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The quaternary intermetallic compound superconductor YNi2B2C with transition temperatureTc515.5 K
has been investigated by11B and 89Y nuclear magnetic resonance~NMR! and by magnetic susceptibilityx
measurements both in the normal and the superconducting states. The NMR and relaxation measurements have
been performed in a powder sample and single crystals.11B ~I53/2! NMR spectra display patterns typical for
an axially symmetric field gradient with quadrupole coupling frequencyvQ569861 kHz and89Y ~I51/2!
data show spectra typical for a large anisotropic Knight shift,K, with axial symmetry~3Kax50.042%!. In the
normal state, the11B K increases with decreasing temperature while89Y K decreases. The temperature depen-
dences of both the isotropic~K iso! and anisotropic~3Kax! components of the11B and 89Y Knight shifts are
presented together with dc magnetic susceptibility~x! measurements obtained from magnetization measure-
ments and are explained by the sharp features of the density of states near the Fermi level in the system. The
analysis of the NMR andx(T) data when combined with the theoretical calculation of the Van Vleck contri-
bution tox(T) allows the determination of the hyperfine coupling constants for both nuclei investigated and
permits the separation of the different contributions to the total measuredx(T). The nuclear spin-lattice
relaxation rate~NSLR! ~T1

21! results for11B show an enhancement of (T1T)
21 when lowering the temperature,

consistent with previous results. It is shown that the enhancement of the11B NSLR is not due to the effects of
antiferromagnetic fluctuations of Ni magnetic moments but simply due to the increase of thes-band spin
susceptibility with decreasing temperature as reflected in the temperature dependence of the Knight shift.
Contrary to the case of11B, the89Y NSLR displays a (T1T)

21 which is independent of temperature, indicating
that the dominant contribution is from a large temperature-independent orbital Knight shift. In the supercon-
ducting state, the11B NSLR drops rapidly without a coherence peak and is found to fit BCS behavior with a
superconducting gap parameter atT50 given by 2D05~3.460.5!kBTc . @S0163-1829~96!01745-6#

I. INTRODUCTION

The recently discovered quaternary intermetallic com-
pound superconductors,RNi2B2C ~R5Sc, Y, Th or a rare-
earth element!,1–5 have aroused great interest due to high
superconducting transition temperatures,Tc ~e.g., Tc516.6
K for R5Lu! compared with most other intermetallic com-
pounds, and due to the presence in the lattice of nickel,
which in its elemental form is an itinerant ferromagnet. Fur-
thermore the compounds containing the magnetic rare-earth
ionsR5Dy,5 Ho, Er, and Tm~Ref. 2! also exhibit supercon-
ductivity. The structure6 consists of a square lattice of Ni
atoms bounded by B layers. These Ni2B2 layer blocks are
separated and bonded together by YC layers. Thus the struc-
ture is qualitatively similar to those of the layered cuprate
high-temperature superconductors~HTSC’s!. However, elec-
tronic band-structure calculations7–12 indicate that these
compounds are three-dimensionald-band metals and that su-
perconductivity arises from the conventional electron-
phonon mechanism. Compared to other intermetallic com-
pounds, the relatively highTc is thought to arise from a
relatively high density of states at the Fermi energy.9 Indeed,
low-temperature heat-capacity measurements of YNi2B2C
~Refs. 13–15! and LuNi2B2C ~Refs. 15 and 16! showed a
relatively large electronic linear heat capacity coefficient
g'19 mJ/mol K2.

An important issue is the magnetic behavior of the Ni

layers because of their analogy with the Cu layers in HTSC.
Preliminary NMR investigations have suggested the possibil-
ity of antiferromagnetic~AF! fluctuations of the Ni magnetic
moments in YNi2B2C and LuNi2B2C ~Refs. 17–20! based on
the deviation of theT dependence of the11B nuclear spin-
lattice relaxation rate~NSLR! ~T1

21! from the predictions of
the Korringa relation 1/T1T}K2. Our subsequent accurate
measurements in a single crystal, briefly summarized in Ref.
21, have shown that when the temperature dependence of the
Knight shift K is properly taken into account the11B NSLR
obeys the Korringa relation without need to invoke the pres-
ence of AF correlations. In this paper we present the com-
plete detailed investigation of both the11B and the89Y NMR
and relaxation in single crystals of YNi2B2C. Measurements
of magnetization, i.e., of dc magnetic susceptibilityx were
also performed on the same single crystals. The analysis of
the data is aided by the results of theoretical calculations of
the bare spin and the Van Vleck contributions to the mag-
netic susceptibility. By combining the NMR data, thex data
and the theoretical estimates we separated the different con-
tributions to the total measuredx(T) and established the
temperature dependence and the anisotropy of each term.
The analysis provides useful information on the hyperfine
interactions and on the electronic properties of the system in
its normal metallic state and gives strong evidence against
the presence of AF correlations within the Ni sublattice. Fi-
nally, we report an estimate of the superconducting gap pa-
rameterD0 at T50 obtained from11B NSLR data belowTc ,
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which is found to be consistent with the BCS prediction for
an s-wave superconductor.

II. EXPERIMENTAL DETAILS

Single crystals of YNi2B2C with Tc515.5 K were pre-
pared at Ames Laboratory by the method described in detail
elsewhere.22 11B and 89Y NMR measurements were per-
formed in a powder sample and in a stack of single-crystal
plates of YNi2B2C having an approximate total volume of
103431 mm3. The typical size of a single plate in the stack
was approximately 3.533.530.3 mm3. The measurements
were performed both in the normal and in the superconduct-
ing state with a pulse Fourier transform~FT! spectrometer in
external fieldsH of 0.9, 1.2, 2.4, and 8.2 T. In particular, an
accurate investigation of the normal state was made on the
single crystals in an Oxford Instruments superconducting
magnet atH58.2 T with field inhomogeneity less than 0.1 G
operating at 112 and 17.1 MHz for11B and89Y, respectively.
The 11B ~I53/2! NMR shifts of the central line were mea-
sured with respect to the resonance frequency in H3BO3
aqueous solution and for two orientations of magnetic field,
Hic andH'c ~the c axis is perpendicular to the Ni layers!.
The 11B NSLR’s were measured using a single-pulse satura-
tion method. The89Y ~I51/2! Knight shifts measurements
were performed on the single crystals with the respect to
YCl3 aqueous solution forHic andH'c. On the other hand,
the89Y NSLR could be measured only on the powder sample
with irradiation at the resonance frequency of the singularity
corresponding to the resonance for the orientationH'c. This
limitation is dictated by the poor signal-to-noise ratio in the
stacked single crystals due to the limited penetration of the
radio frequency into the bulk of the sample and the small
filling factor of the single-crystal plates.

