edge, was corrected by
take place only to final states withp2 (or 2p,) symmetry,  measuring the total-electron-yieldEY) spectra of a clean
and in the Nii, 3 XANES spectra to states witth2_y2 or  gold foil that was cleaneéh situ with a diamond file, and
dyxy symmetry. When the polarization of the incident light is dividing the FY spectra of the sample by the TEY spectra of
perpendicular to theb plane €|c), the transitions in the the gold foil measured in the same energy range. All these
B-K and CK-XANES spectra take place only tqp2 orbit-  spectra were then corrected for self-absorption using the pro-
als and in the Nik, 3 XANES spectra to 8,2_,2 orbitals.  cedure described by Tger et al?® The spectra at all three
Thus, a systematic investigation of the distribution of theedges measured here, were normalized at an energy of about
unoccupied electronic states, selected in terms of their synB0 eV above the absorption edge, where the final states are
metry, in the serieRNi,B,C (R=Er to Lu) should help us essentially isotropic.
understand the origin of the absence of superconductivity in The Ni-L3 XANES spectra oRNi,B,C are shown in Fig.
YbNi,B,C. 1. In cases of LUNB,C, TmNi,B,C, and ErNjB,C, the

To the best of our knowledge, XANES studies at thespectra taken at normal incidenc® £0°: open symbols,
Ni-L; and BK edges have been carried out so far only forwhere® is the angle between the polarization vector and the
polycrystalline RNi,B,C compounds R=Y, Sm, Th, Ho, surface are only slightly more intense than those taken at
Er, Tm, Lu),*® where it was concluded that the unoccupiedgrazing angle ® =65°: closed symbo)s this indicates that
nickel and boron DOS close - does not vary significantly the anisotropy of the distribution of Ni€B states is only
for the various rare-earth elements, and hence cannot be cartinor. It is to be noted that if there would be saturation
related with the loss of superconductivity in the compoundsffects, which are more pronounced at grazing angle, the
with the lighter lanthanide elements. An electron-energy-los®bserved difference in intensities for the two configurations
spectroscopi¢EELS) study of polycrystalline YNIiB,C has could be explained. However, one also has to note that any
provided some additional information on the G-éxcitation ~ such saturation effect would remain the same for all com-
spectrum™® However, polarization-dependent XANES stud- pounds studied, and hence a relative comparison of the spec-
ies at the BK, C-K, and Ni-L; edges have been carried out tra taken for the various compounds is valid. Considering
only recently, and only on single-crystalline Y/8i,C2° that on closer examination one notices that the difference
Here, we present the results of a systematic polarizationbetween the intensities at the Ni edges, taken at normal
dependent XANES study on single-crystallifieNi,B,C  and grazing incidence, decreases discernibly and systemati-
compoundgwith R=Er to Lu). We note that though inf4  cally with decreasing atomic number of the lanthanide ele-
hybridized systems, such as YbB,C studied here, the ef- ment, there seems to be a genuine effect of anisotropy, even
fect of hybridization on the electronic state of the transitionthough small. This anisotropy is related to the difference of
metal is very important, most of the XANES studies of suchthe partial density of states projected on thle plane or
systems are confined to that of rare-earth ions. The preseperpendicular to it. This small anisotropic distribution of
study is one of a fet# which investigates XANES of the Ni-3d states may be a consequence of the distortion of the
transition metal. NiB, tetrahedra, where the distortion depends on the size of

Single crystals of these materials were grown by the highthe lanthanide atorh.
temperature NB flux method?? The platelike crystals were In the case of YbNB,C, a much more intense peak is
about 2 mnx2 mmx 0.5 mm in size, and had surfaces cor- observed at the Ni-3 absorption edge in th& =0 spec-
responding to theab planes. The lattice parameters of all trum. One can also note that though tBe=65° spectrum
crystals agreed well with literature valug$he polarization-  exhibits a slightly reduced intensity in YoM8,C than their
dependent XANES studies were carried out at room temperaounterparts in other compounds measured here, it is not true
ture at the plane-grating-monochromator beamlinethat the location of empty states has just moved fromcthe
SX700/112% operated by Freie Universit®erlin at the Ber-  axis to theab plane. The sum of the intensities of the peak
liner Elektronenspeicherring “fu Synchrotronstrahlung parallel and perpendicular to tte plane in YbNyB,C are
(BESSY). Due to the hardness of the studied materialsclearly larger than those measured for other members of this
cleaving of the samples parallel to thé planes in the mea- series. This indicates a reduced Ni-8ccupancy in the in-
suring chamber is quite difficuf hence the spectra were plane states of YbNB,C. Since superconductivity in this
measured via the bulk-sensitive fluorescence-yiéftY)  family of materials is believed to arise from NidZlectrons,
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C-K XANES spectra of YbNIB,C and LuNjB,C, measured with
the polarization vector parallel to tteb plane @ =0°: open sym-
bols) and at an angle o =65° relative to this planéclosed sym-

bolg. The spectra were aligned at their respective absorption
thresholds.

