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Nuclear-magnetic-resonance investigation of the itinerant nearly antiferromagnetic behavior
in superconducting Zr2„Co12xNix…

M. Takekuni, H. Sugita, and S. Wada
Graduate School of Science & Technology and Faculty of Science, Kobe University, Nada, Kobe 657, Japan

~Received 6 October 1997; revised manuscript received 25 March 1998!

Nuclear magnetic resonance of59Co in superconducting Zr2(Co12xNix) compounds was carried out at 75
MHz in a temperature range between 1.4 and 260 K to study the properties of the low-frequency spin
dynamics. A temperature-independent Knight shift and an approximate Curie Weiss behavior of the nuclear
spin-lattice relaxation rate are well explained within a framework of the self-consistent renormalization theory
of spin fluctuations for nearly antiferromagnetic~AF! metals. Results of the Ni substitution for Co indicate that
the superconducting transition temperature relates more to the spin density fluctuations aroundq5Q ~Q being
an AF wave vector! than to the density of states at the Fermi level.@S0163-1829~98!09941-X#
-

ng

nd
a

p
h
u

d

for
t-
d in
ing
nd

ep-
nce

-

of
ons

nd
ec-
ce.
hat

ure-
h a

les
INTRODUCTION

The transition-metal compound Zr2Co is known to be a
superconductor with the transition temperatureTS.5.0 K.1

In the Zr2(Co12xNix) system of pseudo-binary-alloyed com
pounds,TS rises initially, takes the highest value of.6.0 K
aroundx50.15 and then falls to.1.4 K atx51 (Zr2Ni) as
is shown in Fig. 1.2,3 The dependence ofTS on the Ni sub-
stitution for Co has been considered to be caused by cha
in the density of states~DOS! at the Fermi level.

The electrical resistivity measurements by Mori a
Nishimura,3,4 however, exhibited a saturation behavior
temperatures above 50 K in all specimens withx between 0
and 1, suggesting that strong electron correlations or s
correlations play an important role in the normal state. T
susceptibility measured by Yamaya, Sambongi, and Mits2

in a temperature range from 300 K down to 77 K showe

FIG. 1. Superconducting transition temperatureTs of
Zr2(Co12xNix) plotted against the Ni substitutionx: , by Yamaya,
Sambongi, and Mitsui~Ref. 2!; s by Kakutani, Nishimura, and
Mori ~Ref. 12!; d present work.
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Curie Weiss-type increase with decreasing temperature
specimens withx below 0.7, though this might be attribu
able to some possible magnetic impurities, as was note
the paper.2 Then, an important issue in the superconduct
Zr2(Co12xNix) system is to investigate the electronic a
magnetic states microscopically.

In this paper, we report the results of a magnetic susc
tibility measurement and a nuclear magnetic resona
~NMR! study of 59Co in the normal state of Zr2(Co12xNix)
polycrystalline specimens withx50, 0.15, and 0.4. The re
sults indicate that the Zr2(Co12xNix) system belongs to a
group of nearly antiferromagnetic metals, and the values
TS are more related to the degree of spin density fluctuati
aroundq5Q ~Q being an AF wave vector! rather than to the
DOS at the Fermi level.

EXPERIMENT

The bulk samples were prepared by melting Zr, Co, a
Ni metals of nominal purity 99.5, 99.95, and 99.9%, resp
tively, in appropriate proportions in an argon arc furna
X-ray diffraction patterns at room temperature showed t
the specimens formed the Al2Cu (I4mcm) structure~Fig. 2!
and were very close to a single phase. For NMR meas
ment, the ingots were crushed into powder and put throug
sieve of 74m. ac susceptibility measurement for the samp
showed a typical transition to diamagnetism of;100%
Meissner shielding belowTS.5.5, 6.0, and 4.2 K forx50,

FIG. 2. The crystal structure of Zr2Co and Zr2Ni: d, Co, Ni, s,
Zr.
11 698 ©1998 The American Physical Society
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0.15, and 0.4, respectively, which agree with the values
ported previously.2,3 The value of the upper critical field a
T50, HC2(0), wasestimated to be;9 kOe and;20 kOe
for x50 and 0.15, respectively, by extrapolating the expe
mental values ofHC2(T).

