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Electronic and magnetic properties of single-crystal YNjB,C from !B and 8% NMR
and magnetic-susceptibility measurements
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The quaternary intermetallic compound superconductor,B)¢ with transition temperaturgé,=15.5 K
has been investigated ByB and ®% nuclear magnetic resonan¢®MR) and by magnetic susceptibility
measurements both in the normal and the superconducting states. The NMR and relaxation measurements have
been performed in a powder sample and single cryst#s.(I =3/2) NMR spectra display patterns typical for
an axially symmetric field gradient with quadrupole coupling frequengy-698+1 kHz and®y (1=1/2
data show spectra typical for a large anisotropic Knight sKiftwith axial symmetry(3K,,=0.042%. In the
normal state, thé'B K increases with decreasing temperature wiile K decreases. The temperature depen-
dences of both the isotropi®;s;) and anisotropid3K,,) components of thé'B and®% Knight shifts are
presented together with dc magnetic susceptibility 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 ang(T) data when combined with the theoretical calculation of the Van Vleck contri-
bution to x(T) allows the determination of the hyperfine coupling constants for both nuclei investigated and
permits the separation of the different contributions to the total measyf€ll The nuclear spin-lattice
relaxation ratédNSLR) (T %) results for''B show an enhancement of {T) ~* when lowering the temperature,
consistent with previous results. It is shown that the enhancement &1BH¥SLR is not due to the effects of
antiferromagnetic fluctuations of Ni magnetic moments but simply due to the increase sttmd spin
susceptibility with decreasing temperature as reflected in the temperature dependence of the Knight shift.
Contrary to the case dfB, the® NSLR displays a T;T) "* which is independent of temperature, indicating
that the dominant contribution is from a large temperature-independent orbital Knight shift. In the supercon-
ducting state, thé'B NSLR drops rapidly without a coherence peak and is found to fit BCS behavior with a
superconducting gap parameterTat0 given by 22,=(3.4+0.5kgT.. [S0163-182806)01745-9

I. INTRODUCTION layers because of their analogy with the Cu layers in HTSC.
Preliminary NMR investigations have suggested the possibil-
The recently discovered quaternary intermetallic com-ty of antiferromagneti¢AF) fluctuations of the Ni magnetic
pound superconductor®Ni,B,C (R=Sc, Y, Th or a rare- moments in YNjB,C and LuNiB,C (Refs. 17-2Dbased on
earth e|emer)11_5 have aroused great interest due to h|ghthe deviation of theT dependence of th&'B nuclear Spin-
Superconducting transition temperaturé'gl(e_g_, TC:166 lattice rellaxation I‘atéNSLR) (Tzil) from the prediCtionS of
K for R=Lu) compared with most other intermetallic com- the Korringa relation I/, T«K®. Our subsequent accurate

pounds, and due to the presence in the lattice of nickelhéasurements in a single crystal, briefly summarized in Ref.
which in its elemental form is an itinerant ferromagnet. Fur-21, have shown that when the temperature dependence of the

thermore the compounds containing the magnetic rare-earl'ﬁr)“ght shift K i_s properly take_n into account_tHéB NSLR
ions R=Dy.® Ho, Er, and Tm(Ref. 2 also exhibit supercon- obeys the Korringa _relat|on WIFhOUt need to invoke the pres-
ductivity. The structur® consists of a square lattice of Ni ence of A.F cqrrelat!ong. In this paﬂg we pregg\?t the com-
atoms bounded by B layers. These,Bj layer blocks are plete detailed investigation of both th#8 and the®”Y NMR

nd rel ion in single cr Is of Y .M remen
separated and bonded together by YC layers. Thus the strua d relaxatio single crystals of Yii,C. Measurements

. litatively. simil h tthe | d 6t magnetization, i.e., of dc magnetic susceptibilityvere
ture is qualitatively similar to those of the layered cuprate,\s, nerformed on the same single crystals. The analysis of

high-temperature superconduct_()ﬁTZS(_:’s)_. However, elec-  he data is aided by the results of theoretical calculations of
tronic band-structure f:alcul'c_moné indicate that these ihe pare spin and the Van Vleck contributions to the mag-
compounds are three-dimensiodaband metals and that su- netic susceptibility. By combining the NMR data, thedata
perconductivity arises from the conventional electron-ang the theoretical estimates we separated the different con-
phonon mechanism. Compared to other intermetallic comtributions to the total measureg(T) and established the
pounds, the relatively highT is thought to arise from a temperature dependence and the anisotropy of each term.
relatively high density of states at the Fermi enetgydeed, The analysis provides useful information on the hyperfine
low-temperature heat-capacity measurements of ,B) interactions and on the electronic properties of the system in
(Refs. 13—-15% and LuNipB,C (Refs. 15 and 16showed a its normal metallic state and gives strong evidence against
relatively large electronic linear heat capacity coefficientthe presence of AF correlations within the Ni sublattice. Fi-
y~19 mJ/mol K. nally, we report an estimate of the superconducting gap pa-
An important issue is the magnetic behavior of the NirameterA, at T=0 obtained from'’B NSLR data belowT .,
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which is found to be consistent with the BCS prediction for ———————————
an s-wave superconductor. ()

Il. EXPERIMENTAL DETAILS

Single crystals of YNiB,C with T.=15.5 K were pre-
pared at Ames Laboratory by the method described in detail
elsewheré? B and 8% NMR measurements were per-
formed in a powder sample and in a stack of single-crystal
plates of YNjB,C having an approximate total volume of P N I R
10x4x1 mnt. The typical size of a single plate in the stack 31.5 32 32.5 33 33.5
was approximately 3:83.5x0.3 mnt. The measurements Frequency (MHz)
were performed both in the normal and in the superconduct- ———
ing state with a pulse Fourier transfoliT) spectrometer in [ (b} H=28.2T, Room Temp.
external fielddH of 0.9, 1.2, 2.4, and 8.2 T. In particular, an i
accurate investigation of the normal state was made on the
single crystals in an Oxford Instruments superconducting I H 1 c(e=90% 8
magnet aH =8.2 T with field inhomogeneity less than 0.1 G L i
operating at 112 and 17.1 MHz f&tB and®®Y, respectively. ]
The 1B (1=3/2) NMR shifts of the central line were mea-
sured with respect to the resonance frequency WB®4
aqueous solution and for two orientations of magnetic field, [ Hilc (6 =0°)
Hllc andH_L c (the c axis is perpendicular to the Ni layers -
The !B NSLR’s were measured using a single-pulse satura- L
tion method. The®®y (1=1/2) Knight shifts measurements i
were performed on the single crystals with the respect to