The dc magnetic susceptibility measurements were ob-
tained from the ratio of the magnetization to the applied
field. Magnetization measurements on a single crystal were
carried out using a Quantum Design SQUID magnetometer
for two field orientations in the normal state. A nonvanishing
magnetizationM0(T)'~0.1560.05! G cm3/mol atH50 was
obtained from the extrapolation of the linearM (H) data for
1<H<5 T to H50 at each temperature. This effect was
attributed to the presence of ferromagnetic impurities,
equivalent to a concentration of'6 at ppm of iron metal
with respect to Ni. The data in Fig. 4 below are corrected for
this spurious contribution.

III. EXPERIMENTAL RESULTS

A. 11B and 89Y NMR spectra

The 11B NMR spectrum is shown in Fig. 1 at room tem-
perature measured both in a powder sample at 15 K@Fig.
1~a!# and single crystals at 300 K@Fig. 1~b!#. As shown in
Fig. 1~b! both the central line~11/2↔21/2 transition! and
the satellite transitions~13/2↔11/2 and23/2↔21/2 tran-
sitions! are relatively narrow~about 6 kHz! for both orienta-
tions of the magnetic field,Hic andH'c. This circumstance
indicates that the single crystals are free of structural defects
and that the alignment of the different crystals stacked with a
commonc axis is very good.

The separation of the satellite transitions in first order
perturbation theory obeys the simple relation23

dn5
nQ
2

~3 cos2u21!, ~1!

where the quadrupole coupling frequency is defined as
nQ[e2qQ/2h in terms of the nuclear quadrupole momentQ
and of the largest componentq of the axially symmetric
electric-field gradient. From the spectrum in Fig. 1~b! one
derivesnQ5~69861! kHz at room temperature. No measur-
able change of the quadrupole interaction could be observed
from 300 down to 15 K, indicating the absence of structural
changes in this temperature range. It is noted that forHic the
position of the central line is not affected by quadrupole
interactions while forH'c the position of the central line is
shifted by second-order quadrupole effects as
n'5n013nQ

2/16nL , wheren0 is the resonance frequency in
the absence of the quadrupolar interaction andnL is the Lar-
mor frequency.23 Thus in order to measure the Knight shift at
H58.2 T ~nL5112 MHz! for the perpendicular orientation
we subtracted 815 Hz from the observed resonance fre-
quency.

The full width at half maximum of the central line is
plotted in Fig. 2 as a function of temperature for two field
orientations. At room temperature the NMR is inhomoge-
neously broadened as indicated by the presence of a spin
echo following ap/2-p pulse sequence. The temperature de-

FIG. 1. 11B NMR spectra in YNi2B2C: ~a! in a powder sample
and ~b! in stacked single crystals.
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pendence, which becomes pronounced below 100 K, is a
clear indication of a broadening mechanism associated with
a random distribution of localized magnetic moments. The
effect will be discussed further on in connection with the
susceptibility measurements.

The 89Y NMR spectrum at room temperature is shown in
Fig. 3. The upper trace represents the powder pattern in a
polycrystalline sample with the singularity corresponding to
crystallites oriented withH'c and the step corresponding to
Hic. The lower trace represents the NMR spectra in the
single crystal for the two orientations of the magnetic field
with respect to thec axis. The excellent correspondence on
the frequency scale of the single-crystal signal and of the
singularities in the powder pattern is worth noting.

B. Magnetic susceptibility measurements

The experimental data for the magnetic susceptibilityx as
a function of temperature and orientation are shown in Fig.
4~a! where the data are corrected for the tentative contribu-
tion of small amounts of ferromagnetic impurities as dis-

cussed above. The main features are the quite large anisot-
ropy of x, x'2xi ~[23xax!, and the considerable
temperature dependence of both the isotropic component
xiso[~xi12x'!/3 and the anisotropic component,
23xax[x'2xi . A weak Curie-type increase at low tempera-
ture ~,50 K! is observed forxiso but not forxax. This effect
is attributed to the presence of a small concentration of ran-
domly distributed local magnetic moments which could be
paramagnetic impurities. The separation of the different
terms contributing to the measured susceptibilityx will be
described in Sec. IV A.

C. 89Y Knight shift and nuclear spin-lattice relaxation rate

The temperature dependences of the89Y Knight shifts,
89K, in stacked single crystals and in a powder sample are
shown in Fig. 5 forHic andH'c. For the powder sample the
data refer to the singularity in the spectrum and thus repre-
sent the Knight shift of the crystallites with thec axis per-
pendicular to the field direction. The data in Fig. 5 are not
corrected for the demagnetization effects and this is the rea-
son why theK' data for the stacked single crystals are dif-
ferent from the correspondingK' data from the powder sin-
gularity. The data can be corrected for demagnetization
effects by utilizing the relation23

Km~T![
nm2nL

nL
5K~T!14pS 132D Dx, ~2!

FIG. 2. 11B NMR linewidth Dn of the central lines vs tempera-
ture for two magnetic field orientations with respect to the crystalc
axis: Hic and H'c for H58.2 T. The curves are fits
Dn5Dn01bx imp ~see the text for details!.