The magnetizationM was measured as a function of th
external field up toH510 kOe in a temperature range b
tweenT54.2 and 300 K, with a torsion-type magnetic ba
ance. As is typically shown in the inset of Fig. 3,M was not
proportional toH up to;6 kOe over the present experime
tal temperature range due to the spurious contribution fr
an extremely small amount of contaminated ferromagn
Co metal (TC51404 K). Similar M dependence onH in
Zr2(Co12xNix) was pointed out in the previous paper.2 Then
we tentatively deduced the value of the susceptibilityx from
the slopedM/dH in a field range between;8 and 10 kOe.
In the specimens withx50 and 0.15, as is shown in Fig. 3
x deduced through this procedure hardly has little dep
dence on the temperature, which disagrees with the la
Curie Weiss-type behavior reported previously.2 On the
other hand,x of the specimen withx50.4 exhibited a small
Curie-tail with lowering temperature.

KNIGHT SHIFT

The 59Co NMR in high magnetic fields was carried out
a temperature range between 4.2 and 260 K with a ph
coherent spin-echo spectrometer.59Co (I 57/2) spin-echo
spectrum was observed at constant resonance frequenc
75.0 and 37.5 MHz in a field sweeping procedure. The59Co
spectra obtained for all the samples exhibited a typ
equally separated quadrupole powder pattern as is displ
in Fig. 4. From the splitting of the first satellites, we obtain
a value of the quadrupole frequencynQ5e2qQ/14\51.83,
2.03, and 1.97 MHz forx50, 0.15 and 0.4, respectively. Th

FIG. 3. Temperature dependence of the susceptibility dedu
through the procedure described in the text. Inset shows typ
field dependence of the magnetization at 4.2 and 300 K:d, x50;
s, x50.15;�, x50.4.
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central line of the NMR spectra was anisotropic in shape
the full linewidth was inversely proportional to the resonan
field, as can be seen in the spectra at 75 and 37.5 MHz
x50. The anisotropic shape is then due mainly to t
second-order quadrupole splittingdn5n I2n II of the central
line, where the frequenciesn I andn II correspond tou such
thatm5cosu50 andA5/9, respectively.5 The frequency dif-
ference between the peak and the shoulder in the central
agrees satisfactorily with a calculated valuedn
5(25nQ

2 /144n0)@(I (I 11)23/4# using the experimenta
value ofnQ .

The Ni substitution for Co hardly changed thenQ value
but, as can be seen in Fig. 4, resulted in a small increas
the satellite linewidth.

Figure 5 shows a pure quadrupole resonance~PQR! spec-
trum observed at 5.5 K under a zero field. The frequencie
3.7 and 5.6 MHz at the resonance peaks agree satisfact
with the values of 2nQ and 3nQ , respectively.

The Knight shift determined from the second-ord
quadrupole-splitting central line, plotted in Fig. 6, exhib
near temperature independence, and increasing value
increasing Ni substitution. The large and positive Knig
shift is indicative of the dominant orbital contribution. Th
lack of any significant increase inK for x50.4 at low tem-
peratures indicates that the small Curie tail inx observed in
the specimen is not intrinsic, and may be attributed to p
sible magnetic impurities.

ed
al

FIG. 4. A 59Co spin-echo spectrum at 75 MHz in Zr2Co and the
spectra at 37.5 MHz in the samples withx50, 0.15, and 0.4, ob-
served at 4.2 K.
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NUCLEAR SPIN-LATTICE RELAXATION

The 59Co spin-lattice relaxation timesT1’s were measured
at the peak intensity point,n I , of the central line at 75.0
MHz, utilizing a single-rf-pulse-saturation method. Th
width of the n I line, .100 Oe, hardly depends on the th
temperature and the Ni substitution, and we applied the s
ration rf field,H1 , of about 100 Oe.

All the experimental magnetizationM (t) at t after the
saturation pulse showed a multi-exponential recovery, a
shown typically in Figs. 7~a! and 7~b!. The value ofT1 was
obtained by the parameter fitting of the theoretical recov
curve given by6

M ~`!2M ~ t !

M ~`!
50.013e2t/T110.068e26t/T1

10.206e215t/T110.714e228t/T1 ~1!

with the experimental data, as is drawn in the figures by s
curves. To check the effect of the second-order quadrup

FIG. 5. A pure quadrupole resonance spectrum of59Co observed
at 5.5 K under a zero field.