Intensity

Intensity

YCl; agueous solution faflic andH_Lc. On the other hand, L . ~IJ —
the®Y NSLR could be measured only on the powder sample 1.0 1115 1120 1125 113.0
with irradiation at the resonance frequency of the singularity Frequency (MHz)

corresponding to the resonance for the orientatiare. This
limitation is dictated by the poor signal-to-noise ratio in the
stacked single crystals due to the limited penetration of th
radio frequency into the bulk of the sample and the smal
filing factor of the single-crystal plates. The separation of the satellite transitions in first order
_The dc magneth susceptibility mt_a-asgrements Were,Obperturbation theory obeys the simple relaffon
tained from the ratio of the magnetization to the applied
field. Magnetization measurements on a single crystal were v
carried out using a Quantum Design SQUID magnetometer dv=—>"(3 cos6—1), (1)
for two field orientations in the normal state. A nonvanishing
magnetizatiorM o(T) ~(0.15+0.05 G cnt/mol atH=0 was Where the quadrupole coupling frequency is defined as
obtained from the extrapolation of the lindli(H) data for ~ vo=e€°qQ/2h in terms of the nuclear quadrupole moment
1<H<5 T to H=0 at each temperature. This effect wasand of the largest component of the axially symmetric
attributed to the presence of ferromagnetic impuritiesglectric-field gradient. From the spectrum in Figbjlone
equivalent to a concentration 6¢6 at ppm of iron metal derivesvo=(698+1) kHz at room temperature. No measur-
with respect to Ni. The data in Fig. 4 below are corrected forable change of the quadrupole interaction could be observed
this spurious contribution. from 300 down to 15 K, indicating the absence of structural
changes in this temperature range. It is noted thaltflerthe
position of the central line is not affected by quadrupole
Ill. EXPERIMENTAL RESULTS interactions while foH_L ¢ the position of the central line is
shited by second-order quadrupole effects as
Vl:VO+3VQ2/16V|_, whereuy, is the resonance frequency in
The B NMR spectrum is shown in Fig. 1 at room tem- the absence of the quadrupolar interaction ands the Lar-
perature measured both in a powder sample at 1f-il§.  mor frequency?® Thus in order to measure the Knight shift at
1(a)] and single crystals at 300 KFig. 1(b)]. As shown in H=8.2 T (y =112 MH2 for the perpendicular orientation
Fig. 1(b) both the central ling+1/2—~—1/2 transition and we subtracted 815 Hz from the observed resonance fre-
the satellite transitioné+3/2—+1/2 and—3/2——1/2 tran-  quency.
sitions are relatively narrowabout 6 kHz for both orienta- The full width at half maximum of the central line is
tions of the magnetic fieldsllic andH_Lc. This circumstance plotted in Fig. 2 as a function of temperature for two field
indicates that the single crystals are free of structural defectsrientations. At room temperature the NMR is inhomoge-
and that the alignment of the different crystals stacked with aneously broadened as indicated by the presence of a spin
commonc axis is very good. echo following an/2-m pulse sequence. The temperature de-

FIG. 1. 1B NMR spectra in YNjB,C: (a) in a powder sample
nd(b) in stacked single crystals.

A. B and 3% NMR spectra
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FIG. 2. 1B NMR linewidth Aw of the central lines vs tempera- o %0 Tg?nperature K)
ture for two magnetic field orientations with respect to the crystal
axis: Hllc and Hlc for H=82 T. The curves are fits 24—~

Av=Avy+by™P (see the text for details " (b)

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®Y 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 withd L c and the step corresponding to
Hllc. The lower trace represents the NMR spectra in the
single crystal for the two orientations of the magnetic field
with respect to the axis. The excellent correspondence on  FIG. 4. (a) Magnetic susceptibilityy vs temperature in a
the frequency scale of the single-crystal signal and of theyNi,B,C single crystal for two magnetic field orientatioils) The
singularities in the powder pattern is worth noting. isotropic component (y,;,) Vs the anisotropic component

(—3xa=x. —xy) of the susceptibility.

X (10™* cm*/mole)

0.50 0.55 0.60 0.65 0.70
-3y, (10" cm’/mole)

B. Magnetic susceptibility measurements ) ) .
h ) | data for th . i cussed above. The main features are the quite large anisot-
The experimental data for the magnetic susceptibjligs ropy of x, x.—x; (=—3xa), and the considerable

a function of temperature and orientation are shown in '.:igtemperature dependence of both the isotropic component
4(a) where the data are corrected for the tentative contribu-

i L o ~xisoe=(xt2x )3 and the anisotropic component,
tion of small amounts of ferromagnetic impurities as dIS-_aanEXL_XH' A weak Curie-type increase at low tempera-

ture (<50 K) is observed fory;s, but not for y,,. This effect
T T is attributed to the presence of a small concentration of ran-
%Y NMR, YNi,B,C ] domly distributed local magnetic moments which could be
H=82T ] paramagnetic impurities. The separation of the different
terms contributing to the measured susceptibijtyvill be
described in Sec. IV A.