FIG. 3. 89Y NMR spectra in YNi2B2C for H58.2 T at 300 K.
The upper trace is the spectrum in a powder and the lower traces are
the spectra in stacked single crystals for two field orientations with
respect to thec axis.

FIG. 4. ~a! Magnetic susceptibilityx vs temperature in a
YNi2B2C single crystal for two magnetic field orientations.~b! The
isotropic component ~xiso! vs the anisotropic component
~23xax[x'2xi! of the susceptibility.
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whereD is the demagnetization factor andx is the measured
magnetic susceptibility.Km(T) is the measured shift shown
in Fig. 5 whileK(T) is the correct Knight shift value. Thex
in Eq. ~2! is in dimensionless volume units and is obtained
from the molar susceptibility data in Fig. 4 by multiplying by
d/M with M5239.9 g/mol being the molar mass and
d56.09 g/cm3, the mass density of YNi2B2C.

By using the measured values of volume susceptibilityx
and assumingD'51/3 for a powder sample, we find that the
average value of the demagnetization factor needed to match
theK' data vs temperature in single crystals and in the pow-
der sample isD'50.0660.02. This value is in good agree-
ment with the theoretical value,24 D'50.054, estimated for
the average dimensions 3.533.530.3 mm3 of the single-
crystal plates. AssumingDa5Db5D' and using the relation
Da1Db1Dc51, we findD i5Dc50.88. Here the factors of
0.88 and 0.06 take into account the deviations from the ideal
thin slab geometry of our crystals. The Knight shifts, cor-
rected according to Eq.~2! using the experimentalx(T) val-
ues in Fig. 4~a!, are shown in Fig. 6~a!. The quantities plotted
in Fig. 6~b! are the isotropic~K iso! and anisotropic~Kax!
components of the Knight shift tensor defined in the usual
way: K iso[1/3(K i12K') and 3Kax[K i2K' .23 TheKax is
seen to be temperature independent whileK iso decreases with
decreasing temperature.

The 89Y NSLR results are shown in Fig. 7 in a plot of
1/T1T vs temperature. Since the measurements had to be
performed in the powder sample no firm information about
the anisotropy of the relaxation is available. The data in Fig.
7 were collected by irradiating at the frequency of the singu-
larity in the NMR powder spectrum of Fig. 3 and thus refer
mainly to the conditionH'c. However, since the spectral
width of the radio-frequency pulse also partly covers nuclei
in crystallites with different orientations one would expect to
see some nonexponentiality in the recovery of the nuclear
magnetization if the NSLR’s were strongly anisotropic.

Since the recovery was found to be exponential one can de-
duce that the anisotropy of the NSLR, if present at all, is
small relative to the isotropic component.

D. 11B Knight shift and nuclear spin-lattice relaxation rate

The11B Knight shift ~11K! results are shown as a function
of temperature and orientation of the external magnetic field
in Figs. 8~a!–8~c! where the corrections for the second-order
quadrupole effects and demagnetization effects have been
done in the same ways as described above for the89Y Knight
shift. Contrary to the results for89Y shown in Fig. 6, the
anisotropic part of the11B Knight shift is more than 1 order
of magnitude smaller than the isotropic part and both display
a sizable temperature dependence. In addition, contrary to
the relation betweenxiso and23xax in Fig. 4~b!, one finds a
good linear relation between11K iso and

11Kax in the whole
temperature range investigated as shown in Fig. 8~c!.

The 11B NSLR’s are shown in Fig. 9 as a function of
temperature and for the two orientations of the external mag-
netic field with respect to thec axis. The remarkable feature
is that no measurable anisotropy of the NSLR is present, in

FIG. 5. 89Y Knight shift 89K vs temperature in YNi2B2C. The
solid symbols denote~j! 89K i ~Hic! and~d! 89K' ~H'c!, respec-
tively, in stacked single crystals. Open circles~s! denote the shift
of the resonance frequency of the singularity in the spectrum of the
powder sample~see Fig. 3!. The singularity is from the powder
grains whose crystal orientation satisfies the condition,H'c.

FIG. 6. ~a! 89Y Knight shift 89K vs temperature and~b! the shift
componentsK iso andK

ax in YNi2B2C. The data are corrected for
the demagnetization effects~see the text!.

FIG. 7. Temperature dependence of89Y (T1T)
21 in a YNi2B2C

powder sample.
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contrast with both the susceptibility and the Knight shift re-
sults shown in Figs. 4 and 8, respectively.

IV. DISCUSSION

A. Separation of the magnetic susceptibility into its different
contributions from calculations and experiments

The measured susceptibilityx can be partitioned as

x5x imp1xsp1xorbit

5x imp1xsp1xLandau1xcore1xVV, ~3!

where ximp is an extrinsic defect or impurity contribution,
xVV is the Van Vleck orbital contribution,xLandau is the or-
bital contribution due to conduction electrons, andxsp is the
Pauli spin susceptibility which can be temperature dependent
in the presence of sharp features in the density of states
~DOS! near the Fermi level.23

First we argue thatx must include a small contribution
ximp from randomly distributed localized magnetic moments.
These moments could arise either from paramagnetic impu-
rities in the sample or from a small percentage of localized
Ni moments in the proximity of defects. The conclusion is
based on the increase of the11B inhomogeneous linewidth

below 100 K~see Fig. 2! and the corresponding upturn ofx
shown in Fig. 4. As further evidence, the Knight shifts
shown in Fig. 8 do not track the linewidths and the suscep-
tibilities below 100 K as expected; a random distribution of
paramagnetic moments would broaden the line without af-
fecting the shift of the center of the line, as observed.