FIG. 2. Polarization-dependent B- XANES spectra of
RNi,B,C (with R=Er, Tm, Yb, and Ly taken with the polarization
vector parallel to theab plane @=0°: open symbolsand at an
angle of® =65° relative to this planéclosed symbols

this result seems to give direct evidence as to why supercon-
ductivity should be absent in YbMB,C. We would like to  pounds studied here. The spectral intensity is stronger when
point out that this difference is no longer observed when théhe plane of polarization is parallel to the sample surface,
total number of 8l-valence electrons is reduced by replacingindicating a higher degree of unoccupieg,dor 2p,) states
Ni, e.g., by Co. In the case of nonsuperconductingin the Ni,B, plane as compared top2 states. The observed
Y(Nig+Coy42B,C, e.g., though the total number ofi&lec- features are qualitatively similar to those observed as well as
trons is diluted by substitution with Co, no change in tlie 3 calculated [by the local-density approximationLDA)
states is found from Nl=; XANES spectr&? Since it was method for the BK edge of single-crystalline YNB,C.2°
earlier shown from thermodynamic and transport propertieghere is a small but systematic variation, depending on the
measurement$ 2 that Yb ions hybridize much stronger rare-earth element, in peak (&ig. 2) which may arise from
than other rare earths in this series of compounds, we believie slight change in the NiBtetrahedror,as also suggested
that the reduced @ occupancy deduced from observations isfrom the results of Nit. ; XANES spectra. The anisotropy in
directly related to the effects of hybridization on the Ni-3 peak A in BK edge spectra of YbNB,C is the smallest.
states, and not merely due to a reduction in the number dfVhether anisotropy being smallest for YbpBi,C is because
valence electrons in YbMB,C. This suggests that it is the of a component arising from hybridization off £lectrons,
cause for suppression of superconductivity in YiBJIC.  directly or via Ni, is not clear at present.
While the known systematic from structural data from pow- The CK edge spectra of Lu and Yb compounds are
der samples suggests that there is no drastic change in tisBown in Fig. 3 as part of an overall comparison of the
NiB, tetrahedron of YbNiB,C.® in view of the importance Ni-L3, B-K, and CK spectra. For the purpose of compari-
of the material, a conformation of the same is desirable fronson, the spectra were redrawn with respect to the energies of
a structural study with a single-crystal sample of the matethe absorption threshold487.7 eV for BK, 281.6 eV for
rial. C-K, and 853.2 eV for Nik3). Both in the Lu and Yb CK

The B-K edge XANES spectra d®Ni,B,C are shown in XANES spectra, we observe an anisotropy, but unlike the
Fig. 2. It should be pointed out that unlike the case of FYcase of the XANES spectra taken at the Ni and B edges, the
measurements at the i, ; absorption thresholds, the FY at anisotropy is confined to the threshold region only. A sharp
the K threshold of the light elements boron and carbon ispeak is observed in th® =65° spectrum, but only a shallow
rather weak and difficult to detect. In this work, we overcamestep is found in thé =0° spectra. The spectral intensity of
this problem by using a windowless Ge fluorescence detectdhe @=65° CK edge spectrum is higher than that of the
maintained in very clean and ice-free conditions. Unlike the®=0° spectrum, whereas the reverse is true forLiiand
case found at the Ni-; edge, a prominent anisotropic behav- B-K edge spectra. No perceptible difference is seen between
ior of the B-K XANES spectra(Fig. 2) is seen in all com- the Lu and Yb spectra. From the crystal structure, we realize
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that the boron and carbon atoms are situated approximately In conclusion, we have studied the unoccupied [B-2
one over the other in two different planésee Fig. 1, insgt  C-2p, and Ni-3d density of states of single-crystalline
This suggests that the sharp peak immediately above the aRNi,B,C (R=Er to Lu) by measuring polarization-
sorption threshold originates from hybridization of B2 dependent XANES spectra. The results demonstrate the po-
and C-2, orbitals. At the energy 1 eV above threshold, thetential of polarization-dependent measurements of single-
C-K XANES spectra exhibit a relatively small anisotropy ascrystalline samples. Our results indicate a weakly anisotropic
compared to the B< XANES spectra, and are also signifi- Ni-3d and strongly anisotropic B2 unoccupied density of
cantly dn;foerent from those in YNB,C observed giates for all compounds studied. The anisotropy in the un-
previously<” It is surprising to note that though the local occupied C-P density of states is confined only to the
environments of both B and C atoms are anisotropic, Yefhreshold region. A higher spectral intensity of the INj-
C-K edge spectra exhibit an essentially isotropic charactef(ANES peak close to absorption threshold for YBBLC is
except for a small range at the threshold energy. observed as compared to other members of this series. We

From an overall comparison of Niz and BK spectra : C :
; A g . : argue that this reduction in the occupancy of the Mis3ates
(Fig. 3, a hybridization between Bipand Ni- orbitals is is the result of hybridization, which in turn is the cause of

evident, suggesting covalency of the Ni-B bond. In both . ¢ ductivity i o
cases, the energy positions of the XANES structures nearf@t Suppression of superconductivity in YHE,C.

match. Since the nickel and boron atoms are located approxi- C.M. thanks the Alexander von Humboldt Foundation for
mately in the same plane in this crystal structure, the hybridfinancial support and the Fachbereich Physik of the Freie
ization in the plane should be stronger, as evidenced by thgpjyersita Berlin for hospitality. The work in Berlin and
more pronounced structures in thetBand NiLs XANES  presden, respectively, was supported by the Deutsche For-

spectra taken fof =0 as compared t@ =65°. A similar  g¢pngsgemeinschaft, projects sfb-290/TPA06 and SFB-463
feature was also observed earlier by Pelleggiral. in a (TPAOD) & (TPBO15

study of polycrystalline compound8.
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