Powder

C. 8y Knight shift and nuclear spin-lattice relaxation rate

The temperature dependences of ff¢ Knight shifts,
8%, in stacked single crystals and in a powder sample are
shown in Fig. 5 foHllc andH_L 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 tleeaxis per-
pendicular to the field direction. The data in Fig. 5 are not
A corrected for the demagnetization effects and this is the rea-
17.11 17.12 son why theK, data for the stacked single crystals are dif-
Frequency (MHz) feren_t from the corresponding, data from the powder _sin-_
gularity. The data can be corrected for demagnetization
FIG. 3. %Y NMR spectra in YNB,C for H=8.2 T at 300 k. effects by utilizing the relaticfi
The upper trace is the spectrum in a powder and the lower traces are
the spectra in stapked single crystals for two field orientations with K™(T)= Vm— VL —K(T) +477(E— D)X. @
respect to the axis. 128 3

Intensity
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FIG. 5. 8% Knight shift 3K vs temperature in YNB,C. The
solid symbols denotell) 8K, (Hiic) and(®) 8K, (H.Lc), respec- FIG. 6. (a) 8 Knight shift 8K vs temperature angh) the shift
tively, in stacked single crystals. Open circlé3) denote the shift componentK;s, and K* in YNi,B,C. The data are corrected for
of the resonance frequency of the singularity in the spectrum of théhe demagnetization effec{see the text
powder samplgsee Fig. 3. The singularity is from the powder
grains whose crystal orientation satisfies the conditibhg. Since the recovery was found to be exponential one can de-
duce that the anisotropy of the NSLR, if present at all, is

whereD is the demagnetization factor ands the measured SMall relative to the isotropic component.

magnetic susceptibilityK™(T) is the measured shift shown

in Fig. 5 whileK(T) is the correct Knight shift value. The D. !B Knight shift and nuclear spin-lattice relaxation rate
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 M=239.9 g/mol being the molar mass and
d=6.09 g/cni, the mass density of YNB,C.

By using the measured values of volume susceptibjity
and assumind@ , =1/3 for a powder sample, we find that the
average value of the demagnetization factor needed to mat
theK, data vs temperature in single crystals and in the pow
der sample i, =0.06+0.02. This value is in good agree-
ment with the theoretical valu®é,D, =0.054, estimated for
the average dimensions ¥%8.5x0.3 mnt of the single-
crystal plates. Assumind,=D,=D, and using the relation
D,+Dy,+D.=1, we findD,=D.=0.88. Here the factors of
0.88 and 0.06 take into account the deviations from the idea[le
thin slab geometry of our crystals. The Knight shifts, cor-
rected according to Eq2) using the experimenta}(T) val-
ues in Fig. 4a), are shown in Fig. @). The quantities plotted
in Fig. 6b) are the isotropicK,,,) and anisotropic(K )
components of the Knight shift tensor defined in the usual 0.0030 rrrrrrrrr e
way: Kio.=1/3(K,+ 2K ) and K, =K,—K, .2 The K, is - ; 89y NMR|
seen to be temperature independent wKilg decreases with TM 0.0025[ 1
decreasing temperature. - X

The 8Y NSLR results are shown in Fig. 7 in a plot of 3
1/T,T vs temperature. Since the measurements had to be = -
performed in the powder sample no firm information about :~ H H H } % %
the anisotropy of the relaxation is available. The data in Fig. > 0.0015- } }
7 were collected by irradiating at the frequency of the singu- r ]
larity in the NMR powder spectrum of Fig. 3 and thus refer 0.00100ecn ettt
mainly to the conditionHLc. However, since the spectral 0 50 100 150 200 250 300 350 400
width of the radio-frequency pulse also partly covers nuclei Temperature (K)
in crystallites with different orientations one would expect to
see some nonexponentiality in the recovery of the nuclear FIG. 7. Temperature dependencé® (T;T) 'ina YNi,B,C
magnetization if the NSLR’s were strongly anisotropic. powder sample.

The B Knight shift (1K) results are shown as a function
of temperature and orientation of the external magnetic field
in Figs. 8a)—8(c) where the corrections for the second-order
quadrupole effects and demagnetization effects have been
done in the same ways as described above fofi&night

hift. Contrary to the results fdi®yY shown in Fig. 6, the

isotropic part of thé!B 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 betweel,s, and —3yx,, in Fig. 4(b), one finds a
good linear relation betweeHK,, and 'K, in the whole
temperature range investigated as shown in Fig.. 8

The B NSLR'’s are shown in Fig. 9 as a function of
mperature and for the two orientations of the external mag-
netic field with respect to the axis. The remarkable feature
is that no measurable anisotropy of the NSLR is present, in
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Temperature (K) below 100 K(see Fig. 2 and the corresponding upturn gf
0.055 prrrrrrrrr RN R shown in Fig. 4. As further evidence, the Knight shifts
2 (c) ] shown in Fig. 8 do not track the linewidths and the suscep-
~ 0 050§ ] tibilities below 100 K as expected; a random distribution of
R VR E paramagnetic moments would broaden the line without af-
2 : ] fecting the shift of the center of the line, as observed.
2 0.045F E In order to determing'™ we first note thap/'™ is isotro-
- 2 pic, sincey;s(T) in Fig. 4@ shows a Curie-like upturn be-
E ] low ~50 K whereasy,,(T) does not. Above 100 K we find
0.040F o T ; that xiso=P(—3x.)+Q, where P=1.09+0.02 and
) ) .001 iso ax , = g
0 0 OO?IE'K (70 001 0.0015 Q=(1.47+0.03x10 * cm*mol, as shown in Fig. @&). We
o (%) now assume that the intrinsic susceptibilitfly below 50 K,

wherey™ begins to contribute, is given by the same expres-

FIG. 8. !B Knight shift components of the central line in
stacked YNjB,C single crystals{a) 'K, (Hlic) and*K, (H.Lc)
vs temperaturd, (b) 1K s, and*K 5, vs T, and(c) 1K g vs 1K 4.

The data are corrected for the second-order quadrupolar and dema@'urie-Weiss law

netization effects.

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

imp_

X TT(K)+05 K

intr
iso

The obtained y™) }(T)

(10~* cm® K/mol).

sion, x'(T) =P[—3x.(T)]+Q. Then, ¥™ below 50 K is

found: Y= xiso— X
in Fig. 10. They™P(T) data in Fig. 10 are described by a

is plotted

4

At 16 K, ¥'™P represents about 9% gf.,. The concentration

IV. DISCUSSION

of impurities which accounts fof™ in Eq. (4) is 830 molar

ppm of local moments witls=1/2 andg=2. However, for

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

The measured susceptibilifycan be partitioned as

X= Ximp+ Xsp+ Xorbit

magnetic rare-earth impurities with large effective moments
the concentration would be lower, e.g., 40 molar ppm of Gd
(S=7/2,9=2) impurities.

