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Local structure of YNi,B,C superconductor determined by x-ray-absorption spectroscopy
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We have performed NK-edge extended x-ray-absorption fine structure measurements gByINSuper-
conductor T.~15.2 K) in the temperature range 5-220 K. The results show that local structure is distorted
from a perfectt 4/mmmocrystalline structure expected from diffraction measurements b&lpw60 K. Two
different Ni-Ni distances separated by0.09 A may be extracted at 5 K. We argue that ¥BJC is inhomo-
geneous at the atomic length scale and discuss a possible reason for the observed distortions.

The quaternary intermetallic compounds of the recentlydicted for strongly coupled electron-phonon systérasd
discovered borocarbide famfy RNi,B,C (R stands for electrons interacting with spin fluctuatioh#\ question of
rare-earth have very interesting physical properties. Manywhether theRNi,B,C family is in a weak- or strong-
compounds are superconducting, even those that contagoupling regime is not yet settled. Specific heart studies in-
magnetic rare-earth atoms such as Dy, Ho, and Er, whickicate an intermediate-to-strong  coupling  with
opens the road for a detailed study of the interplay betweex ~0.5-1.0 (Ref. 9 and (~0.95-1.15*° but tunneling
superconductivity and magnetism. The structure of theseneasurements show the weak BCS-type redimim the
compounds primarily determined f&=Lu is body-centered BCS theory\ is the ratio of the interaction energy of the
tetragonal (space group4/mmn) and consists oR-C lay-  carriers with phonons that are responsible for the coupling of
ers separated by B, sheets. Further neutron-diffractfon their kinetic energy to the kinetic energy. At-1 the poten-
measurements show thd/mmm nuclear structure regard- tial energy due to the lattice deformation exceeds the kinetic
less of the temperature and rare-earth constituents. F@nergy of the carriers. This is a condition for polaron forma-
YNi,B,C, of particular interest to the present study, the Nition that has been known for a long time as a solution for a
atoms are tetrahedrally coordinated with four B atoms asingle electron coupled with lattice vibratiotts.

2.10 A . Ni-Ni separation of 2.49 A in the Ni layers is similar  In this paper we report on NK-edge extended x-ray-

to the Ni metal interatomic distand@.50 A) so that Ni-Ni  absorption fine-structure (EXAFS) measurements of
interactions will be strong. The layered structure and theyNi,B,C to study the temperature dependence of the local
[4/mmm space group that is shared with several Cu-basedtructure around the Ni sites. Being a direct and fast probe
superconductors as well as the covalent nature of bonding itechnique, EXAFS provides structural information on atomic
the transition-metal borides and carbides raises the possibilength scales and, therefore, directly addresses possible po-
ity that borocarbides might be two-dimensiori@D) high  laron formation. YN}B,C is also particularly interesting be-
temperature superconductors that do not contain either cogause antiferromagneti&F) spin fluctuations have been ob-
per or oxygen. However, self-consistent band structure calserved by pulsed NMRRef. 13 which, like the EXAFS, is
culations on LuNiB,C in the local-density approximatidn a local sensitive technique. One of the goals of our study is
(LDA) show no obvious “few-bands” that summarize the to establish correlations between the EXAFS and NMR re-
electronic structure near the Fermi level. A remarkable peakults.

at E; was found to dominate by Ni states with almost Polycrystalline samples of YBB,C were synthesized
equal proportions of all five Ni &8 orbitals and also involves and annealed as described elsewHeRhase purity was
some Lu ® and B, Cs-p admixture, implying 3D rather checked by powder x-ray diffraction. The sample is body-
than 2D character. Although the spectral weight measured byentered tetragonal with space grolymmm and lattice
photoemissiohis in qualitative agreement with that calcu- parametera=3.52(6) anct=10.54(2) A at room tempera-
lated from LDA'’s density of states, they are different in theture, consistent with previous diffraction measureméhts.
vicinity of the Fermi level. As was pointed out by Fujimori The superconducting properties were investigated by dc sus-
etal,’ it should be a mechanism for the spectral weightceptibility measurements using a superconducting quantum
transfer away fronkE; on an energy scale of 0.5-1 eV that interference device magnetometer. Annealed samples show
may be reminiscent of pseudogap formation as has been pré;~15.2 K in a field of 30 G. X-ray-absorption measure-
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TABLE I. Local structure parameters obtained from the 1S and
2S fits. The number of neighborld,=4 andNg=2.2 with esti-
mated errors of 15%.8(2):0.8(1). The agreement factorR,
=1UMIM(x&*P— x2%2, whereM is a number of data points. For
the fitting ranges of 3.5-17 A in k space and 1.2-2.4 A in
space, the allowed number of the fitting parameters i§REZ. 18.
Numbers of degrees of freedom in the 1S and 2S fityare9 and
v,=6, respectively.
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FIG. 1. Magnitude of the Fourier transforifT) of the Ni > 1s R=2.481+0.005 3.1%0.16 7.0