In order to determineximp we first note thatximp is isotro-
pic, sincexiso(T) in Fig. 4~a! shows a Curie-like upturn be-
low '50 K whereasxax(T) does not. Above 100 K we find
that xiso5P~23xax!1Q, where P51.0960.02 and
Q5~1.4760.03!31024 cm3/mol, as shown in Fig. 4~b!. We
now assume that the intrinsic susceptibilityx iso

intr below 50 K,
whereximp begins to contribute, is given by the same expres-
sion, x iso

intr(T)5P@23xax(T)#1Q. Then,ximp below 50 K is

found: ximp5xiso2x iso
intr . The obtained~ximp!21(T) is plotted

in Fig. 10. Theximp(T) data in Fig. 10 are described by a
Curie-Weiss law

x imp5
3.1

T~K !10.5 K
~1024 cm3 K/mol!. ~4!

At 16 K, ximp represents about 9% ofxiso. The concentration
of impurities which accounts forximp in Eq. ~4! is 830 molar
ppm of local moments withS51/2 andg52. However, for
magnetic rare-earth impurities with large effective moments
the concentration would be lower, e.g., 40 molar ppm of Gd
~S57/2, g52! impurities.

FIG. 8. 11B Knight shift components of the central line in
stacked YNi2B2C single crystals:~a! 11K i ~Hic! and 11K' ~H'c!
vs temperatureT, ~b! 11K iso and

11Kax vsT, and~c! 11K iso vs
11Kax.

The data are corrected for the second-order quadrupolar and demag-
netization effects.

FIG. 9. Temperature dependence of11B (T1T)
21 in stacked

YNi2B2C single crystals forH58.2 T for both magnetic field ori-
entations.

FIG. 10. Contribution of paramagnetic impurities to the suscep-
tibility: ~ximp!21 vs temperature.
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The broadening of the11B NMR line shown in Fig. 2 is
consistent with the presence of theximp term in Eq.~4! due to
randomly distributed paramagnetic moments. In this case
one expects a contribution to the NMR linewidth propor-
tional to ximp. The calculation of the NMR line shape and
linewidth in the presence of comparable contributions from
nuclear dipolar interactions and paramagnetic impurities is
not trivial. However, one expects that the linewidth would
contain aT-independent termDn0 due to the dipolar interac-
tion plus a term proportional to the susceptibility of the im-
purities, i.e.,Dn(T)5Dn01bx imp(T).25 In Fig. 2 we com-
pare the experimental data with the curve forDn(T) obtained
with Dn05~6.160.3! kHz and b5~0.960.07!31025

kHz mol/cm3 for Hic and Dn05~5.660.4! kHz and
b5~1.360.1!31025 kHz mol/cm3 for H'c, respectively. Al-
though the argument is only semiquantitative, the agreement
found in Fig. 2 is sufficiently good to explain the observed
NMR broadening.

We proceed now to estimate the other terms contributing
to x according to Eq.~3!. Unfortunately, it is very difficult to
obtain reliable estimates ofxcore andxLandau in intermetallic
compounds such as YNi2B2C. Sincexcore is proportional to
the expectation valuêr 2& of the square of the radiusr for the
core electrons,23 this term is very sensitive to the radial dis-
tribution function of outer core electrons around the nucleus.
In ionic compounds for whicĥr 2& is smallest, one typically
uses standard tables such as Ref. 26 to estimatexcore. For
example, if YNi2B2C were considered to be an ionic com-
pound~which it is not! containing the ions Y13, Ni12, B13,
and C14, from Ref. 26 one would obtainxcore5236.531026

cm3/mol YNi2B2C. On the other hand, the contributions of
the same atoms toxcore in intermetallic compounds, for
which the respectivêr 2& values are larger, are calculated23 to
be ~in 1026 cm3/mol!: 256.9 for Y,229.5 for Ni,212.6 for
B, and211.3 for C, yielding

xcore521.5231024 cm3/mol YNi2B2C. ~5!

The magnitude of this value is more than a factor of 4 larger
than the above magnitude for the ionic case, and illustrates
the large differences inxcore that can arise in different com-
pounds. In the absence of a band theory value ofxcore for
YNi2B2C, below we will utilize the value given in Eq.~5!
with the caveat that the accuracy of this value is unclear.

The Landau contribution due to the orbital motion of the
conduction electrons in the quasifree electron approximation
for a spherical Fermi surface is given by
xLandau5~21/3!~m/m* !2xfree

sp , which is negative definite,
wherem is the electron mass,m* is the band effective mass
andxfree

sp is the spin susceptibility of an equal concentration
of free electrons. However, this expression is not necessarily
applicable to transition metals, for whichxLandaucan even be
positive instead of negative.27 We speculate that the magni-
tude ofxLandau is small compared to that ofxcore and, given
the uncertainty in the value ofxcore, we will assume that
xLandau50 in Eq. ~3!.

In order to obtain estimates of the bare density of states
~DOS! at the Fermi energyEF , N(EF), and of the Van
Vleck contributionxVV, we first calculated the energy band
structure using the scalar-relativistic, tight-binding, atomic-
sphere-approximation, linear-muffin-tin orbital~ASA-
LMTO! method. The exchange-correlation effects were in-

cluded within the local-density approximation. In generating
the self-consistent charge and potential, 641 irreduciblek
points were used. The muffin-tin radii used for the calcula-
tion were 3.628, 2.775, 1.714, and 1.715 a.u. for Y, Ni, B,
and C, respectively. The resultant band structure was in good
agreement with the result of Leeet al.9 For the DOS calcu-
lation the whole reciprocal unit cell was divided into 40
340340 parallelepipeds, and energies and wave functions
were calculated at 4531 irreduciblek points. The bare DOS
at EF is found to beN(EF)54.20 states/eV f.u.~‘‘f.u.’’
means formula unit of YNi2B2C! which is comparable with
previous values 4.09 states/eV f.u. for YNi2B2C ~Ref. 9! and
4.8 states/eV f.u. for LuNi2B2C.

