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5/ NMR and magnetic susceptibility study of the strong-coupling superconductor Hf\4
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The Knight shiftk of >V and the magnetic susceptibility in the C15 Laves phase compound Hftiave
been measured to investigate the change in the electronic state at the martensitic lattice transformation tem-
peratureT, and the symmetry of the superconducting order parameter. In the normal state, the hyperfine fields
have been estimated to be250 and— 72 kOejug above and belowl , respectively. The reduction in the
magnitude of hyperfine field is considered to be due to a stsetqixing induced by the lattice transforma-
tion. AboveT, the V 3d derived density of statdd;4(er) obtained fronK and the spin-lattice relaxation rate
1/T,T is comparable with that estimated by a band calculation. The Knight shift dué $pi& vanishes well
below the superconducting transition temperatlige Since theT® dependence of T} well below T, is
explained by the anisotropic energy gap that has nodes at points on the Fermi surface, the Cooper pair is
thought to be of Anderson-Brinkman-Morely or de wave, for example.

DOI: 10.1103/PhysRevB.64.024509 PACS nunider74.70.Ad, 76.60.Cq, 76.60.Es

I. INTRODUCTION ergy gap vanishes at the poles on the Fermi surface.
In the normal state T4 T and y of HfV,, V3Si and NRSn
The similarities in the physical properties between theshow a strong temperature dependence. This behavior can be

conventional strong electron-phonon coupling superconduct@ttributed to a narrow conduction band with the bandwidth of
ors, such af\15 andC15 Laves phase compounds, and theabout 100 K2*~'* A peak in 1T;T was observed at about
heavy Fermion superconductordHFS) have been 110 Kin HfV,, where the martensitic lattice transformation
discussed? Kusunose and Miyakeshowed that the low- S reported” To investigate the change in the electronic
energy effective Hamiltonian of such a strongly coupled lo-States due to the'martensitic transition and the symmetry of
cal electron-phonon system was mapped to the two-chann#1€ superconducting orderfgarameter in Bifwe have mea-
Kondo model. The logarithmic temperature dependence ofUred the Knight shifi of >V and the magnetic suscepti-

the spin susceptibility observed in &5 compound VSi F'“g X- m Sec. Il we d_esctr;]be the e_xperltmlental Ip:roci‘ed;lre.
could be explained by their theory. n Sec. lll we summarize the experimental results. In Sec.

One of the characterisics oA15 compounds i, 7 1 SV PR BRETAS DS PR e den-
NbsSn and aC15 Laves phase compound HfV6 the satu- ! Y

= o . sity of electronic states. Finally, we discuss the symmetry of
ration in the resistivity at hlgh temperatL_Jres, where the meal ooper pair in the superconducting state in Sec. V, and give
free path of the conduction electrons is comparable to the - sion in Sec. VI.
lattice constant. Anderson and ¥iound that the conduction
electrons in such a strong electron-phonon coupling system
provide a double-well potential for the lattice ions. The ionic
system in such a potential is called a two-level sys{éhs). The sample is the same as used in Ref. 6. A polycrystal-
It was proved that a TLS plays a role of a localizesipin in  line sample was prepared from starting materials, Hf of 98%
the Kondo systerfi. The periodic TLS corresponds to the purity and V of 99.9% purity, by Ar plasma-jet melting. The
dense Kondo system. Therefore;Si, Nby,Sn and Hf\, are  ingot was turned over, melted ten times to ensure the homo-
expected to show properties similar to those of the densgeneity, and annealed at 1000 °C in a vacuum for a week.
Kondo system. Since the temperature dependence of thEhe obtained sample was crushed into the 200-mesh powder
electrical resistivity of H\4 (Ref. 5 is more unusual than for the nuclear magnetic resonan®MR) measurementl,
that of A15 compounds, the investigation of the electronicwas determined to be 9.2 K by the ac susceptibility and the
state of Hf\, is a subject of great interest. electrical resistivity measuremenjgswas measured with the
One of the most important features of the HFS is thesuperconducting quantum interference device magnetometer
anisotropic energy gap formed by the strong correlatiorat IMR, Tohoku University. The®Y NMR measurement
among conduction electrons composed aihds electrons.  was made with a conventional phase-coherent pulse spec-
As for the anisotropy of the superconducting energy gap ofrometer at 12 and 6 MHz.
HfV,, we have reported the results of spin-lattice relaxation

