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51V NMR and magnetic susceptibility study of the strong-coupling superconductor HfV2

Y. Kishimoto,1 T. Ohno,1 T. Hihara,2 K. Sumiyama,2 and K. Suzuki2
1Department of Physics, Faculty of Engineering, Tokushima University, Tokushima 770-8506, Japan
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~Received 13 September 2000; revised manuscript received 19 December 2000; published 18 June 2001!

The Knight shiftK of 51V and the magnetic susceptibilityx in the C15 Laves phase compound HfV2 have
been measured to investigate the change in the electronic state at the martensitic lattice transformation tem-
peratureTL and the symmetry of the superconducting order parameter. In the normal state, the hyperfine fields
have been estimated to be2250 and272 kOe/mB above and belowTL , respectively. The reduction in the
magnitude of hyperfine field is considered to be due to a strongs-d mixing induced by the lattice transforma-
tion. AboveTL the V 3d derived density of statesN3d(«F) obtained fromK and the spin-lattice relaxation rate
1/T1T is comparable with that estimated by a band calculation. The Knight shift due to 3d spin vanishes well
below the superconducting transition temperatureTc . Since theT5 dependence of 1/T1 well below Tc 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-Moreldg or d« wave, for example.

DOI: 10.1103/PhysRevB.64.024509 PACS number~s!: 74.70.Ad, 76.60.Cq, 76.60.Es
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I. INTRODUCTION

The similarities in the physical properties between
conventional strong electron-phonon coupling supercond
ors, such asA15 andC15 Laves phase compounds, and t
heavy Fermion superconductors~HFS! have been
discussed.1,2 Kusunose and Miyake3 showed that the low-
energy effective Hamiltonian of such a strongly coupled
cal electron-phonon system was mapped to the two-cha
Kondo model. The logarithmic temperature dependence
the spin susceptibility observed in anA15 compound V3Si
could be explained by their theory.

One of the characteristics ofA15 compounds V3Si,
Nb3Sn and aC15 Laves phase compound HfV2 is the satu-
ration in the resistivity at high temperatures, where the m
free path of the conduction electrons is comparable to
lattice constant. Anderson and Yu2 found that the conduction
electrons in such a strong electron-phonon coupling sys
provide a double-well potential for the lattice ions. The ion
system in such a potential is called a two-level system~TLS!.
It was proved that a TLS plays a role of a localized1

2 spin in
the Kondo system.4 The periodic TLS corresponds to th
dense Kondo system. Therefore, V3Si, Nb3Sn and HfV2 are
expected to show properties similar to those of the de
Kondo system. Since the temperature dependence of
electrical resistivity of HfV2 ~Ref. 5! is more unusual than
that of A15 compounds, the investigation of the electron
state of HfV2 is a subject of great interest.

One of the most important features of the HFS is
anisotropic energy gap formed by the strong correlat
among conduction electrons composed off and s electrons.
As for the anisotropy of the superconducting energy gap
HfV2, we have reported the results of spin-lattice relaxat
rate 1/T1 of 51V and specific-heat measurement.6 1/T1 exhib-
its a small coherence peak just belowTc(59.2 K) and aT5

dependence well belowTc . The specific heat obeys theT3

law below Tc . We discussed these results in the frame
Anderson-Brinkman-Morel~ABM ! model7,8 in which the en-
0163-1829/2001/64~2!/024509~9!/$20.00 64 0245
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ergy gap vanishes at the poles on the Fermi surface.
In the normal state 1/T1T andx of HfV2, V3Si and Nb3Sn

show a strong temperature dependence. This behavior ca
attributed to a narrow conduction band with the bandwidth
about 100 K.6,9–11 A peak in 1/T1T was observed at abou
110 K in HfV2, where the martensitic lattice transformatio
is reported.12 To investigate the change in the electron
states due to the martensitic transition and the symmetr
the superconducting order parameter in HfV2, we have mea-
sured the Knight shiftK of 51V and the magnetic suscept
bility x. In Sec. II we describe the experimental procedu
In Sec. III we summarize the experimental results. In S
IV, we analyze the temperature dependence ofx, K, and
1/T1T in the normal state consistently and estimate the d
sity of electronic states. Finally, we discuss the symmetry
Cooper pair in the superconducting state in Sec. V, and g
conclusion in Sec. VI.