- 30 [T T T T T TTT T 4

_ _im S| Landau, . core, ., VV ° C ]

= X"+ x P xR o XY, €) é’ : 5

where Y™ is an extrinsic defect or impurity contribution, o~ 20F o

x"V is the Van Vleck orbital contributiony-2"*®is the or- g | oo®” 1

bital contribution due to conduction electrons, gpllis the I ; ]

Pauli spin susceptibility which can be temperature dependent 8 1ok 3
in the presence of sharp features in the density of states &
(DOS) near the Fermi levef =

~ First we argue thaj must include a small contribution N P D DT

X" from randomly distributed localized magnetic moments. 0 10 20 30 40 50 60

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

Temperature (K)

based on the increase of th#8 inhomogeneous linewidth tibility: (™)~ vs temperature.

FIG. 10. Contribution of paramagnetic impurities to the suscep-
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The broadening of thé&'B NMR line shown in Fig. 2 is TABLE |. The angular-momentum- and site-decomposed DOS
consistent with the presence of til8P term in Eq.(4) dueto  at the Fermi level. All are in units of eV atom .
randomly distributed paramagnetic moments. In this case
one expects a contribution to the NMR linewidth propor- Site S p d
tional to ¥'™P. The calculation of the NMR line shape and

. . . - 0.018 0.040 0.679
linewidth in the presence of comparable contributions from 0.044 0236 1197
nuclear dipolar interactions and paramagnetic impurities is ' ’ '

S ; - B 0.030 0.135
not trivial. However, one expects that the linewidth would c 0.036 0.152

contain aT-independent term v, due to the dipolar interac-
tion plus a term proportional to the susceptibility of the im-

purities, i.e.,A ’_’(T):A”0+b>(_'mp(-r)-25 In Fig. 2 we com-  ¢yded within the local-density approximation. In generating
pare the experimental data with the curveo(T) obtained  he self-consistent charge and potential, 641 irredudible
with  Ayp=(6.1x0.3) kHz and b=(0.9+0.09x10 points were used. The muffin-tin radii used for the calcula-
kHz mol/e? for Hic and Aw=(5.6+04 kHz and jion were 3.628, 2.775, 1.714, and 1.715 a.u. for Y, Ni, B,
b=(1.320.1)x10"° kHz mol/cn? for HLc, respectively. Al-  anq C, respectively. The resultant band structure was in good
though the argument is only semiquantitative, the agreemenfyreement with the result of Leat al® For the DOS calcu-
found in Fig. 2 is sufficiently good to explain the observed|ation the whole reciprocal unit cell was divided into 40

NMR broadening. X 40%x40 parallelepipeds, and energies and wave functions

We proceed now to estimate the other terms contributingyere calculated at 4531 irreducitiepoints. The bare DOS
to y according to Eq(3). Unfortunately, it is very difficult to 4 Ec is found to beN(Eg)=4.20 states/eV f.u(“f.u.”

; P ; ore Landau;,, i i . . X i
obtain reliable estimates of”*® and in intermetallic  means formula unit of YNB,C) which is comparable with

compounds such as YPB,C. Sincex***is proportional to  previous values 4.09 statesieV f.u. for ¥R4C (Ref. 9 and

the expectation valug?) of the square of the radiusfor the 4.8 states/eV f.u. for Lul\gBZC.s The angular-momentum-

core glectrong, this term is very sensitive to the radial dis- 5, site-decomposed DOS are summarized in Table |.
tribution function of outer core electrons around the nucleus. The van Vieck susceptibility is given by

In ionic compounds for whickir?) is smallest, one typically

uses standard tables such as Ref. 26 to estig&té For w2 feo(EN[L—feo(Eq)]|(FIL[i}]?
example, if YNiB,C were considered to be an ionic com- X Ty MBAZK E.—E '
pound(which it is nod containing the ions Y3, Ni*2 B*3, o
and C™, from Ref. 26 one would obtaig®™"®=—-36.5x10"®  whereV is the unit cell volumeg is the Bohr magnetork;
cm®/mol YNi,B,C. On the other hand, the contributions of andE; are the energies of finémpty and initial (occupied

the same atoms t°°"® in intermetallic compounds, for states, respectively, arfd(E) is the Fermi-Dirac distribu-
which the respectivé ) values are larger, are calculatdtb  tion function. We used the same linear tetrahedron method as
be (in 10°® cm®mol): —56.9 for Y, —29.5 for Ni, —12.6 for  in the DOS calculation fok space integration with 10 125

(6)

B, and—11.3 for C, yielding tetrahedra in 1/16 of the Brillouin zone. The detailed method
L, . of calculation is explained in Ref. 28. The calculated value
x=—1.52x10"* cm¥mol YNi,B,C. (B of YW=V is 1.77x10°* and 1.5 10 * cm®mol at

The magnitude of this value is more than a factor of 4 IargerT:0 for Hilc andH.c, respectively. We also calculated the

than the above magnitude for the ionic case, and illustrate mperature depe_nd(_ence q*/ by employlng a_finite-
the large differences ig°"® that can arise in different com- temperature Fermi-Dirac distribution function when tke

pounds. In the absence of a band theory valug8F for fpace n";tegrgnon v(;/as pe_rform(;d. tlt S;(;V‘éed only a small
YNi,B,C, below we will utilize the value given in Ed5) te?p?ra urg i e%%% Enc_ﬁj] "S\',’ch, _cl)_u a If[) ecreahse N magni-
with the caveat that the accuracy of this value is unclear. ude from © 1o - Thex (T) results are shown in

The Landau contribution due to the orbital motion of the Fig. 11.