Il. EXPERIMENT

51 .pe .
rate 1m, of >V and speuﬂc-heat measuremét/T exhlbs- Ill. EXPERIMENTAL RESULTS
its a small coherence peak just beldw(=9.2K) and aT
dependence well beloW,. The specific heat obeys the The magnetizatioM measured at 10 and 290 K is plotted

law below T.. We discussed these results in the frame ofagainst the fieldd (M-H curves in Fig. 1. The slope of each
Anderson-Brinkman-MorelABM) modelin which the en-  M-H curve is constant in the field range between 10 and 20
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FIG. 3. Temperature dependence of magnetic susceptibylity.
calculated from the observed Knight shiiftand Eq.(14) is shown
by closed circles.

FIG. 1. MagnetizationM vs applied magnetic fieldH curves
measured at 100) and 290 K(@®).

kOe. Its an_omaly ob_ser\_/eo_l in the Iow-f|e_ld range |nd|cate§5 contained as an impurity in the starting metals. Actually,
thatM consists of an intrinsic paramagnetic part and a ferro-

o ; Hf | of puri % ins 41 F i
magnetic impurity part adl = yH -+ M u(H). An example metal of purity 98% contains 415 ppm Fe according to an

7 , P analysis table given by the suppl®rThe V metal of purit
of the decomposition ¥l o_bserved at 10 K is shown in '_:'g' 99.9%4/0 also cogntains leO pprr:]p Fe. From the vaILE)e o¥ the
2. Mimy(H) saturates easily below 10 kOMiy,(H) esti- ooy ateqy imp(H), 3.76<10 *emu, we find the content of
mated at 10 K agrees completely with that at 290 K. Th'SFe spins in HA\ to be 136 ppm, which is comparable with
implies thatM,,(H) is the same at any temperature betwee ; ' }
10 and 290 K. and that the Curie temperature of the ferrc?—that estimated from the above reference values. We can es

magnetic impurity is much higher than 290 K. We think Fe
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FIG. 4. Temperature dependence 9% Knight shift K in
FIG. 2. M (open circleg observed at 10 K is decomposed into the normal state. Best fitting curves based osimple Lorentzian
H-linear partM = yH (dotted line and open squajeand impurity  modeland atwo-peak modeire shown by solid and dotted curves,
partMing(H) (closed circles respectively.
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FIG. 6. Field dependence of the magnetizatMrin the super-
FIG. 5. Temperature dependencelofin the superconducting conducting state measured at 4@) and 2.0 K(O).
state measured at 12) and 6 MHz (®). CorrectedK at 4.6 and
2.0 K for the data observed at ¥2) and 6 MHz (A) are also  electronic state due to the lattice transformation at around
shown. The broken curves illustrate the expected temperature dd-20 K. It has been reported that HfVindergoes a cubic to
pendence of the correctéd orthorhombic structural transition @ ~ 120 K, which is ac-
companied by a volume increase and anomalous behavior of
timate x from the linear part of the magnetization, the tem-the resistivity, heat capacity, and susceptibitity? The in-
perature dependence of which is shown in Figy8eported  crease iny below 60 K corresponds to the decreaseKin
by Hafstrom, Knapp, and Aldrédis similar to ours above Therefore, this increase ij is not due to a paramagnetic
60 K, but nearly constant below 60 K. impurity that has nothing to do witK in general.
The NMR spectrum of?V consists of a narrow central  y andK are written a¥
peak and wide wing broadened by a distribution of the elec-

tric field gradienﬁ — T+ 42 +y+ T+ 42 )
The Knight shiftk was estimated from the peak position X=X3dT)F Xag ot 5 Xas* Xaia X5 T)+ Xsd o™ 5 Xpaui

of the spectrum. Figure 4 shows the temperature dependence 1)
of K in the normal state. The decreaseKirwith decreasing
temperature is ascribed to the increase in the core- K=Kzg(T) +Kzg orpt Kas 2

polarization due to V @ spin associated with the increase
in x. The temperature dependencekoin the superconduct-
ing state is shown in Fig. 5. The difference betwé&emea-
sured at 12 MHz and that at 6 MHz is very smadl.de-
creases slightly with decreasing temperature and thel
increases below 6 KK in the superconducting state contains
a large diamagnetic shik 4, due to the Meissner effect. To
estimate the intrinsi&, we measured the magnetizatiwhin
the superconducting state. Figure 6 shows the field deper —
dence ofM at 4.6 and 2.0 K.