II. EXPERIMENT

The sample is the same as used in Ref. 6. A polycrys
line sample was prepared from starting materials, Hf of 9
purity and V of 99.9% purity, by Ar plasma-jet melting. Th
ingot was turned over, melted ten times to ensure the ho
geneity, and annealed at 1000 °C in a vacuum for a we
The obtained sample was crushed into the 200-mesh pow
for the nuclear magnetic resonance~NMR! measurement.Tc
was determined to be 9.2 K by the ac susceptibility and
electrical resistivity measurements.x was measured with the
superconducting quantum interference device magnetom
at IMR, Tohoku University. The51V NMR measurement
was made with a conventional phase-coherent pulse s
trometer at 12 and 6 MHz.

III. EXPERIMENTAL RESULTS

The magnetizationM measured at 10 and 290 K is plotte
against the fieldH ~M-H curves! in Fig. 1. The slope of each
M-H curve is constant in the field range between 10 and
©2001 The American Physical Society09-1
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kOe. Its anomaly observed in the low-field range indicate
thatM consists of an intrinsic paramagnetic part and a ferr
magnetic impurity part asM5xH1M imp(H). An example
of the decomposition ofM observed at 10 K is shown in Fig.
2. M imp(H) saturates easily below 10 kOe.M imp(H) esti-
mated at 10 K agrees completely with that at 290 K. Th
implies thatM imp(H) is the same at any temperature betwee
10 and 290 K, and that the Curie temperature of the ferr
magnetic impurity is much higher than 290 K. We think F

FIG. 1. MagnetizationM vs applied magnetic fieldH curves
measured at 10~s! and 290 K~d!.

FIG. 2. M ~open circles! observed at 10 K is decomposed into
H-linear partM5xH ~dotted line and open squares! and impurity
part M imp(H) ~closed circles!.
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is contained as an impurity in the starting metals. Actual
Hf metal of purity 98% contains 415 ppm Fe according to
analysis table given by the supplier.13 The V metal of purity
99.9% also contains 100 ppm Fe. From the value of t
saturatedM imp(H), 3.7631023 emu, we find the content of
Fe spins in HfV2 to be 136 ppm, which is comparable wit
that estimated from the above reference values. We can

FIG. 3. Temperature dependence of magnetic susceptibilityx
calculated from the observed Knight shiftK and Eq.~14! is shown
by closed circles.

FIG. 4. Temperature dependence of51V Knight shift K in
the normal state. Best fitting curves based on asimple Lorentzian
modeland atwo-peak modelare shown by solid and dotted curves
respectively.
9-2
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51V NMR AND MAGNETIC SUSCEPTIBILITY STUDY . . . PHYSICAL REVIEW B 64 024509
timatex from the linear part of the magnetization, the tem
perature dependence of which is shown in Fig. 3.x reported
by Hafstrom, Knapp, and Aldred14 is similar to ours above
60 K, but nearly constant below 60 K.

The NMR spectrum of51V consists of a narrow centra
peak and wide wing broadened by a distribution of the el
tric field gradient.6

The Knight shiftK was estimated from the peak positio
of the spectrum. Figure 4 shows the temperature depend
of K in the normal state. The decrease inK with decreasing
temperature is ascribed to the increase in the co
polarization due to V 3d spin associated with the increas
in x. The temperature dependence ofK in the superconduct
ing state is shown in Fig. 5. The difference betweenK mea-
sured at 12 MHz and that at 6 MHz is very small.K de-
creases slightly with decreasing temperature and t
increases below 6 K.K in the superconducting state contai
a large diamagnetic shiftKdia due to the Meissner effect. T
estimate the intrinsicK, we measured the magnetizationM in
the superconducting state. Figure 6 shows the field dep
dence ofM at 4.6 and 2.0 K.

Figure 7 shows the temperature dependence of 1/T1T of
51V reported in the previous paper.6 1/T1T is nearly constant
~50.12 s21 K21! below 20 K.