K-edge EXAFS weighted byk® at 5 K. The FT range is Rhor=2.450£0.009  0.61+0.14 4.2
; 5 2s

k=1.55-17.94 A", square window. Riong=2.536=0.011 1.08+0.21

ments were performed in the transmission mode at HASYZ20 1s R=2.482:0.006  1.62-0.17 8.9
LAB at DESY. NiK-edge spectra were collected at beamline,, og | Ronor=2.465:0.010  0.72+0.16 8.1
EXAFS-II using a Si111) double crystal fixed-exit mono- Riong=2.506+0.010 1.08+0.24
chromator. The higher-order harmonics were suppressed_bw 1s R=2.481+0.005 2.33-0.12 5.9
detuning the second crystal of the monochromator on its Rio=2.461:0.010  0.74+0.12 4.8
rocking curve to~40% of the maximum transmitted inten- 40 2s - 1.40+0.20

sity at the high-energy point taken at 1.4 keV above the Riong=2.519+0.010 T

ionization threshold. The energy resolution was estimated t62° 1s R=2.489-0.008  5.120.30 78

be ~2 eV at an entrance slit of 0.7 mm. The samples were
installed in an Oxford CF1204 flow cryostat with tempera-
ture monitored within+0.5 K. The standard procedures for much faster than the nickel one. This implies that disorder in
experimental data reduction were uSetb obtain k2y (k) the Ni-B pair is presumably at a Ni site, consistent with the
EXAFS spectra. results of NMR(Ref. 13 where one crystallographic B site
Figure 1 shows the magnitude of the Fourier transformVas observed. Therefore, one can focus on the Ni-Ni distri-
(FT) of the k%y(k) EXAFS spectra taken at 5 K. In the bution. o ,
present work we will focus only on the Ni-Ni and Ni-B dis- ~ We performed constrain fits using three and six param-
tributions that appear as a first peak in the FT. There is n§ters for one-sit¢1S) and two-site(2S Ni-Ni distributions
multiple scatteringMS) contribution to this area of space and keeping three parameters Of.NI-B distribution fixed as
because MS terms have longer photoelectron pathlengt{§€y extracted from the primary fit. For the 2S model the
that essentially simplify the data analysis and allow a cleaParameters werdspor, Riong, two DW factors, Ngpor
physical interpretation: the peak is due to single scattering ofNiong=4—Nsnor), and one energy shift\E for the split
photoelectron emitted by absorbing Ni atom by four nickelNi-Ni distances. The results of the refinement at several tem-
and four boron near-neighbor atoms and therefore it involve§eratures are summarized in Table I. Since RE/v,
information on the pair distribution of Ni-Ni and Ni-B at- <R:/»; at two lowest temperatures of 5 and 9 K, the 2S
oms. EXAFS from Ni-Ni and Ni-B pairs were isolated models do improve the goodness of the fits and, therefore,
through a back FTBFT) to k space(Fig. 2). The resulting two different Ni-Ni distances can be extracted. The 2S
data were then fitted with two site distribution®Ry(.y;  Model, indicated by a dashed line in Fig. 2 shows an excel-
=2.49 A andR\;.5=2.10 A, respectivelyas expected from lent agreement with the BFT data. An average Ni-Ni dis-
diffraction measurementé.The amplitudes and phase shifts tance agrees reasonably well with that from the diffraction
were generated by FEFF6 cotfeA reasonably good fit was data. This implies that the long range order in the Ni-layers
achievedRy.g=2.10+ 0.02 A and the Debye-WallgDW)  may be understood as a superimposed average of two differ-
factor, gﬁu_B:5_4i 2.1x10° % A? over whole temperature entlocal Ni-Ni bonds. It is worth mentioning that local struc-

range. Temperature dependence of miﬁﬁ_B extracted from
our data agrees somewhat with that expected from the
Raman-scattering measuremeltsRy; i =2.49+0.01 A, 1=
however, theo?, \; deviates from its standard temperature
dependence below 60 K as revealed from Figg).3This
implies that the Ni-Ni pair distribution is distorted from the I ; ) ]
perfectl 4/mmmstructure expected by diffraction measure- SRR
ments, being more complicated than the one-site distribution. ’ ‘ ’ '