Figure 7 shows the temperature dependence BfTLbf
51V reported in the previous papd/T,T is nearly constant
(=0.12 s 'K %) below 20 K.
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IV. ANALYSIS OF THE TEMPERATURE DEPENDENCE 1|00

OF x, K, AND /T,T IN THE NORMAL STATE

A. K-x plot . . .
xPp FIG. 7. Temperature dependence®d¥ spin-lattice relaxation

The increase iry between 290 and 120 K with decreasing rate 17,7 in the normal state reported in Ref. 6. Best fitting curves
temperature suggests the existence of a naddand. The based on asimple Lorentzian modeind atwo-peak modebre
decrease iny below 120 K is attributed to the change in the shown by solid and dotted curves, respectively.
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FIG. 8. K is plotted againsy with the temperature as an implicit
parameter.

Ki=H' Xi

t——— (i=3d, 3dorb, 4s),
thAMB ( )

)

where x34(T), Xas, Xado: and xgia are the spin suscepti-
bilities due to V 3 and 4s electrons, the orbital susceptibil-

ity due to V 3d electrons and the diamagnetic susceptibility

due to V and Hf core electrons, respectivefsy(T) and

Xsd orp @re the spin susceptibility and the orbital susceptibil-

ity due to Hf &d electrons, respectivelyypayi is the spin
susceptibility due to V B, Hf 5p, Hf 6s and other electrons.
Xdia~ —4.6x 10" °emu/mol is given by Guptf Ksq(T),
Ksgorh,» andK,g arise in proportion toyzq(T), X34 o @and

PHYSICAL REVIEW B 64 024509

mated to be—72kOejug in the low-temperature region.

— 250 kOejug is somewhat large but appropriate to a hyper-
fine field of 3d transition elements, which means that the
exchange interaction between caseand 3 electrons is
strong. This result supports the assumption thai(T) is
negligibly small is reasonable. The change-t@2 kOejug is
considered to be due to a change in the electronic states
induced by lattice transformation & . This change is too
large to attribute to a change in the core-polarization due to
V 3d spin. Since the magnitude of the hyperfine field due to
the 4s Fermi contact interaction is one order larger than that
due to the 8 core-polarization, a strongs43d mixing
sometimes reduces the magnitude of the hyperfine field of
transition elements. Suchs43d mixing has been observed
as H=—16kOejug for ®Ni in the superconducting
LuNi,B,C (Ref. 19 andH{¥= —27.5 kOefug for ¥Zr in the
weak ferromagnetic Zrzn(Ref. 20. We consider the above
reduced hyperfine field as the effect o§-8d mixing in-
duced by the lattice transformation. The fractionNafy(eg)

that has 4 character is estimated to be about 16%.

B. A combined analysis ofy, K, and ¥T,T

In this section, we analyze the temperature dependence of
x andK together with that of I/; T, and discuss the change
in the electronic state induced by the lattice transformation.
SinceK34(T) is expressed withi 3! and the DOS of @
electronsN3q4(g) in general, Eq(2) becomes

Xas, respectivelyH represents the corresponding hyperfine

field. N, is the Avogadro’s numbeH 3! °°=216 kOejug is

given from the formula, H3 ®°=2u5(r %)X 0.75, and
(r~3)=1.56x10?°cm 2 calculated for V atom witt 3d]*
configuration by Freeman and Watsdnwe neglect the dia-
magnetic shift induced by the orbital current of V inner
closed shells since it is generally an order of magnitud
smaller. y4in due to Hf core electronsysq(T), Xsq o, and
Xpaui d0 Not contribute td. We assume thagsy(T) is neg-
ligibly small because the density of stat&0S) due to Hf
5d electrons is only one-tenth of that of Vd3electrons
according to a band calculatidf.