. - ; L Figure 11 also shows the different componentg céfter
conduction electrons in the quasifree electron approximation ; . ’
for a spherical Ferm? surface s gip\)/en by subtraction ofy*°"®. The x*XT) obtained from Eq.(3) by

XLandau:(_llg)(m/m*)2Xsp which is negative definite subtracting fromy the various contributions estimated as de-

wherem is the electron fr’ﬁgsm* is the band effective mas,s scribed above is anisotropic and temperature dependent. We
; P ) . .

and x;% is the spin susceptibility of an equal concentration"®W testy™(T) for consistency with band theory. Since we

of free electrons. However, this expression is not necessaril gggg}y Ohsaé\:je Dtges t?;ael L?nnednr?;ngclﬂzr:sm%mseurgg;n}igﬁt?eslgn
applicable to transition metals, for whigh®"®can even be P : P P

positive instead of negativé.We speculate that the magni- be calculated b
tude of x-"%js small compared to that of°°"® and, given “
the uncertainty in the value of°*, we will assume that XPT)= £8 [Ny (M—-n_(T], @)
Y-l in Eq. (3). H

In order to obtain estimates of the bare density of statesvshereug is Bohr magneton and, andn_ are, respectively,
(DOY) at the Fermi energfEr, N(Eg), and of the Van the numbers of electrons with spin @p) and spin down
Vleck contributiony"V, we first calculated the energy band (—) in an external fielcH, andn. (T) is given by
structure using the scalar-relativistic, tight-binding, atomic-
sphere-approximation, linear-muffin-tin  orbital(ASA-

LMTO) method. The exchange-correlation effects were in- ”t(T)ZJ N (E)frp(E, T)dE, ®
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9.5 o where yg’s(T) is the spin susceptibility contribution of the
i boron Z-band electrons at the Fermi surface di82'is the
atomic boron contact hyperfine interactith:

UA2=1x10°G/Naug=179 mol B/cri. (10)

The factoré=(|y(0)|%e/|¢(0)|* takes into account the differ-
r 1 ence between the probability density at the nucleus of the 2
1.0F AN Pl ] wave function for electrons in the metal and in the atom. The
r (0=0) 7 factor ¢ is slightly greater than one in nhormal metals due to
o5 ] the normalization of the wave function over a Wigner-Seitz
i ] cell, which has a smaller volume than the volume over which
i N ] the atomic wave function extend$Note that in Ref. 23 the
L Knight shift is expressed in terms of the total spin suscepti-
0 100 200 300 400 bility. Thus if the spin susceptibility has contributions other
Temperature (K) thans terms the¢ factor derived from the measured Knight
shift can be considerably less than GAén Eq. (9) we have
FIG. 11. Separation of the measured magnetic susceptibility of gxpr_e;sed the K.m.ght shift |r) terms of thepart of the sus-
YNi,B,C single crystal into the spig®® and paramagnetic impurity (1zlept|b|||ty_. Th_us It Is appmp“ate tosgssurﬁ@l. Then frc_)gn
X™ contributions vs temperature. The Van Vlegk:*3¢ and bare Kiso(T) in Fig. 8(b), one derivesyy (20 K)=2.5x10
(a=0) isotropic spin y**°2¢ susceptibilities calculated from the Cn/mol B. The ratio of thisyg’ to the totalxg, from Fig.
band structure are also shown. 11 is r=xg’s(20 K)/xi%(20 K)=0.013 which compares
well with the corresponding band-structure result
where N..(E)=3N(E=*AE). To determineN_(E) we di- r=Ng(Ef)/N(EF)=0.03/4.2 (Table )=0.007, where
vide the total DOS into two halves and shift them by Ng ¢(Eg) is thes-electron density of states Bt at the boron
AE=pugH in energy. We usedH=8.2 T as in the NMR site. Thus thé"'K, probes only the locaNg (Eg) at theB
experiment, and have assumed a Lafattor g=2. In the  site and, in particular, not thé-band contribution of the Ni
calculation ofn.(T) the temperature-dependent chemicalatoms to N(Eg). The unusually largeT dependence of
potential is determined by making, +n_=n, wheren=33 XE?S(T) which can be seen from E¢P) and theK;,(T) data
is the total number of electrons in an unit cell. The calculatedn Fig. 8b) is evidently a consequence of a strongly varying
x*PT=0) is 1.36<10 % cm¥mol. The complete tempera- N (Eg) nearEg. The Ki(T) for B in YNi,B,C can be
ture dependence is plotted g8°YT) in Fig. 11, where the compared and contrasted with that in LyBR>° In
predictedy*™?is seen to decrease witfy about 10% from  LuRh,B, the 'B Knight shift is independent f in spite of
T=0 to 300 K, as observed in the¢X(T) derived from the the significantT dependence of, implying (i) no coupling
data. In the same way only the borsrlectron contribution of B with d electrons, consistent with our E¢9) for
(x&s) to x*P and its temperature dependence were also calYNi,B,C, and (i) a T-independentyg’s, which contrasts
culated, yielding about a 6% decrease frdm0 to 300 K. with our T-dependen’; inferred above for YNiB,C. It is
The  average X extrapolated at T=0 is noted that the band theory calculation ¥, at theB site
Xiso=(Xi*+2x17)/3=1.93x10"" cm/mol. The ratio of ex- yjelds a reduction of only 6% frorT=0 to room tempera-
perimental to bare band valuesfs=1.4, which should be  tyre while the''K(T) data in Fig. 8 indicate a much larger
the same as the Stoner exchange enhancement factgffect(~20%). This discrepancy remains unexplained.
(1—a)~* of ¥ Our valueF =1.4 is indeed comparable with  The anisotropic component of the Knight shift tensor is
the values of(1—a)™* calculated from band theory for gue to dipolar interaction of theelectrons with the''8

YNi;B,0 [1.82(Ref. 9] and LuNpB,C [1.3+0.2 (Ref. 8].  nycleus. For the case of axial symmetry one Has:
Given the uncertainty in°"® and x-2"%" discussed above,

this agreement is to some extent fortuitous. The anisotropy in 1 sp 1 s
x°Pin Fig. 4 presumably arises for anisotropy in théactor, KadT) = 3 (K=K =Aaxp "N, Gexp(T)
for which band calculations are not available.