IV. ANALYSIS OF THE TEMPERATURE DEPENDENCE
OF x, K, AND 1ÕT1T IN THE NORMAL STATE

A. K-x plot

The increase inx between 290 and 120 K with decreasin
temperature suggests the existence of a narrowd band. The
decrease inx below 120 K is attributed to the change in th

FIG. 5. Temperature dependence ofK in the superconducting
state measured at 12~s! and 6 MHz~d!. CorrectedK at 4.6 and
2.0 K for the data observed at 12~n! and 6 MHz ~m! are also
shown. The broken curves illustrate the expected temperature
pendence of the correctedK.
02450
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electronic state due to the lattice transformation at aro
120 K. It has been reported that HfV2 undergoes a cubic to
orthorhombic structural transition atTL;120 K, which is ac-
companied by a volume increase and anomalous behavio
the resistivity, heat capacity, and susceptibility.12,14 The in-
crease inx below 60 K corresponds to the decrease inK.
Therefore, this increase inx is not due to a paramagneti
impurity that has nothing to do withK in general.

x andK are written as15

x5x3d~T!1x3d orb1
2
3 x4s1xdia1x5d~T!1x5d orb1

2
3 xPauli,

~1!

K5K3d~T!1K3d orb1K4s ~2!

with

e-

FIG. 6. Field dependence of the magnetizationM in the super-
conducting state measured at 4.6~d! and 2.0 K~s!.

FIG. 7. Temperature dependence of51V spin-lattice relaxation
rate 1/T1T in the normal state reported in Ref. 6. Best fitting curv
based on asimple Lorentzian modeland a two-peak modelare
shown by solid and dotted curves, respectively.
9-3
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KISHIMOTO, OHNO, HIHARA, SUMIYAMA, AND SUZUKI PHYSICAL REVIEW B 64 024509
Ki5Hhf
i x i

NAmB
~ i 53d, 3d orb, 4s!, ~3!

wherex3d(T), x4s , x3d orb, andxdia are the spin suscepti
bilities due to V 3d and 4s electrons, the orbital susceptibi
ity due to V 3d electrons and the diamagnetic susceptibil
due to V and Hf core electrons, respectively.x5d(T) and
x5d orb are the spin susceptibility and the orbital susceptib
ity due to Hf 5d electrons, respectively.xPauli is the spin
susceptibility due to V 3p, Hf 5p, Hf 6s and other electrons
xdia;24.631025 emu/mol is given by Gupta.16 K3d(T),
K3d orb, andK4s arise in proportion tox3d(T), x3d orb, and
x4s , respectively.Hhf

i represents the corresponding hyperfi
field. NA is the Avogadro’s number.Hhf

3d orb5216 kOe/mB is
given from the formula, Hhf

3d orb52mB^r 23&30.75, and
^r 23&51.5631025cm23 calculated for V atom with@3d#4

configuration by Freeman and Watson.17 We neglect the dia-
magnetic shift induced by the orbital current of V inn
closed shells since it is generally an order of magnitu
smaller.xdia due to Hf core electrons,x5d(T), x5d orb, and
xPauli do not contribute toK. We assume thatx5d(T) is neg-
ligibly small because the density of states~DOS! due to Hf
5d electrons is only one-tenth of that of V 3d electrons
according to a band calculation.18

K is plotted againstx with the temperature as an implic
parameter in Fig. 8.K has a linear relation withx in both
temperature ranges between 130 and 280 K~high-
temperature region!, and between 10 and 90 K~low-
temperature region!. The least-squares fit yields the relatio
K(%)52.020.22x(1024 emu/mol) ~solid line! in
the high-temperature region, while K(%)50.98
20.065x(1024 emu/mol) ~dotted line! in the low-
temperature region.Hhf

3d52250 kOe/mB is obtained in the
high-temperature region, while the hyperfine field is es

FIG. 8. K is plotted againstx with the temperature as an implic
parameter.
02450
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mated to be272 kOe/mB in the low-temperature region
2250 kOe/mB is somewhat large but appropriate to a hyp
fine field of 3d transition elements, which means that t
exchange interaction between cores and 3d electrons is
strong. This result supports the assumption thatx5d(T) is
negligibly small is reasonable. The change to272 kOe/mB is
considered to be due to a change in the electronic st
induced by lattice transformation atTL . This change is too
large to attribute to a change in the core-polarization due
V 3d spin. Since the magnitude of the hyperfine field due
the 4s Fermi contact interaction is one order larger than t
due to the 3d core-polarization, a strong 4s-3d mixing
sometimes reduces the magnitude of the hyperfine field
transition elements. Such 4s-3d mixing has been observe
as Hhf

3d5216 kOe/mB for 61Ni in the superconducting
LuNi2B2C ~Ref. 19! andHhf

4d5227.5 kOe/mB for 91Zr in the
weak ferromagnetic ZrZn2 ~Ref. 20!. We consider the above
reduced hyperfine field as the effect of 4s-3d mixing in-
duced by the lattice transformation. The fraction ofN3d(«F)
that has 4s character is estimated to be about 16%.