K is plotted againsy with the temperature as an implicit
parameter in Fig. 8K has a linear relation witty in both
temperature ranges between 130 and 280 (kigh-
temperature region and between 10 and 90 Klow-
temperature regionThe least-squares fit yields the relation,

K(%)=2.0—-0.22¢(10 *emu/mol)  (solid line in
the  high-temperature  region,  while K(%)=0.98
—0.065¢(10 *emu/mol) (dotted line in the low-

temperature regior1.-|ﬁfd —250kOejug is obtained in the

2ugHi (= af
K= N, f_wds _5 N3g(e =)+ Ksg orpt Kas
(4)
wheref(e) is the Fermi-Dirac distribution function.
1/T,T is written as
1 _( 1 ) N 1 ) N 1 ) 5
TlT TlT 3d spin TlT 3d orb TlT 45’

where (1T1T) 34 spins (1/T1T)34 0, @nd (1T, T),s represent

&he contribution due to thed3spin, 3 orbital angular mo-

mentum, and 4 spin, respectively. (I/T)sqspin and
(1/T1T)3q orpb depend on the symmetry ofidorbitals, and are
expressed by the factos and p that are functions of the
relative weight ofde anddy orbitals at the Fermi surface as
follows #1-2?

( 1 ) _4ka<
TlT 3d spin h

of
XJ_wda‘(—%) Néd(s—ﬂ), (6)

'}’nﬁHﬁg

2
] e

high-temperature region, while the hyperfine field is esti-and
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TABLE |. Relaxation rate and Knight shift.

(1/T1T)3d(0) (1/T1T)43 KSd(O) K3d orb K4s
(s'K™ (%)

Low temperature 0.12 1.9<10°° -0.12 0.66 8.410°4
region

High temperature
region

Simple Lorentzian 0.061 0.022 -0.35 0.85 0.029
model

Two-peak model 0.013 0.016 —0.19 0.90 0.025

(i) _4ka(«ynﬁHﬁE°’b)2p
TlT 3d orb h NA
» o\
Xf,xda T e N3gq(e—u), (7

K(«) reflects the electron correlation.

We fit this equation to the observed data by the least-squares
method, obtaining the best fitted parameterk
=945 K™ Kiyo=0.66%, and K,s=8.4x10 “%.

X3d orb=3.4X 10" *emu/mol is calculated fromzq orp. Kas

is found to be negligibly small. From Hﬁ?=
1.12¢ 10° kOe/ug (Ref. 21 andy4s=2u3N4s(eE), xas and

the DOS of 4 electrons N, (eg) are estimated to be

If Nsg(e) has a sharp peak near the Fermi level,8.4x10 &emu/mol and 1.8 10 2 stateseV) /V spin, re-
(1/T1T) 34 spinand (1M1 T) 34 o, depend on temperature in the spectively. K(%)=0.98- 0.065¢(10" *emu/mo) is rewrit-

same way. Therefore, we write
1

il in
- = + | == .
<T1T 3d 3d spin TlT 3d orb

The modified Korringa relation is obtained from E@$). and

(6)—(8),

1

T (8)

(i) =k(M[Ksy(M7T, ©)
T, T ad

4mkg ( 7n> 2

K(T)=—

Ye

(H3)2qK(a)+ (HE °®)2p
(Hp)?
keTS[Naa(e)]?f(e)[1—f(s)]de

(TNsg(e)F()[1— T(s)1de)? 10
The Korringa relation
1 _Amkg [ vn 2 )
(ﬁ) G (7) s -

is assumed.

1. Low-temperature region (18T=90 K)

At sufficiently low temperaturé&(T) does not depend on

temperature, being a constdaqt

K= 4mkp ( 7n)2
fi Ye

(HE)?aK(a) +(HF °™)%p
(Hi)?

} . (12

We obtain the following relation from Eq$2), (5), (8), (9),
and(11),

1
77 = K[K—Kagom— K 4s]?+26.XK3,. (13
1

ten as

¥(10™4 emu/mo) = — 15 K (%) — 0.66]+ 3.4+ 1.5,
(14

whereK 45 and s are neglected, angyis+ Xsdorbt 3 XpPauii IS
found to be 1.5 10 * emu/mol from Eq.(1). The tempera-
ture dependence of calculated according to Eq14) and
the experimental data &€ is shown in Fig. 3 by the closed
circles.