x (10 cm’/mole)

with
B. Knight shift and magnetic susceptibility 3cof 6,1
11 Q= f , Y n(0)| =3 | i n(r)dr
1. B NMR atomic volume r ES
Since there are nd electrons at the boron site as seen in (11)

Table I and the hyperfine coupling constant for core polaryy this equation the dipolar interaction is averaged over the
ization or exchange interaction is relatively small compared,gon p electrons at the Fermi surfacé, being the angle
with the contact hyperfine coupling constant one may neglegetween the tetragonal axis and the vector joining the
any contribution td'Kis, from core polarization or exchange nycleus and the electron. The subscripin the wave func-
interaction and orbital terms related 18".% Thus the™B  tion is the index of a band whose energy eigenvalue is the
Knight shift can be written as same as the Fermi level. The local spin susceptibilityp of

1 Lnats. sp electrons at the B site can be estimated by scaling the total

Kiso(T)="Aséxg,s(T), (9 susceptibility in Fig. 11,x(20 K)=1.9x10"* cm’mol
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YNi,B,C, by the ratio of the density of states from Table I, X/ xPy=N(Eg)/Ny 4(Eg) =4.2/0.679=6.2 obtained from
Ng,p(Er)/N(Er) =0.135/4.2=3.2x10 2, yielding xg’,(20  Table | we have A¥=6.2x%A=—(27+5) mol

K) =6x10"° cm’/mol B. Thus from''K ,,=0.0005% in Fig.  y/cm3=—(81+15) mol electron/cr (for Y*3) which is

8 and from Eq.(11) one estimates|z=5x10"> cm . The  comparable with the value of core-polarization hyperfine in-
value of the hyperfine constant was calculated by using teraction constant —350 kGN ug=—63 mol electron/cr
the linear tetrahedron method in performing thepace in-  for unpaired 41 valence electro .Sincengax in Fig. 6(b)
tegration. In the linear tetrahedron method the Fermi SUrfaC% practica”yT independent one can argue that the aniso-
is planar within a tetrahedron. Therefore the shape of theropic Knight shift is likely dominated by the second term in
Fermi surface is either a triangle or a quadrangle. We asgq. (13h) which has a negligiblel dependence. However,
sumed that the integration in E@ll) is uniform on the the positive sign of%K, in Fig. 6(b) is opposite to the sign

Fermi surface within a tetrahedron and we can write of X;/)\(/ in Eq. (13b) a circumstance which could be explained
only by assuming that the orbital hyperfine constrih Eq.
QF:Z (ft . Pien(r) (13b), is itself anisotropic with sign opposite to that gf .
atomic volume

3cog6,—1 3 C. B NSLR and absence of antiferromagnetic fluctuations
bn(N)dr [ASe; [/ Sg, (12

X| ——5—
The same contact hyperfine interaction in E).which is

r
_ _ _ responsible for'K(T) is also responsible for thé'B
whereA S | is the area of the Fermi surface at title tetra- T, X(T), according to the Korringa relationT/T<K2.2 To

hedron ands.=>A S is the total area of the Fermi surface (q¢t this relation.T;* vs K2T/S is plotted in Fig. 18a),
in one unit cell of the reciprocal lattice. Since the 17th, 18th,ynere  for the B  nucleus S=(v4y,)2h/8m%kg
and 19th bands cross the Fermi surface, we have three difz 5 551076 gec K, andK(T)=K,(T) based on the fact
ferent sheets of Fermi surface and %h[ﬁ%‘% We add their  ha¢ theT;? data for the two field orientations in Fig. 9 are
contributions and obtaig=8.01X10° cm whichis com-  the same within experimental error. The very good linear fit
parable with the experimental resgi=5x10%* cm . to the data in Fig. 1@) indicates that the Korringa relation
5 8y NMR holds, but that there is a small contributi¢f; 2™ to T;*
: from the paramagnetic impurities detected in the abg\ie
Since the density ofi-electron states at the Y site is large (see Figs. 4 and 2Gand in*!B NMR linewidth (see Fig. 2
(Table ) the Y Knight shift has important contributions measurements. Th@ ; 1)=0.38 sec? found here is of the
from both orbital terms and indirect and/or exchange polarsame order of magnitud@fter normalization for the differ-
ization terms: ent nuclear gyromagnetic ratjoas the contribution to the
89, _ 89,Sp. 89y Orbit_ 89 . S wW proton NSLR in metal hydrides containirgl00 ppm of Gd
Kiso= K+ PKO= A xSt Biso. (133 impurities2 which in turn is comparable to the equivalent of
40 molar ppm of Gd impurities giving rise to thg™?(T)
discussed above.

A : —1\imp m -1
where the first term in Eq138 can contain both a positive fter SUb_traCtm%(Tl )7" from the measured, |, the
K= 1 . . -
Korringa ratiok=K“T, T/S is plotted in Fig 18b). One ex

contribution from the contact hyperfine interaction average : 3 IS 1

over thes-wave function at the Fermi level and a negative PECtS <=1 for a Fermi gas; whereask=(1~a) " in the
contribution from core polarization and/or exchange polarpresgnce of gxchange enhancemeny QF From Fig. 13b)
ization of s electrons at the Y site with polarized W€ find aT-lndepenglentK=l.6iO.2,_ in good agreement
d-conduction electrons. In E413b) the first term is due to  With the value(1—a) "=F=1.4 obtained above from the
the dipolar interaction averaged over handd electrons at  2alysis of x(T) and from the above-cited band
the Y site(we neglect here the anisotropy of the spin suscepgalculatlonﬁ' We conclude that the decrease oT {IT with
tibility ) while the second term depends upon the anisotropy
of the Van Vleck susceptibility.