B. A combined analysis ofx, K, and 1ÕT1T

In this section, we analyze the temperature dependenc
x andK together with that of 1/T1T, and discuss the chang
in the electronic state induced by the lattice transformatio

SinceK3d(T) is expressed withHhf
3d and the DOS of 3d

electronsN3d(«) in general, Eq.~2! becomes

K5
2mBHhf

3d

NA
E

2`

`

d«S 2
] f

]« DN3d~«2m!1K3d orb1K4s ,

~4!

where f («) is the Fermi-Dirac distribution function.
1/T1T is written as

1

T1T
5S 1

T1TD
3d spin

1S 1

T1TD
3d orb

1S 1

T1TD
4s

, ~5!

where (1/T1T)3d spin, (1/T1T)3d orb, and (1/T1T)4s represent
the contribution due to the 3d spin, 3d orbital angular mo-
mentum, and 4s spin, respectively. (1/T1T)3d spin and
(1/T1T)3d orb depend on the symmetry of 3d orbitals, and are
expressed by the factorsq and p that are functions of the
relative weight ofd« anddg orbitals at the Fermi surface a
follows.21,22

S 1

T1TD
3d spin

5
4pkB

\ S gn\Hhf
3d

NA
D 2

qK~a!

3E
2`

`

d«S 2
] f

]« DN3d
2 ~«2m!, ~6!

and
9-4
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TABLE I. Relaxation rate and Knight shift.

(1/T1T)3d(0) (1/T1T)4s

~s21 K21!
K3d(0) K3d orb

~%!
K4s

Low temperature
region

0.12 1.931025 20.12 0.66 8.431024

High temperature
region

Simple Lorentzian
model

0.061 0.022 20.35 0.85 0.029

Two-peak model 0.013 0.016 20.19 0.90 0.025
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l for
S 1

T1TD
3d orb

5
4pkB

\ S gn\Hhf
3d orb

NA
D 2

p

3E
2`

`

d«S 2
] f

]« DN3d
2 ~«2m!, ~7!

K(a) reflects the electron correlation.
If N3d(«) has a sharp peak near the Fermi lev

(1/T1T)3d spin and (1/T1T)3d orb depend on temperature in th
same way. Therefore, we write

S 1

T1TD
3d

5S 1

T1TD
3d spin

1S 1

T1TD
3d orb

. ~8!

The modified Korringa relation is obtained from Eqs.~4! and
~6!–~8!,

S 1

T1TD
3d

5k~T!@K3d~T!#2, ~9!

k~T!5
4pkB

\ S gn

ge
D 2F ~Hhf

3d!2qK~a!1~Hhf
3d orb!2p

~Hhf
3d!2 G

3
kBT*@N3d~«!#2f ~«!@12 f ~«!#d«

~*N3d~«! f ~«!@12 f ~«!#d«!2 . ~10!

The Korringa relation

S 1

T1TD
4s

5
4pkB

\ S gn

ge
D 2

K4s
2 ~11!

is assumed.

1. Low-temperature region (10�T�90 K)

At sufficiently low temperaturek(T) does not depend on
temperature, being a constantk,

k5
4pkB

\ S gn

ge
D 2F ~Hhf

3d!2qK~a!1~Hhf
3d orb!2p

~Hhf
3d!2 G . ~12!

We obtain the following relation from Eqs.~2!, ~5!, ~8!, ~9!,
and ~11!,

1

T1T
5k@K2K3d orb2K4s#

2126.3K4s
2 . ~13!
02450
,

We fit this equation to the observed data by the least-squ
method, obtaining the best fitted parametersk
59.4 s21 K21, K3d orb50.66%, and K4s58.431024%.
x3d orb53.431024 emu/mol is calculated fromK3d orb. K4s

is found to be negligibly small. From Hhf
4s5

1.123103 kOe/mB ~Ref. 21! andx4s52mB
2N4s(«F), x4s and

the DOS of 4s electrons N4s(«F) are estimated to be
8.431028 emu/mol and 1.331023 states~eV!21/V spin, re-
spectively.K(%)50.9820.065x(1024 emu/mol! is rewrit-
ten as

x~1024 emu/mol!5215@K~%!20.66#13.411.5,
~14!

whereK4s andx4s are neglected, andxdis1x5dorb1
2
3 xPauli is

found to be 1.531024 emu/mol from Eq.~1!. The tempera-
ture dependence ofx calculated according to Eq.~14! and
the experimental data ofK is shown in Fig. 3 by the closed
circles.