We can estimate the total DOS of the conduction elec-
trons N(eg) from the electronic specific-heat coefficient
=2(1+)\)w2k§N(sF)/3, where \ is the electron-phonon
coupling constant. By using the values=1.14 and vy
=47.7mJImol* K 2,° N(er) =2.36 stategeV) YV spin is
obtained. The total spin susceptibility is given by
2u3N(eg)=3.1X10"* emu/mol at sufficiently low tempera-
tures compared witllbandwidth/kg . This agrees well with
X— X3d o= "3.6X10" % emu/mol observed at 10 K. By sub-
tracting xgiat Xsdorbt 2 Xpaui> X3q4(0) is estimated to be
2.1x 10 *emu/mol. The ratio of this value to the total spin
susceptibility is the ratio oN34(eg) to N(gg). This ratio
and Nj4(eg) are estimated to be 0.68 and 1.60 states
(eV) "}V spin, respectively. The obtained physical quantities
are listed in Tables | and II.

2. High-temperature region (138T=280 K)

We make an analysis based on a narrow-band model for
N3q4(g) since the temperature dependenc&(@f) is impor-
tant.

The temperature dependencekofy(T) and (17T1T)3q is
calculated from Egs(4), (6), and (7). The temperature-
dependent chemical potentijalis determined by the relation

n= fwdef(smgd(s—m, (15

024509-5
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TABLE Il. Density of states and magnetic susceptibility.

N(eg) N3q(eg) Nus(eg) N3g(eg)/N(gg)  x34(0)  Xzdom Xas XdiaT Xsd orb™ 3 XPaui
[states(eV) YV spin] (10~ % emu/mol)

Low temperature 2.36 1.60 1.%10°3 0.68 2.1 3.4 8.410°* 1.5

region
High temperature

region
Simple Lorentzian <1.84  1.22 4.5¢10°? >0.66 1.6 4.4 2.%10°? 0.80

model
Two-peak model <0.89 0.66 3.8x10°2 >0.73 0.85 4.7 251072 0.31
Band calculatioh 0.91 0.64 0.70

& diaT X5d orb>>0 is assumed thoughisg o iS NOt known.
PReference 18.

wheren is the number of @ electrons. The following two Ormeciet al*® made the first-principles electronic struc-
models are assume8imple Lorentzian model ture calculations with a full-potential linear muffin-tin orbital
method for C15 Laves phase compound HfVThey ob-
NaW tainedNzq4(e) = 140 states/Ry per unit cell. By considering
Naa(e) = (e —e0)2+ W2’ (18 that eight Hf\, formulas are contained in a unit cell,
Nsq(eg) is derived as 0.64 statésV) Y/V spin. They have
and Two-peak model shown thatNsy(ef) is 14.5 states/Ry per unit cell, that the
total contribution of V 3 and Hf 5 electrons is 27
Nag(s) = 3NA | 1 VW= (s 18,02 states/Ry per unit cell, and that the contribution sfahd 6
3d 2m(1+r)|W; Y31 1 electrons is a few states/Ry per unit céllgy(er)/N(&f)

was calculated to be 0.70. This ratio is comparable with the
+ o /4_1W2_(8_8 )2 (17) values estimated from the above two models and our experi-
w, Y372 2 mental results. Our above analysis that(eg) is negligibly
, . small is consistent with their result.
where W, W;, and W, are the bandwidths of respective gy considering that the temperature dependence BfTL/
Nag(e) andeo, &1, ande, are the energies of the peak penyeen 20 and 100 K is explained by a narfgy(e) with
position measured from the Fermi level. In theo-peak 5 phangwidth of about 100 K as discussed in the previous
mode] r is the ratio of the _two parts dfi;4(e), which should aper® the presentV=500 andW,=500K seem to reflect
be cut off for energy making the argument of the square roofhe change in the electronic state induced by the lattice trans-
negative. _— . formation.W,= 160 K suggests that a part of a narrow band
By substituting Eqs(16) and (17) into Egs.(4), (6), and  e4jized at low temperature still remains at high temperature.
(7), we fit the calculatedK and 1T, T to the observed tem- £0/W=0.70,&, /W, =1.10, ands,/W,=1.15 mean that the
perature depend.ence of them simultaneously by the 'easlt—‘ermi levels in both models are not on the peakgf(s).
squares method in order to determMg,(er), Kaaom: Kas:  This is consistent with the band calculaftbin which the
and (17I'1T)4S._ . . Fermi level crosses a relatively high local minimum of
a. DOS estimated by theimple Lorentzian modelThe Nag(e). It should be noted thatl,(¢¢) at high-temperature