8 The angular-momentum-
and site-decomposed DOS are summarized in Table I.

The Van Vleck susceptibility is given by

xVV5
2

V
mB
2(
i , f ,k

f FD~Ei !@12 f FD~Ef !#u^ f uL u i &u2

Ef2Ei
, ~6!

whereV is the unit cell volume,mB is the Bohr magneton,Ef
andEi are the energies of final~empty! and initial~occupied!
states, respectively, andf FD(E) is the Fermi-Dirac distribu-
tion function. We used the same linear tetrahedron method as
in the DOS calculation fork space integration with 10 125
tetrahedra in 1/16 of the Brillouin zone. The detailed method
of calculation is explained in Ref. 28. The calculated value
of xVV[xVV,cal is 1.7731024 and 1.5131024 cm3/mol at
T50 for Hic andH'c, respectively. We also calculated the
temperature dependence ofxVV by employing a finite-
temperature Fermi-Dirac distribution function when thek
space integration was performed. It showed only a small
temperature dependence, i.e., about a 2% decrease in magni-
tude from 0 to 300 K. ThexVV,cal(T) results are shown in
Fig. 11.

Figure 11 also shows the different components ofx, after
subtraction ofxcore. The xsp(T) obtained from Eq.~3! by
subtracting fromx the various contributions estimated as de-
scribed above is anisotropic and temperature dependent. We
now testxsp(T) for consistency with band theory. Since we
already have the total and angular-momentum- and site-
decomposed DOS, the unenhanced spin susceptibilities can
be calculated by29

xsp.cal~T!5
mB

H
@n1~T!2n2~T!#, ~7!

wheremB is Bohr magneton andn1 andn2 are, respectively,
the numbers of electrons with spin up~1! and spin down
~2! in an external fieldH, andn6(T) is given by

n6~T!5E N6~E! f FD~E,T!dE, ~8!

TABLE I. The angular-momentum- and site-decomposed DOS
at the Fermi level. All are in units of eV21 atom21.

Site s p d

Y 0.018 0.040 0.679
Ni 0.044 0.236 1.197
B 0.030 0.135
C 0.036 0.152
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whereN6(E)5
1
2N(E6DE). To determineN6(E) we di-

vide the total DOS into two halves and shift them by
DE5mBH in energy. We usedH58.2 T as in the NMR
experiment, and have assumed a Lande´ factor g52. In the
calculation of n6(T) the temperature-dependent chemical
potential is determined by makingn11n25n, wheren533
is the total number of electrons in an unit cell. The calculated
xsp,cal~T50! is 1.3631024 cm3/mol. The complete tempera-
ture dependence is plotted asxsp,cal(T) in Fig. 11, where the
predictedxsp,cal is seen to decrease withT, about 10% from
T50 to 300 K, as observed in thexsp(T) derived from the
data. In the same way only the borons-electron contribution
(xB,s

sp ) to xsp and its temperature dependence were also cal-
culated, yielding about a 6% decrease fromT50 to 300 K.
The average xsp extrapolated at T50 is
x iso
sp[~xi

sp12x'
sp!/351.9331024 cm3/mol. The ratio of ex-

perimental to bare band values isF51.4, which should be
the same as the Stoner exchange enhancement factor
~12a!21 of xsp. Our valueF51.4 is indeed comparable with
the values of~12a!21 calculated from band theory for
YNi2B2O @1.82 ~Ref. 9!# and LuNi2B2C @1.360.2 ~Ref. 8!#.
Given the uncertainty inxcore and xLandau discussed above,
this agreement is to some extent fortuitous. The anisotropy in
xsp in Fig. 4 presumably arises for anisotropy in theg factor,
for which band calculations are not available.

B. Knight shift and magnetic susceptibility

1. 11B NMR

Since there are nod electrons at the boron site as seen in
Table I and the hyperfine coupling constant for core polar-
ization or exchange interaction is relatively small compared
with the contact hyperfine coupling constant one may neglect
any contribution to11K iso from core polarization or exchange
interaction and orbital terms related toxVV.23 Thus the11B
Knight shift can be written as

11K iso~T!511As
atjxB,s

sp ~T!, ~9!

wherexB,s
sp (T) is the spin susceptibility contribution of the

boron 2s-band electrons at the Fermi surface and11As
at is the

atomic boron contact hyperfine interaction:23

11As
at513106G/NAmB5179 mol B/cm3. ~10!

The factorj5^uc~0!u2&F/uc~0!u2 takes into account the differ-
ence between the probability density at the nucleus of the 2s
wave function for electrons in the metal and in the atom. The
factor j is slightly greater than one in normal metals due to
the normalization of the wave function over a Wigner-Seitz
cell, which has a smaller volume than the volume over which
the atomic wave function extends.23 Note that in Ref. 23 the
Knight shift is expressed in terms of the total spin suscepti-
bility. Thus if the spin susceptibility has contributions other
thans terms thej factor derived from the measured Knight
shift can be considerably less than one.23 In Eq. ~9! we have
expressed the Knight shift in terms of thes part of the sus-
ceptibility. Thus it is appropriate to assumej'1. Then from
11K iso(T) in Fig. 8~b!, one derivesxB,s

sp (20 K)52.531026

cm3/mol B. The ratio of thisxB,s
sp to the totalx iso

sp from Fig.
11 is r5xB,s

sp (20 K)/x iso
sp(20 K)50.013 which compares

well with the corresponding band-structure result
r5NB,s(EF)/N(EF)50.03/4.2 ~Table I!50.007, where
NB,s(EF) is thes-electron density of states atEF at the boron
site. Thus the11K iso probes only the localNB,s(EF) at theB
site and, in particular, not thed-band contribution of the Ni
atoms toN(EF). The unusually largeT dependence of
xB,s
sp (T) which can be seen from Eq.~9! and theK iso(T) data

in Fig. 8~b! is evidently a consequence of a strongly varying
Ns(EF) nearEF . The K iso(T) for

11B in YNi2B2C can be
compared and contrasted with that in LuRh4B4.