It should be noted that the DW factor corresponding to the 4 6 8§ 10 12 14 16 18

Ni-B bond is relatively large that, in turn, allows some Ni-B k(A )

distribution. It is easy to show by means of direct EXAFS

simulation that assuming a unique Ni site and two site B FIG. 2. Comparison of the Fourier filtered contribution from
distributions it is not possible to achieve a good fit becausei-Ni and Ni-B bonds(solid line) with the fitting curve correspond-
correction is required predominantly in the highespace ing to the constrain 2S model assuming two-site Ni-Ni distribution,
range, where the magnitude of boron contributions falls offT=5 K.

k 2y (k)
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% 2484 —f——{'—/‘{' ated in the assumption of the Ni-Ni split indicated in Figb)3
o
seen in the PDF at20 K as indicated by dot-dashed line,
244 L when two peaks are about to merge into a single narrow peak
’ 100 150 200 and, therefore, to almost restore homogeneity of the sample
T(K) on the atomic length scales.

_ Additional evidence for correlated Ni-Ni motion comes
FIG. 3. Temperature dependenciéa: of the DW factor corre-  from the comparative analysis of experimental and calcu-
sponding to the one-site Ni-Ni distributio(‘b) the Ni-Ni distance lated Ni K-edge X-ray absorption near edge structure
split extracted from the 2S model. All lines are guides to the eye. (XANES), similar to that reported for NdCeCuO
superconducto? Ni K-edge data were collected with an im-

ture distortionscoexistwith superconductivity. Instead, at 13 -\ 4 energy resolution of 1 eV at 5 K inorder to mini-

K and higher temperatures the best fits are given by the ONgqi ¢ effects of thermal motion. We performed extensive

site Ni-Ni dist&ibutions, thboulgh the DW fac;prs incre‘i‘lsez""itrf‘,multiple scattering calculations and found out that the shape
te'mperat.ure ecreases below 60 K. In t. IS case the .S. ¥ the calculated XANES corresponding to completely un-
sl pro_vlde an estimation for the upper limits of _the NI-NI' ¢ orrelated displacements seems to be very smooth compared
bpnd distortions. As revealed from Fig(B3 two different a1 of the experimental spectrum, indicating that the Ni
distances may be extracted upTg~60 K, that correlates .:omic displacements are partially correlated.

with an onset of the anomaly DW factor behavior in the 1S g, present EXAFS studies and the NMR measurements

model. We would like to mention that the large value of thepoint to a local inhomogeneity of YBB,C at low tempera-
DW factor of the one-site distribution and its unexpectedlytures Two 1B resonances are clearlyz observed belbw

: 2 ) -
fast growth with temperaturey®(220 K)—o(60 KI~2.3  5ne of them was reported to come from a “normal-metal”