results of the best fittings df and 1T, T with parameters, ro4ion is 32 times larger than that at low-temperature region.
W=500K andey/W=0.70, are shown in Figs. 4 and 7 by

the solid curves. The relatiogK(«)+0.760=0.019 is ob-
tained. The valueg=0.22 ando=0.18 reported by Damer,
Khan, and Lder$? for C15 structures HfyH, and
Hf, <Zrg =V ,H, makeK («) negative, which do not seem rea-  The >V K measured at 12 MHz coincides with that at 6
sonable. AsK(a)=0 p should be very small, less than MHz as shown in Fig. 5. This looks unreasonable because
0.025. From the best fitted parameters and the equations dige magnitude of the magnetizatidh due to the Meissner
cussed above various physical quantities are estimated amdfect at 6 MHz is larger than that at 12 MHz. Feyerherm
listed in Tables | and II. et al?® reported an abnormal field dependencekofn the

b. DOS estimated by thevo-peak modelThe results of  superconducting state for the HFS YRt that is, the mag-
the best fittings ofK and 1mM,T with parameters,W; nitude of the negativ& at 5 kOe is smaller than that mea-
=500K, W,=160K, &,/W;=1.10, &,/W,=1.15, andr sured at 10 kOe. They ascribed this anomaly to the pair
=0.50 are shown in Figs. 4 and 7 by dotted cungs(«a) breaking due to the Pauli paramagnetic limiting effect. It is
+0.760=0.014. Becaus&(a)=0 p should be very small, also reportetf?*that the paramagnetic limiting effect d
less than 0.019. Various physical quantities estimated arandH., is observed in the same strong electron-phonon cou-
summarized in Tables | and II. pling superconductor 3Gi. The Pauli paramagnetic limiting

V. KNIGHT SHIFT IN THE SUPERCONDUCTING STATE

024509-6



5y NMR AND MAGNETIC SUSCEPTIBILITY STUDY ... PHYSICAL REVIEW B 64 024509
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FIG. 9. The recoveryM,—M(t)]/M, of the nuclear magneti- - r / 7
zation is plotted againgtx T°. BCS curves
10°F A)=0.57k;T, =
effect on the behavior dk must exist in H\4. In our NMR ——8E=0.10A(T) 1
measurement, the pair breaking due to magnetic field, whicl r 1
makes a positive contribution tg is larger at 12 MHz than i ----8E=0.33A(T) i
at 6 MHz. Because the hyperfine field is negative, the Knight ——38E=0.67A(T)
shift due to the pair breaking at 12 MHz is more negative i — - —8E=1.0 A(T) ]
than that at 6 MHz, which can explain the observed coinci- 3 '
dence ofK. 10 °F | | B
To estimate the temperature dependence of the intriasic 0.1 R '1 S "10 )
and to discuss the symmetry of the order parameter, we mu: : T (K)
evaluateK 4, due to the Meissner effect. We use the formula
given in Refs. 25-27, FIG. 11.5% 1/T, in the superconducting statRef. 6. Curves
show the calculated temperature dependence for BCSAJ&y)
4m(1—NY|M| =0.5%gT, and various broadeningsE.
Kda==——— - (18

sured at 12 MHz, an&4,= —0.10% at 4.6 K, an&K 4,=
—0.17% at 2.0 K forK measured at 6 MHz. We have an-