30 In
LuRh4B4 the

11B Knight shift is independent ofT in spite of
the significantT dependence ofx, implying ~i! no coupling
of 11B with d electrons, consistent with our Eq.~9! for
YNi2B2C, and ~ii ! a T-independentxB,s

sp , which contrasts
with our T-dependentxB,s

sp inferred above for YNi2B2C. It is
noted that the band theory calculation ofxB,s

sp at theB site
yields a reduction of only 6% fromT50 to room tempera-
ture while the11K iso(T) data in Fig. 8 indicate a much larger
effect ~'20%!. This discrepancy remains unexplained.

The anisotropic component of the Knight shift tensor is
due to dipolar interaction of the 2p electrons with the11B
nucleus. For the case of axial symmetry one has:31

Kax~T!5
1

3
~K i2K'!5Aaxxp

sp5
1

NA
qFxp

sp~T!

with

qF5K E
atomic volume

ck,n* ~r !F3 cos2 uk21

r 3 Gck,n~r !d3r L
FS

.

~11!

In this equation the dipolar interaction is averaged over the
boron p electrons at the Fermi surface,uk being the angle
between the tetragonalc axis and the vector joining the
nucleus and the electron. The subscriptn in the wave func-
tion is the index of a band whose energy eigenvalue is the
same as the Fermi level. The local spin susceptibility ofp
electrons at the B site can be estimated by scaling the total
susceptibility in Fig. 11,x iso

sp~20 K!51.931024 cm3/mol

FIG. 11. Separation of the measured magnetic susceptibility of a
YNi2B2C single crystal into the spinxsp and paramagnetic impurity
ximp contributions vs temperature. The Van VleckxVV,calc and bare
~a50! isotropic spinxsp,calc susceptibilities calculated from the
band structure are also shown.
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YNi2B2C, by the ratio of the density of states from Table I,
NB,p(EF)/N(EF)50.135/4.253.231022, yielding xB,p

sp (20
K)5631026 cm3/mol B. Thus from11Kax>0.0005% in Fig.
8 and from Eq.~11! one estimatesqF>531023 cm23. The
value of the hyperfine constantqF was calculated by using
the linear tetrahedron method in performing thek-space in-
tegration. In the linear tetrahedron method the Fermi surface
is planar within a tetrahedron. Therefore the shape of the
Fermi surface is either a triangle or a quadrangle. We as-
sumed that the integration in Eq.~11! is uniform on the
Fermi surface within a tetrahedron and we can write

qF5(
i

S E
atomic volume

ck,n* ~r !

3F3 cos2uk21

r 3 Gck,n~r !d3r DDSF,iY SF , ~12!

whereDSF,i is the area of the Fermi surface at thei th tetra-
hedron andSF5(DSF,i is the total area of the Fermi surface
in one unit cell of the reciprocal lattice. Since the 17th, 18th,
and 19th bands cross the Fermi surface, we have three dif-
ferent sheets of Fermi surface and threeqF’s. We add their
contributions and obtainqF58.0131023 cm23 which is com-
parable with the experimental resultqF>531023 cm23.

2. 89Y NMR

Since the density ofd-electron states at the Y site is large
~Table I! the 89Y Knight shift has important contributions
from both orbital terms and indirect and/or exchange polar-
ization terms:

89K iso5
89Ksp189Korbit589Ax iso

sp1Bx iso
VV, ~13a!

89Kax5NA
21qFxsp,d

sp 1Bxax
VV , ~13b!

where the first term in Eq.~13a! can contain both a positive
contribution from the contact hyperfine interaction averaged
over thes-wave function at the Fermi level and a negative
contribution from core polarization and/or exchange polar-
ization of s electrons at the Y site with polarized
d-conduction electrons. In Eq.~13b! the first term is due to
the dipolar interaction averaged over thep andd electrons at
the Y site~we neglect here the anisotropy of the spin suscep-
tibility ! while the second term depends upon the anisotropy
of the Van Vleck susceptibility.

We plot in Fig. 12 the measured89K iso from Fig. 6~b! as a
function of the isotropic spin susceptibility from Fig. 11 with
the temperature as implicit parameter. SincexVV is almostT
independent we can estimate from the fit in Fig. 12 the pa-
rameters in Eq. ~13a! as 89K iso

orbit50.09560.01% and
89A524.460.8 mol YNi2B2C/cm

3 with the large uncertainty
due to the poor signal-to-noise ratio of the89Y NMR. The
negative value found for the hyperfine constant89A implies
that the dominant contact interaction is via indirect exchange
polarization of Ys band and/or core electrons by thed elec-
trons, a situation found also in the layered cuprate high-Tc
superconductors.32 In analogy to Eq.~9!, we can write
89Ksp589Ax iso

sp589Ad
atjxY,d

sp by neglecting the small
s-electron contribution to the89K iso, wherexY,d

sp is the spin
susceptibility contribution of the yttrium 4d-band electrons
at the Fermi surface. Assumingj>1 and using the ratio

x iso
sp/xY,d

sp >N(EF)/NY,d(EF)54.2/0.67956.2 obtained from
Table I we have Ad

at56.2389A>2(2765) mol
Y/cm3>2~81615! mol electron/cm3 ~for Y13! which is
comparable with the value of core-polarization hyperfine in-
teraction constant'2350 kG/NAmB5263 mol electron/cm3

for unpaired 4d valence electrons.23 Since89Kax in Fig. 6~b!
is practicallyT independent one can argue that the aniso-
tropic Knight shift is likely dominated by the second term in
Eq. ~13b! which has a negligibleT dependence. However,
the positive sign of89Kax in Fig. 6~b! is opposite to the sign
of xax

VV in Eq. ~13b! a circumstance which could be explained
only by assuming that the orbital hyperfine constantB in Eq.
~13b!, is itself anisotropic with sign opposite to that ofxax

VV .