8% ax=Na 'deX S 0+ BXax » (13b)

We plot in Fig. 12 the measuréX , from Fig. b) as a DN 'E;Q'Y' NMR
function of the isotropic spin susceptibility from Fig. 11 with 0018k b
the temperature as implicit parameter. Sin¢¥ is almostT e i ]
independent we can estimate from the fit in Fig. 12 the pa- R o016k ]
rameters in Eq. (133 as %K 2P"'=0.095-0.01% and e : ]
85A=—4.4+0.8 mol YNi,B,C/cn? with the large uncertainty M 00140 b
due to the poor signal-to-noise ratio of tA&Y NMR. The & i ]
negative value found for the hyperfine const&t# implies 0.012F ]
that the dominant contact interaction is via indirect exchange I ]
polarization of Ys band and/or core electrons by teslec- 0.010 Lt b b e b
trons, a situation found also in the layered cuprate High- 1.7 1.8 1.9 2.0
superconductor® In analogy to Eq.(9), we can write x. P (10 cm’/mole)

B SP=BP P =BNTexPy by neglecting the small e
s-electron contribution to th&%;,, where x{yis the spin FIG. 12. 8% K, Vs ¥ in YNi,B,C. The line is a linear fit

susceptibility contribution of the yttriumdtband electrons using Eq. (4), yielding 8A=-4.4+0.8 mol YNi,B,C/cn? and
at the Fermi surface. Assuming=1 and using the ratio %K=0.095+0.01%.
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seen ly a B nucleus due to a fluctuating Ni magnetic moment

140 F B NMR YNIB.G and w,=[(8/3)3?n(S+1)]Y41 is the exchange frequency
120 | T2 ] of the Ni moments with interatomic exchange coupling con-
~100F | ﬂ'J'_CC 3 stantJ and the number of nearest-neighbor magnetic ions
'S gob E n.3® We estimate an upper limit/kg~100 K from theT at
<z : 3 which the rate of increase iy® with decreasing in Fig. 11
Eﬁ 6.0 c ] appears to decrease. Assuming a local Ni momentgf,1
— 40F 3 we find (T{H)¥P~20 sec . This value is about a factor of 3
oo kb ] larger than theT ;* measured at 100 K in Fig. 9. With de-
@) 3 creasingT, the (T; %P contribution would be easily detect-
0-00 — '5 — '1'0' = '1'5' 20 able as a decrease #fin Fig. 13b) on loweringT and by a
K>T/S (sec’)) strong depression of from the band theory valud—e) %,
contrary to observation.
20 P We note thaty"™?(T) could not arise from a small mag-
[ % % i netic moment localized at the Ni site, since in that case one
15k % % % % % % % ] would not expect an extra broadening of the line, contrary to
i ] our results as shown in Fig. 2. One would also expect a
cﬁ T-dependent~1/T) dipolar contribution ta"'K ,, but not to
= 1.0 b YK 0. due to the powder average of the local dipolar field at
“ : the B site, again contrary to our observation tHét,, scales
L o Hllc ] linearly with 1K ., over the entirel range 16—300 K of our
O5F « Hic p measurementgFig. 8(c)].
[ 118 NMR, YNi.B.C (b 1 Therefore, from the consistency of both theand NMR
Y T AT data with band theory, we conclude that no antiferromagnetic
0 50 100 150 200 250 300 correlations or local magnetic moments of nickel are present
Temperature (K) in YNi,B,C, as briefly discussed in our preliminary repdrt.
FIG. 13.(a) 1B T1 ! for Hilc andH_Lc vs K?T/S. The line is the D. 8% NSLR

linear fit 1/T;=0.38 sec'+0.61(K2T/S) to all theT1* data, where 8 N
K=11K,. (b) Korringa ratio (2T,T)/S vs temperature. The data The %Y NSLR data in Fig. 7 show an almost constant

are corrected for the paramagnetic impurity (:ontributionbeh"’“",Or of ;) . Since t_hegg_Y Knight shift is the sum of
(1/T)™=0.38 sec’ from (a). an orbital and a spin contributidsee Eqs(13g and (13b)]
it is reasonable to also expect two contributions to the

T in Fig. 9 and also observed in Refs. 17-20 4B in NSLR:
YNi,B,C is simply a reflection of the decrease ¥, and S(T,T) t=[KYT)]>+R™, (14
therefore inK;s, with T, which in turn arise from sharp fea- | 1 ore KI(T) is the core polarization contribution to the

tures in NB,S(E) nearEF in YNiszc, a band-structure ef- Knlght shift, which was written in chlga as 89AXiSO(T)!

fect. Thus, one does not need to invoke AF correlations tQ,,qro™® is the orbital contribution to the NSLR which. how-
explain the [, T)*(T) data. From the above, we also infer oyer " is not proportional to the orbital Knight shit2 in

that the nonlinearity in the T4 T vs K? plot in Ref. 19 is due Eq. (139. The coefficientS is S=(v./y )Z(h/8772k3)
to paramagnetic impurities and not to antiferromagnie) —1.09x 10 % sec K for the®® nucleus. U?\fo?tunately there

correlations as suggested. is No Sim -
_ ple way to separate the two contributions to the
We concluded above thall(T) * andK(T) for the !B \g) piin Eq.(14). Since from Fig. 7 it appears thaf {T) *
NMR are bo_th driven by the same hy_perfme interaction with;g practically temperature independent whitd(T) in Eq.
the conductiors electrons at the B site and that these dat 14) has the temperature dependence of the spin susceptibil-

are consistent with band theory. On the other hand, on (Fig. 4), we tentatively conclude that the NSLR &
could argue that since these measurements are only Sampl'ﬂés a sizable contribution from the-independent orbital

thes electrons at the B site, they may not be sensitive to ARg 1 in Eq.(14). In any case there is no evidence for any

correlations among the electrons associated with the Ni o,nyibytion due to AF fluctuations of the Ni moments.
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. TH8 nucleus in
YNi,B,C occupies a site symmetry where AF correlations of ~ Figure 14 shows th&'B NSLR in a powder sample at 1.2
local Ni moments coupled by the dipolar interaction to theand 2.4 T both in the normal and in the superconducting
1B nuclear would not be canceled, whereas indirect exstate. The!’B NSLR in the normal state displays the en-
change coupling would cancel for commensurate AF correhancement with lowering temperature as discussed already
lations but not for incommensurate correlations. For the leasaind the enhancement is found to be field independent. In the
favorable case of detecting commensurate correlations, theuperconducting state, a Hebel-Slichtdf) coherence peak,
contribution toT;* due to dipolar coupling, in the limit of which is expected to appear just beldwfor a conventional
high T where the Ni moments are uncorrelated, would besuperconductoiS was not observed in the measurements at
(T )WP~4y2(h?)/w,, where v, is the 1B nuclear gyro- H=1.2 and 2.4 T(see Fig. 1 The results are very similar
magnetic ratio(h?) is the average square magnetic inductionto those previously obtained by Hansenal® at H=1.105