We can estimate the total DOS of the conduction el
trons N(«F) from the electronic specific-heat coefficientg
52(11l)p2kB

2N(«F)/3, where l is the electron-phonon
coupling constant. By using the valuesl51.14 and g
547.7 mJ mol21 K22,6 N(«F)52.36 states~eV!21/V spin is
obtained. The total spin susceptibility is given b
2mB

2N(«F)53.131024 emu/mol at sufficiently low tempera
tures compared with~bandwidth!/kB . This agrees well with
x2x3d orb53.631024 emu/mol observed at 10 K. By sub
tracting xdia1x5dorb1

2
3 xPauli, x3d(0) is estimated to be

2.131024 emu/mol. The ratio of this value to the total sp
susceptibility is the ratio ofN3d(«F) to N(«F). This ratio
and N3d(«F) are estimated to be 0.68 and 1.60 sta
~eV!21/V spin, respectively. The obtained physical quantit
are listed in Tables I and II.

2. High-temperature region (130�T�280 K)

We make an analysis based on a narrow-band mode
N3d(«) since the temperature dependence ofk(T) is impor-
tant.

The temperature dependence ofK3d(T) and (1/T1T)3d is
calculated from Eqs.~4!, ~6!, and ~7!. The temperature-
dependent chemical potentialm is determined by the relation

n5E
2`

`

d« f ~«!N3d~«2m!, ~15!
9-5
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TABLE II. Density of states and magnetic susceptibility.

N(«F) N3d(«F) N4s(«F) N3d(«F)/N(«F) x3d(0) x3d orb x4s xdia1x5d orb1
2
3 xPauli

@states~eV!21/V spin# ~1024 emu/mol)

Low temperature
region

2.36 1.60 1.331023 0.68 2.1 3.4 8.431024 1.5

High temperature
region

Simple Lorentzian
model

,1.84a 1.22 4.531022 .0.66a 1.6 4.4 2.931022 0.80

Two-peak model ,0.89a 0.66 3.831022 .0.73a 0.85 4.7 2.531022 0.31
Band calculationb 0.91 0.64 0.70

axdia1x5d orb.0 is assumed thoughx5d orb is not known.
bReference 18.
e
k

oo

-
a

y

-
n
d
a

a

c-
l

g
l,

e

the
eri-

ous

ns-
nd
re.

of

ion.

6
use

rm

-
air
is

ou-
wheren is the number of 3d electrons. The following two
models are assumed.Simple Lorentzian model

N3d~«!5
NAW

p$~«2«0!21W2%
, ~16!

andTwo-peak model

N3d~«!5
3NA

2p~11r ! F 1

W1
A 4

3 W1
22~«1«1!2

1
r

W2
A 4

3 W2
22~«2«2!2G , ~17!

where W, W1 , and W2 are the bandwidths of respectiv
N3d(«) and «0 , «1 , and «2 are the energies of the pea
position measured from the Fermi level. In thetwo-peak
model, r is the ratio of the two parts ofN3d(«), which should
be cut off for energy making the argument of the square r
negative.

By substituting Eqs.~16! and ~17! into Eqs.~4!, ~6!, and
~7!, we fit the calculatedK and 1/T1T to the observed tem
perature dependence of them simultaneously by the le
squares method in order to determineN3d(«F), K3d orb, K4s ,
and (1/T1T)4s .

a. DOS estimated by thesimple Lorentzian model. The
results of the best fittings ofK and 1/T1T with parameters,
W5500 K and«0 /W50.70, are shown in Figs. 4 and 7 b
the solid curves. The relationqK(a)10.76p50.019 is ob-
tained. The valuesq50.22 andp50.18 reported by Da¨umer,
Khan, and Lu¨ders22 for C15 structures HfV2Hx and
Hf0.5Zr0.5V2Hx makeK(a) negative, which do not seem rea
sonable. AsK(a)^0 p should be very small, less tha
0.025. From the best fitted parameters and the equations
cussed above various physical quantities are estimated
listed in Tables I and II.