C. 11B NSLR and absence of antiferromagnetic fluctuations

The same contact hyperfine interaction in Eq.~9! which is
responsible for11K(T) is also responsible for the11B
T 1

21(T), according to the Korringa relation 1/T1T}K2.23 To
test this relation,T1

21 vs K2T/S is plotted in Fig. 13~a!,
where for the 11B nucleus S[(ge/gn)

2h/8p2kB
52.5531026 sec K, andK(T)[K iso(T) based on the fact
that theT1

21 data for the two field orientations in Fig. 9 are
the same within experimental error. The very good linear fit
to the data in Fig. 13~a! indicates that the Korringa relation
holds, but that there is a small contribution~T1

21!imp to T1
21

from the paramagnetic impurities detected in the abovex(T)
~see Figs. 4 and 10! and in11B NMR linewidth ~see Fig. 2!
measurements. The~T1

21!50.38 sec21 found here is of the
same order of magnitude~after normalization for the differ-
ent nuclear gyromagnetic ratios! as the contribution to the
proton NSLR in metal hydrides containing'100 ppm of Gd
impurities,33 which in turn is comparable to the equivalent of
40 molar ppm of Gd impurities giving rise to theximp(T)
discussed above.

After subtracting~T1
21!imp from the measuredT1

21, the
Korringa ratiok[K2T1T/S is plotted in Fig. 13~b!. One ex-
pectsk51 for a Fermi gas,23 whereask>~12a!21 in the
presence of exchange enhancement ofxsp.34 From Fig. 13~b!
we find a T-independentk51.660.2, in good agreement
with the value~12a!215F51.4 obtained above from the
analysis of x(T) and from the above-cited band
calculations.8,9 We conclude that the decrease of 1/T1T with

FIG. 12. 89Y K iso vs xiso
sp in YNi2B2C. The line is a linear fit

using Eq. ~4!, yielding 89A524.460.8 mol YNi2B2C/cm
3 and

89K iso
orb50.09560.01%.
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T in Fig. 9 and also observed in Refs. 17–20 for11B in
YNi2B2C is simply a reflection of the decrease inxB,s

sp and
therefore inK iso with T, which in turn arise from sharp fea-
tures inNB,s(E) nearEF in YNi2B2C, a band-structure ef-
fect. Thus, one does not need to invoke AF correlations to
explain the (T1T)

21(T) data. From the above, we also infer
that the nonlinearity in the 1/T1T vsK2 plot in Ref. 19 is due
to paramagnetic impurities and not to antiferromagnetic~AF!
correlations as suggested.

We concluded above that (T1T)
21 andK(T) for the 11B

NMR are both driven by the same hyperfine interaction with
the conductions electrons at the B site and that these data
are consistent with band theory. On the other hand, one
could argue that since these measurements are only sampling
thes electrons at the B site, they may not be sensitive to AF
correlations among thed electrons associated with the Ni
sublattice. Although this issue is difficult to address quanti-
tatively in the absence of a specific model and parameters,
we will examine one possible scenario. The11B nucleus in
YNi2B2C occupies a site symmetry where AF correlations of
local Ni moments coupled by the dipolar interaction to the
11B nuclear would not be canceled, whereas indirect ex-
change coupling would cancel for commensurate AF corre-
lations but not for incommensurate correlations. For the least
favorable case of detecting commensurate correlations, the
contribution toT1

21 due to dipolar coupling, in the limit of
high T where the Ni moments are uncorrelated, would be
~1/T1!

dip'4g n
2^h2&/ve , where gn is the 11B nuclear gyro-

magnetic ratio,̂h2& is the average square magnetic induction

seen by a B nucleus due to a fluctuating Ni magnetic moment
andve5[(8/3)J2nS(S11)]1/2/\ is the exchange frequency
of the Ni moments with interatomic exchange coupling con-
stant J and the number of nearest-neighbor magnetic ions
n.35 We estimate an upper limitJ/kB;100 K from theT at
which the rate of increase inxspwith decreasingT in Fig. 11
appears to decrease. Assuming a local Ni moment of 1mB ,
we find ~T1

21!dip'20 sec21. This value is about a factor of 3
larger than theT1

21 measured at 100 K in Fig. 9. With de-
creasingT, the ~T1

21!dip contribution would be easily detect-
able as a decrease ofk in Fig. 13~b! on loweringT and by a
strong depression ofk from the band theory value~12a!21,
contrary to observation.

We note thatximp(T) could not arise from a small mag-
netic moment localized at the Ni site, since in that case one
would not expect an extra broadening of the line, contrary to
our results as shown in Fig. 2. One would also expect a
T-dependent~;1/T! dipolar contribution to11Kax but not to
11K iso, due to the powder average of the local dipolar field at
the B site, again contrary to our observation that11Kax scales
linearly with 11Kax over the entireT range 16–300 K of our
measurements@Fig. 8~c!#.

Therefore, from the consistency of both thex and NMR
data with band theory, we conclude that no antiferromagnetic
correlations or local magnetic moments of nickel are present
in YNi2B2C, as briefly discussed in our preliminary report.

21

D. 89Y NSLR

The 89Y NSLR data in Fig. 7 show an almost constant
behavior of (T1T)

21. Since the89Y Knight shift is the sum of
an orbital and a spin contribution@see Eqs.~13a! and~13b!#
it is reasonable to also expect two contributions to the
NSLR:

S~T1T!215@Kd~T!#21Rorb, ~14!

where Kd(T) is the core polarization contribution to the
Knight shift, which was written in Eq.~13a! as 89Ax iso(T),
andRorb is the orbital contribution to the NSLR which, how-
ever, is not proportional to the orbital Knight shiftK iso

orb in
Eq. ~13a!. The coefficient S is S[(ge/gn)

2(h/8p2kB)
51.0931024 sec K for the89Y nucleus. Unfortunately there
is no simple way to separate the two contributions to the
NSLR in Eq.~14!. Since from Fig. 7 it appears that (T1T)

21

is practically temperature independent whileKd(T) in Eq.
~14! has the temperature dependence of the spin susceptibil-
ity ~Fig. 4!, we tentatively conclude that the NSLR of89Y
has a sizable contribution from theT-independent orbital
term in Eq.~14!. In any case there is no evidence for any
contribution due to AF fluctuations of the Ni moments.