E. B NSLR in the superconducting state
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independent contribution to the NSLR arising from paramag-

oy o T ”B N'MR Y,\'IBC netic impurities. Our value of &/kgT.=3.4(5) is compa-
e %p?o\ » TS, ] rable with the values 3.6Refs. 13 and 14and 4.21) (Ref.
M o5 P, o 15) determined calorimetrically for YNB,C, and 3.9(Ref.
DN fotio g 38) and 3.5(Ref. 39 from electron tunneling measurements.
9]
i’ T~ BCS ] V. SUMMARY AND CONCLUSIONS
g From the combination of'B, 8% NMR and magnetic
f :f?‘z‘}r susceptibility measurements, we have obtained detailed in-
Y T T o formation on the electronic properties and structure of
) 50 100 150 200 250 300 YNi,B,C in the normal metallic state. Both the small isotro-
Temperature (K) pic contact and anisotropic hyperfine constant at the B site
0.1 are explained by the local electronic structure at the B site.
Zl(t;)' ' - §I§§|}‘H The negative hyperfine interaction at tfY site is consis-
o~ - ; tent with a transferred hyperfine interaction involving polar-
A 0.5 $ /«—BCS ° ::f‘zq ] ization of s-like electrons at the Y site bg electrons.
- . 2 ] We find a temperature-dependent and anisotropic spin
8 o et 1] susceptibility x*°. The temperature dependence)df is ex-
= e .} plained in terms of a narrod-band structure with high den-
Eﬁ g ' : sity of d states at the Fermi level. The small anisotropy&f
— 01 + _,  H=0987 in this three-dimensional system is most likely due to asym-
% Temperatus (K) metry of theg factor. The temperature-independent Van
0.01 s bl Vleck contribution to the measured susceptibility is found to

s te 1o s 1oy
0 5 10 15 20 25 30

Temperature (K) be large and strongly anisotropic. Both features are repro-

duced very well by theoretical calculations which in other

FIG. 14. (T;T) ! of B vs temperature in a YNB,C powder  respects are similar to previous calculations of the electronic
sample for two magnetic field intensities. The solid line is a fit of band structure of the compound.
the data belowl; atH=1.2 T using BCS theorjsee Eq(15)] with From the temperature dependence of thi Knight shift
Ayks=18.6=0.7 K. Note the different temperature scalesdnand  we infer an unusually strong temperature dependence of the
(b) The inset Of(b) is the plOt OfTIl VS temperature foH=0.9T. Spin Suscepub”'ty due to boror e|ectronS’XE|?S(T)_ The

20 band calculation predicts thatz’s at the boron site has a

T and by Kohareet al™" atH~1.4 T. The HS peak can be o, ,ch weakefl dependence than expected from the tempera-
reduced by the presence of impurities and/or by the applieg; e jependence of tH&B Knight shift. This remaining dis-
magnetic field. In order to checl§ these two possibilities Wecrepancy may indicate that thermal expansion effects need to
have performed measurements in & new powder samplé OB jncjuded in the band theory calculations. It is also possible
tained by grinding high-quality smgle_crystalfl and at theyat the atomic-sphere-approximation linear-muffin-tin or-
lowest magnetic fieldH=0.9 T) for which the B NMR 3| method used here does not give a completely reliable
signal was still measurable in the superconducting state. Ajygit for the total energy of the system. Most importantly,
shown in the Inset of Fig. 14), we observed a sharp drop of ;e fing that the enhancement in th#8 NSLR simply re-
T, ~atT, without any noticeable enhancement. We concludgjects the increase of the spin susceptibility with lowering
that for the conditions of our experiments no HS peak isigmperature and is not due to contributions of magnetic char-
present. This could be due either to an applied fi@l9 T)  5cter from the Ni sublattice such as antiferromagnetic fluc-
which is still too large or to a reduction in the peak heightyations of localized and/or itinerant electron spins. Thus we

arising from a small energy-gap anisotropy. o conclude that YNiB,C is different from the cuprate highc
The relaxation ratd; ~ values at 1.2 T can be fit using the superconductors in this respect.
BCS theory given by In the superconducting state, thH& NSLR is found to fit
1 Ag a BCS temperature dependence with a superconducting gap
-?l“ex T keT)’ (19 parameter aT=0 K, 2A,=(3.4+0.5ksT,, as expected from

the normal properties of the Fermi liquid in the normal state.
with Ag/kg=(18.6+0.7) K, whereA, is the superconducting Although YNi,B,C behaves as a conventional type-Il super-
gap parameter, as shown by the solid curve in Figbl4A  conductor, no Hebel-Slichter coherence peak could be de-
similar Ay=17(3) K was obtained from ™B 1/T;  tected at the lowest magnetic field.9 T) at which the'!B
measurement$ The superconducting transition temperatureNSLR measurements could be performed.

T, was m_eaSl_Jred fr_om the initial detu_ning of the NMR tank ACKNOWLEDGMENTS
circuit which is equivalent to measuring the change of the
inductance of the system and the resulTjs=(11*.1) K at We thank K.-H. Kim and Q. Hu for their efforts in the

1.2 T. UsingT.=11 K and the above fitting result, we obtain beginning stage of the measurements. Ames Laboratory is
the value 24,=(3.4+0.5kgT. which is close to the BCS operated for the U.S. Department of Energy by lowa State
value, 24y=3.5XgT,. It is noted that theT;T) * datum at  University under Contract No. W-7405-Eng-82. This work
4 K is larger than the BCS predictidisee Fig. 14b)]; this  was supported by the Director for Energy Research, Office of
deviation may be due to the presence of a small temperatur®asic Energy Sciences.
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