b. DOS estimated by thetwo-peak model. The results of
the best fittings ofK and 1/T1T with parameters,W1
5500 K, W25160 K, «1 /W151.10, «2 /W251.15, andr
50.50 are shown in Figs. 4 and 7 by dotted curves.qK(a)
10.76p50.014. BecauseK(a)^0 p should be very small,
less than 0.019. Various physical quantities estimated
summarized in Tables I and II.
02450
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Ormeci et al.18 made the first-principles electronic stru
ture calculations with a full-potential linear muffin-tin orbita
method for C15 Laves phase compound HfV2. They ob-
tainedN3d(«F)5140 states/Ry per unit cell. By considerin
that eight HfV2 formulas are contained in a unit cel
N3d(«F) is derived as 0.64 states~eV!21/V spin. They have
shown thatN5d(«F) is 14.5 states/Ry per unit cell, that th
total contribution of V 3p and Hf 5p electrons is 27
states/Ry per unit cell, and that the contribution of 4s and 6s
electrons is a few states/Ry per unit cell.N3d(«F)/N(«F)
was calculated to be 0.70. This ratio is comparable with
values estimated from the above two models and our exp
mental results. Our above analysis thatN4s(«F) is negligibly
small is consistent with their result.

By considering that the temperature dependence of 1/T1T
between 20 and 100 K is explained by a narrowN3d(«) with
a bandwidth of about 100 K as discussed in the previ
paper,6 the presentW5500 andW15500 K seem to reflect
the change in the electronic state induced by the lattice tra
formation.W25160 K suggests that a part of a narrow ba
realized at low temperature still remains at high temperatu
«0 /W50.70,«1 /W151.10, and«2 /W251.15 mean that the
Fermi levels in both models are not on the peak ofN3d(«).
This is consistent with the band calculation18 in which the
Fermi level crosses a relatively high local minimum
N3d(«). It should be noted thatN4s(«F) at high-temperature
region is 32 times larger than that at low-temperature reg

V. KNIGHT SHIFT IN THE SUPERCONDUCTING STATE

The 51V K measured at 12 MHz coincides with that at
MHz as shown in Fig. 5. This looks unreasonable beca
the magnitude of the magnetizationM due to the Meissner
effect at 6 MHz is larger than that at 12 MHz. Feyerhe
et al.23 reported an abnormal field dependence ofK in the
superconducting state for the HFS UPd2Al3, that is, the mag-
nitude of the negativeK at 5 kOe is smaller than that mea
sured at 10 kOe. They ascribed this anomaly to the p
breaking due to the Pauli paramagnetic limiting effect. It
also reported10,24 that the paramagnetic limiting effect onK
andHc2 is observed in the same strong electron-phonon c
pling superconductor V3Si. The Pauli paramagnetic limiting
9-6
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effect on the behavior ofK must exist in HfV2. In our NMR
measurement, the pair breaking due to magnetic field, wh
makes a positive contribution tox, is larger at 12 MHz than
at 6 MHz. Because the hyperfine field is negative, the Kni
shift due to the pair breaking at 12 MHz is more negat
than that at 6 MHz, which can explain the observed coin
dence ofK.

To estimate the temperature dependence of the intrinsK
and to discuss the symmetry of the order parameter, we m
evaluateKdia due to the Meissner effect. We use the formu
given in Refs. 25–27,

Kdia52
4p~12Nx!uM u

H
. ~18!

Our sample is a packed powder in a cylinder form with
diameter of 6 mm and a length of 5 mm.Nx is the demag-
netization factor that is assumed to be 0.2 from the shap
the sample.25,28The filling factor of the sample is assumed
be 0.7. From the observedM in Fig. 6, we estimateKdia5
20.03% at 4.6 K, andKdia520.05% at 2.0 K forK mea-

FIG. 9. The recovery@M02M (t)#/M0 of the nuclear magneti-
zation is plotted againstt3T5.

FIG. 10. @M02M (t)#/M0 of the nuclear magnetization is plo
ted againstt3exp(21.14kBTc /kBT).
02450
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sured at 12 MHz, andKdia520.10% at 4.6 K, andKdia5
20.17% at 2.0 K forK measured at 6 MHz. We have an
other formula,

Kdia52
Hcl

H

ln~b e20.5d/j!

ln~l/j!
, ~19!

whereHcl is the lower critical field,d the distance between
vortices,j the coherence length,l the penetration depth, an
b50.381~Ref. 29!. It should be noted that we have obtaine
larger values ofuKdiau when we used Eq.~19!. We adopt the
corrections based on Eq.~18! because Eq.~18! uses the ex-
perimental values ofM while Eq. ~19! is deduced theoreti-
cally. By subtractingKdia from the rawK, the corrected val-
ues ofK at 4.6 and 2.0 K are obtained and shown in Fig.
The broken curves in Fig. 5 illustrate the expected tempe
ture dependence of the correctedK’s. They do not agree with
each other, owing to the Pauli paramagnetic limiting effe
discussed above.