E. 11B NSLR in the superconducting state

Figure 14 shows the11B NSLR in a powder sample at 1.2
and 2.4 T both in the normal and in the superconducting
state. The11B NSLR in the normal state displays the en-
hancement with lowering temperature as discussed already
and the enhancement is found to be field independent. In the
superconducting state, a Hebel-Slichter~HS! coherence peak,
which is expected to appear just belowTc for a conventional
superconductor,36 was not observed in the measurements at
H51.2 and 2.4 T~see Fig. 14!. The results are very similar
to those previously obtained by Hansonet al.18 at H51.105

FIG. 13. ~a! 11B T1
21 for Hic andH'c vsK2T/S. The line is the

linear fit 1/T150.38 sec2110.61(K2T/S) to all theT1
21 data, where

K[11K iso. ~b! Korringa ratio (K2T1T)/S vs temperature. The data
are corrected for the paramagnetic impurity contribution
~1/T1!

imp50.38 sec21 from ~a!.
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T and by Koharaet al.20 at H'1.4 T. The HS peak can be
reduced by the presence of impurities and/or by the applied
magnetic field. In order to check these two possibilities we
have performed measurements in a new powder sample ob-
tained by grinding high-quality single crystals and at the
lowest magnetic field~H50.9 T! for which the 11B NMR
signal was still measurable in the superconducting state. As
shown in the inset of Fig. 14~b!, we observed a sharp drop of
T1

21 atTc without any noticeable enhancement. We conclude
that for the conditions of our experiments no HS peak is
present. This could be due either to an applied field~0.9 T!
which is still too large or to a reduction in the peak height
arising from a small energy-gap anisotropy.37

The relaxation rateT1
21 values at 1.2 T can be fit using the

BCS theory given by37

1

T1
}expS 2

D0

kBT
D , ~15!

with D0/kB5~18.660.7! K, whereD0 is the superconducting
gap parameter, as shown by the solid curve in Fig. 14~b!. A
similar D0517~3! K was obtained from 11B 1/T1
measurements.18 The superconducting transition temperature
Tc was measured from the initial detuning of the NMR tank
circuit which is equivalent to measuring the change of the
inductance of the system and the result isTc5~116.1! K at
1.2 T. UsingTc511 K and the above fitting result, we obtain
the value 2D05~3.460.5!kBTc which is close to the BCS
value, 2D053.52kBTc . It is noted that the (T1T)

21 datum at
4 K is larger than the BCS prediction@see Fig. 14~b!#; this
deviation may be due to the presence of a small temperature-

independent contribution to the NSLR arising from paramag-
netic impurities. Our value of 2D0/kBTc53.4~5! is compa-
rable with the values 3.9~Refs. 13 and 14! and 4.2~1! ~Ref.
15! determined calorimetrically for YNi2B2C, and 3.9~Ref.
38! and 3.5~Ref. 39! from electron tunneling measurements.

V. SUMMARY AND CONCLUSIONS

From the combination of11B, 89Y NMR and magnetic
susceptibility measurements, we have obtained detailed in-
formation on the electronic properties and structure of
YNi2B2C in the normal metallic state. Both the small isotro-
pic contact and anisotropic hyperfine constant at the B site
are explained by the local electronic structure at the B site.
The negative hyperfine interaction at the89Y site is consis-
tent with a transferred hyperfine interaction involving polar-
ization of s-like electrons at the Y site byd electrons.

We find a temperature-dependent and anisotropic spin
susceptibilityxsp. The temperature dependence ofxsp is ex-
plained in terms of a narrowd-band structure with high den-
sity of d states at the Fermi level. The small anisotropy ofxsp

in this three-dimensional system is most likely due to asym-
metry of the g factor. The temperature-independent Van
Vleck contribution to the measured susceptibility is found to
be large and strongly anisotropic. Both features are repro-
duced very well by theoretical calculations which in other
respects are similar to previous calculations of the electronic
band structure of the compound.

From the temperature dependence of the11B Knight shift
we infer an unusually strong temperature dependence of the
spin susceptibility due to borons electrons,xB,s

sp (T). The
band calculation predicts thatxB,s

sp at the boron site has a
much weakerT dependence than expected from the tempera-
ture dependence of the11B Knight shift. This remaining dis-
crepancy may indicate that thermal expansion effects need to
be included in the band theory calculations. It is also possible
that the atomic-sphere-approximation linear-muffin-tin or-
bital method used here does not give a completely reliable
result for the total energy of the system. Most importantly,
we find that the enhancement in the11B NSLR simply re-
flects the increase of the spin susceptibility with lowering
temperature and is not due to contributions of magnetic char-
acter from the Ni sublattice such as antiferromagnetic fluc-
tuations of localized and/or itinerant electron spins. Thus we
conclude that YNi2B2C is different from the cuprate high-TC
superconductors in this respect.

In the superconducting state, the11B NSLR is found to fit
a BCS temperature dependence with a superconducting gap
parameter atT50 K, 2D05~3.460.5!kBTc , as expected from
the normal properties of the Fermi liquid in the normal state.
Although YNi2B2C behaves as a conventional type-II super-
conductor, no Hebel-Slichter coherence peak could be de-
tected at the lowest magnetic field~0.9 T! at which the11B
NSLR measurements could be performed.
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FIG. 14. (T1T)
21 of 11B vs temperature in a YNi2B2C powder

sample for two magnetic field intensities. The solid line is a fit of
the data belowTc atH51.2 T using BCS theory@see Eq.~15!# with
D0/kB518.660.7 K. Note the different temperature scales in~a! and
~b!. The inset of~b! is the plot ofT1

21 vs temperature forH50.9 T.
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