x10 *AZ gggmst 1x10°* 'ij estimated from the Ein-  o4i0n while the other one comes from a superconducting
stein model® with 0g,=282 cm ~ (Ref. 17 would argue in  e4ion This phase separation was attributed to the local non-
favor of the multiple site distribution even &t>T,. Further  stoichiometry at B and C sites at a microscopic leévdh-
work has to be done to elaborate on this point. terpretation presented here is different. The distortions ob-
Intriguing, that regardless of the models the Ni-Ni distri- served from EXAFS involve too many atoms to be entirely
bution becomes almost homogeneousTaj~20 K, just  associated with imperfections. Indeed, the major variation in
aboveT,. For the 2S model this appears as a minimum inlocal structure is related to relative displacement within the
the split that is relatively small but beyond the uncertainty ofNi layers where Ni atoms do not alternate witlid3 ones.
the fit. Unfortunately, the density of experimental points isTwo groups of Ni-Ni distances separated b.09 A occur
not enough to draw up unambiguously how Tay, is from  over the whole lattice. The next, and most important argu-
T, . Diffraction measurements did not observe any structuraient, is that the Ni-Ni displacements are correlated in the
phase transitions down to 1.5KTherefore, these changes real space, as we have shown above. The imperfections must
are on the atomic length scale. We suggest the minimum tpe randomly space distributed, otherwise the additional dif-
be attributed to a locally correlated motion of Ni atoms in thefraction peaks from their ordering would be observed experi-
vicinity of T, . This situation may be qualitatively explained mentally, that has never been reported to our knowledge. It is
using a pair distribution functiotPDF which is related to  clear that uncorrelated imperfectioatone could not be a
structural parameters derived from the EXAFS fit gér) driving force for the correlated displacements. We suggest
=3N;/(V2ma;)exd — (r —R;)?20?]. Ni-Ni PDFs gener- that the local inhomogeneity at low temperatures is an en-
ated from the 2S data set at several temperatures of interedémic property of YNiB,C.
are shown in Fig. 4, indicating essentially the two-site distri- The experimental results of NMR measurements provide
bution in the superconducting phase<5 K) that still per-  valuable insight into the nature of the distortion in ¥R}C.
sists belowT,~60 K though it looks like an asymmetric The temperature dependence of tAg ) ! relaxation rate
one-site distribution T=40 K), and finally, converges to in the normal state can be described in terms of itinerant AF
Gaussian distribution =220 K). The PDF width reflects spin fluctuationg? It is worth mentioning that there are no
the relative displacement of the atomic pair. If the near-magnetic ions in YNIB,C except for the Ni ones. The only
neighbor atoms tend to move in phase with each other thexplanation for the observed AF spin fluctuation is to assume
PDF would appear as a sharp peak. That is exactly what ithat the Ni atoms carry small moments. This Ni moment is
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not easily captured by conventional neutron diffraction.to enhancement of the exchange interaction but raises the
Powder-diffraction data on YNB,C (Ref. 21) placed an up- lattice deformation energy. The number of moments in-
per limit of 0.13ug for the possible Ni magnetic moment volved seems to be small, because the polaronic mass in-
associated with any antiferromagnetic ordering. However, &reases exponentially with the number of its constituents,
search for the local magnetic moment was performed assun§lppressing its mobility. In order to reconcile the good me-
ing perfectl 4/mmmstructure. In order to capture a magnetic fallic conductivity with spin-polaron formation, we propose
moment on thalisplacedNi ions one needs to analyze mag- that the spin polarons spread over a few unit cells and are

netic peaks up to a momentum transf@r30-40 A1 dynam!c in this regi_on. The dynamic nature of the spin po-
while in Ref. 21 the data were collected fQr<1.6 A 1. larons is al_so tentative because the exchang_e energy between
Thus, neutron-diffraction observations do not contradict theCOUpled splnsh|s O]]: the sr?rr;e qrdeJ of magnltude as .tpe phlo—
presence of a small magnetic moment at the displaced l\ﬁfn energy. Therefore, the lattice dynamics may significantly
sites. terplay with the magnetic dynamics. This question as well

. . as the details of spin-polaron formation require further stud-
Remarkably, there is a clear correlation between the temy, pin-p g

perature dependence of nuclear relaxation rate deduced from I.n conclusion. we have observed the local structure of
NMR experiments abové. and the temperature dependenceyi,B,C superconductor to be distorted within the Ni layers
of Ni-Ni splitting extracted from EXAFS. The relaxation rate pg|ow T,~60 K. It can be modeled assuming a two-site
is proportional to the magnitude of the AF spin fluctuations, - pair distribution at 5 ad 9 K and anomalously broad-
which, in turn, is proportional to an effective local magnetic oned one-site distribution between 13 and 60 K. The tem-
moment at the Ni site. The larger the effective local magnetic‘permure dependence of the PDF indicates a correlated mo-
moment is the stronger the lattice distortions are. We speCyjoy of Ni-Ni pairs in the vicinity of T,. EXAFS

late that this correlation reflects a tight relationship betweenyservations combined with the NMR resi‘.ﬂtpcrovide sup-

the lattice and magnetic degrees of freedom and may be e¥jorting evidences for spin-polaron formation at low tempera-
plained in terms of spin-polaron formatiéh.Perhaps two tures.

magnetic moments belonging to near-neighbor Ni atoms

align ferromagnetically and form a core that is dressed witha  The authors are grateful to A. A. lvanov for help in the
group of antiparallel oriented moments. The approach of Nimeasurements. This work was supported by the Consortium
atoms within the core area lowers the electronic energy dutor Advanced Radiation SourcéBniversity of Chicaga
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