Here, we find the fact that the low-temperature limitin
value of the correctedK is larger thanK3d orb50.66% esti-
mated in Sec. IV B 1, indicating that the contribution of 3d
spin toK vanishes completely well belowTc . This is inter-
preted as the loss of all of 3d spin susceptibility, that is, the
Cooper pair is in a spin singlet state.

In the superconducting state, we have reported that 1T1
shows a very small enhancement just belowTc and aT5

FIG. 11. 51V 1/T1 in the superconducting state~Ref. 6!. Curves
show the calculated temperature dependence for BCS gapD(0)
50.57kBTc and various broadeningsdE.
9-7
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dependence well belowTc , and that the electronic specifi
heat is proportional toT3 at low temperatures.6 We discussed
this behavior in terms of ap wave ABM gap model in which
the superconducting energy gap is anisotropic and vani
at poles on the Fermi surface.

To reconfirm theT5 dependence of 1/T1 , we plot the
recovery @M02M (t)#/M0 of nuclear magnetization mea
sured at various low temperatures againstt3T5 in Fig. 9,
whereM (t) is the nuclear magnetization observed at timt
after a saturation pulse andM0 is that at t5`. The data
points fall into a band.@M02M (t)#/M0 measured at variou
temperatures scales tot3T5 within experimental errors. We
try to plot the same recovery againstt3exp(22D/kB T) in
Fig. 10. The data points also fall into a band. However,
have to choose a small energy gap 2D/kBTC51.14 in Fig.
10, which is too small in order to represent a BCS g
Moreover, this very small energy gap cannot explain
whole temperature dependence of 1/T1 in the superconduct
ing state with any broadeningdE as shown in Fig. 11. Thus
it is impossible to explain the temperature dependence of
recovery of the nuclear magnetization by BCS gap. We
conclude that 1/T1 has theT5 dependence well belowTc .
Therefore, the energy gap vanishes at points on the Fe
surface~ABM gap!, and the Cooper pair is not ofs wave but
d wave.

Indeed, ad-wave ABM gap is derived from an even
parity dg wave.

~coskx1cosky22 coskz!

A6
6 i

~coskx2cosky!

A2
, ~20!

or an even-parityd« wave

sin~kx!sin~ky!1« sin~ky!sin~kz!1«2 sin~kz!sin~kx!,
~21!

pairing in the relative coordinate. Where«5(211 i))/2.
There are nodes in the@1,1,1# and equivalent directions o
r

H.
n-

.

n

la

02450
es

e

.
e

e
n

mi

the Fermi surface both indg andd« states. The Cooper pai
in HfV2 is considered to be of spin singletdg or d« wave,
for example.

VI. CONCLUSION

The Knight shiftK of 51V and the magnetic susceptibilit
x have been measured to investigate the change in the
tronic state due to the lattice transformation and the sym
try of the superconducting order parameter in HfV2.

In the normal state,K has a linear relation withx in the
temperature ranges both between 130 and 280 K, and
tween 10 and 90 K, and the hyperfine field in each tempe
ture range is obtained as2250 and272 kOe/mB , respec-
tively. This reduction in the magnitude of hyperfine field
considered to be due to as-d mixing induced by the marten
sitic lattice transformation. In the high-temperature regio
we can explain the temperature dependence ofK and 1/T1T
based on the narrow 3d band model.N3d(«F)/N(«F) ob-
tained fromK and 1/T1T agrees with that estimated from th
band calculation.N4s(«F) is found to be negligibly small in
both temperature ranges.

Well below Tc , the Knight shift due to 3d spin vanishes
completely. This means that the Cooper pair is of spin s
glet. By considering that theT5 dependence of 1/T1 and the
T3 dependence of specific heat are explained with the an
tropic energy gap that has nodes on the Fermi surface,
Cooper pair is considered to be of ABMdg or d« wave, for
example.
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