Our sample is a packed powder in a cylinder form with 2 ther formula,

diameter of 6 mm and a length of 5 mmM, is the demag-
netization factor that is assumed to be 0.2 from the shape of Hy In(Be °%d/¢)
the samplé>28The filling factor of the sample is assumed to Kaa= =5 —InogE (19
be 0.7. From the observed in Fig. 6, we estimaté j,= n(A/E)
—0.03% at 4.6 K, an&y,= —0.05% at 2.0 K fork mea-  whereH, is the lower critical fieldd the distance between
vortices,¢ the coherence length, the penetration depth, and
0’ B=0.381(Ref. 29. It should be noted that we have obtained
' T ' ' ! "1 larger values ofK ] when we used Eq19). We adopt the
i 12 MHz; 0 ?gﬁ © 291K= 245K 3 (orrections based on E€L8) because Eq(18) uses the ex-
6MHzZ « 312K » 2.83K = 200 K perimental values oM while Eq. (19) is deduced theoreti-
cally. By subtractingK 4, from the rawK, the corrected val-
4 uesofK at4.6 and 2.0 K are obtained and shown in Fig. 5.
] The broken curves in Fig. 5 illustrate the expected tempera-
ture dependence of the correct€d. They do not agree with
each other, owing to the Pauli paramagnetic limiting effect
discussed above.

Here, we find the fact that the low-temperature limiting
value of the corrected is larger thanK ;4 ,,,=0.66% esti-
mated in Sec. IV B 1, indicating that the contribution af 3

0 0.05 0.1 0.15 spin toK vanishes completely well beloW,. This is inter-
t X exp(—1.14ks T /K T) preted as the loss of all ofd3spin susceptibility, that is, the
Cooper pair is in a spin singlet state.

FIG. 10.[My—M(t)]/M, of the nuclear magnetization is plot- In the superconducting state, we have reported thgf 1/

ted against X exp(—1.1&KgT./kgT). shows a very small enhancement just beldwand aT®

_
<

My~ M(t)/M,

._.
S
S
,.
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dependence well belov., and that the electronic specific the Fermi surface both idy andde states. The Cooper pair
heat is proportional t@® at low temperatureWe discussed in HfV, is considered to be of spin singldty or de wave,
this behavior in terms of p wave ABM gap model in which  for example.
the superconducting energy gap is anisotropic and vanishes
at poles on the Fermi surface. VI. CONCLUSION

To reconfirm theT® dependence of Tj, we plot the
recovery[My—M(t)]/M, of nuclear magnetization mea-
sured at various low temperatures againsfT® in Fig. 9,
whereM(t) is the nuclear magnetization observed at time
after a saturation pulse and, is that att=<«. The data
points fall into a band.M,—M(t)]/M, measured at various
temperatures scales tex T° within experimental errors. We
try to plot the same recovery against exp(—2A/kg T) in
Fig. 10. The data points also fall into a band. However, w
have to choose a small energy gap/RgT-=1.14 in Fig.
10, which is too small in order to represent a BCS gap
Moreover, this very small energy gap cannot explain th
whole temperature dependence of ;Lin the superconduct-

Ing ;tate W'.th any broadenm@i as shown in Fig. 11. Thus tained fromK and 1T, T agrees with that estimated from the
it is impossible to explain the temperature dependence of thBand calculationN () is found to be negligibly small in
recovery of the nuclear magnetization by BCS gap. We can jin temperature ?an;Fes

conclude that 7, has theT® dependence well beloW.. Well below T, the Knight shift due to 8 spin vanishes
Therefore, the energy gap vanishes at points on the Fern&i ¢

- ompletely. This means that the Cooper pair is of spin sin-
EUVCZSSABM gap), and the Cooper pair is not sfwave but glet. By considering that th&° dependence of T} and the

Indeed. ad-wave ABM aap is derived from an even- T2 dependence of specific heat are explained with the aniso-
fity d W v 9ap tropic energy gap that has nodes on the Fermi surface, the
parity dy wave. Cooper pair is considered to be of ABdly or de wave, for

The Knight shiftk of 5V and the magnetic susceptibility
x have been measured to investigate the change in the elec-
tronic state due to the lattice transformation and the symme-
try of the superconducting order parameter in KHf\V

In the normal stateK has a linear relation witty in the
temperature ranges both between 130 and 280 K, and be-
tween 10 and 90 K, and the hyperfine field in each tempera-
ture range is obtained as250 and—72kOejug, respec-
etively. This reduction in the magnitude of hyperfine field is
considered to be due tosad mixing induced by the marten-
sitic lattice transformation. In the high-temperature region,
Sve can explain the temperature dependenck ahd 1T, T
based on the narrowd3band model.Nz4(eg)/N(eg) ob-

(cosk,+ cosk, — 2 cosk,) L (cosky— cosky) 20 example.
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