FIG. 6. Temperature dependence of the Knight shift:d, x50;
s, x50.15;�, x50.4.
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broadening on the experimental recovery behavior,T1 was
also measured at 37.5 MHz using then I peak of the central
line at 4.2 K. The decay curve andT1 value obtained at 37.5
MHz were in good agreement with those at 75.0 MHz.

Shown in Fig. 8 are data for the relaxation rate (T1T)21

plotted against the temperature. (T1T)21 in Zr2Co did not
follow the Korringa-type relation (T1T5const.) and was en
hanced with decreasing temperature, in contrast to
temperature-independent behavior of the Knight shift. W
the Ni substitution, the (T1T)21 enhancement at low tem
peratures became pronounced atx50.15 and then largely
diminished atx50.4. The small amount of possible par
magnetic impurities is not responsible for the upturns
(T1T)21, because the Curie tail inx was observed explicitly
only for x50.4 with the smallest (T1T)21 enhancement
among all. The relaxation process to the paramagnetic im

FIG. 7. Typical magnetization recovery behaviors@M (`)
2M (t)#/M (`); ~a! for x50 at 4.2, 40, and 130 K;~b! at 4.2 K for
x50, 0.15, and 0.4. Solid curves are the best fit with the data dra
using Eq.~1! in the text.
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rities is, in addition, ineffective at low temperatures und
the present experimental high field of;73.5 kOe. Thus, on
reference to Fig. 1, the (T1T)21 enhancement tends to b
more pronounced in the specimen with higherTS .

As the upper critical field of Zr2(Co12xNix) is very small,
we have tried to examine the temperature dependence oT1
in the superconducting state utilizing the zero field59Co
PQR at 5.6 MHz~Fig. 5!. However, the PQR signal intensit
decreased rapidly just belowTS and disappeared probab
due to the extremely small penetration depth. Then we m
suredT1 under a weak external field of.5.7 kOe, though
the signal intensity in the superconducting state was not
ficient yet for an accurateT1 measurement. A preliminary
result in the vortex state of the specimen withx50.15
clearly showed a large increase inT1 with lowering tempera-
ture belowTS(H), indicating that a superconducting ener
gap is formed at the Fermi level of the Cod band.

DISCUSSION

The different behavior of the temperature-depend
(T1T)21 from the temperature-independent Knight shift
the normal state is explained by the fact that the former p
vides information on theq sum of the dynamical susceptibi
ity xq(v), while the latter is proportional to the uniform
susceptibilityx0(0). In transition-metal compounds and a
loys, the effect of the electron correlations originated from
narrow d band on the dynamical susceptibility should
taken into account. The self-consistent renormalizat
~SCR! theory by Moriya and co-workers7,8 indicates that lo-
cal spin fluctuation components inq space and their mutually
interacting modes play an important role in itinerant wea
and nearly antiferromagnetic metals, where the spin den
fluctuations aroundq5Q play a predominant role. The SC
theory predicts for the three-dimensional system a charac
istic temperature dependence of (T1T)21 given by9

1

T1T
5

a

AT2TN

. ~2!

FIG. 8. Temperature dependence of the nuclear spin-lattice
laxation rate:d, x50; s, x50.15;�, x50.4.
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for T.TN , wherea is a proportionality constant related t
the details of the band structure at the Fermi levelEF andTN
is the Néel temperature.

The data of (T1T)21 can be fitted by the following for-
mulas,

1

T1T
51.731

6.74

AT110
~sK!21 for x50, ~3!

1

T1T
51.551

16.6

AT122
~sK!21 for x50.15, ~4!

and

1

T1T
53.121

2.16

AT12.5
~sK!21 for x50.4, ~5!

as is drawn in Fig. 8 by the dotted curves. The second t
with negative value ofTN in the formulas corresponds to th
relaxation rate predominated by the staggered susceptib
xQ that follows an approximate Curie Weiss law. Thus, fro
the combination of the temperature-independent Knight s
and the Curie Weiss-type behavior of the relaxation rate,
concluded that the specimens withx50, 0.15, and 0.4 be-
long to a group of the nearly antiferromagnetic metals w
TN.210, .222, and.22.5 K, respectively. The large
increase inT1 observed in the superconducting vortex sta
indicates that the electrons in the Cod band with spin density
fluctuations aroundq5Q are also responsible for the supe
conductivity formation.

The temperature-independent contribution coming fr
the first term in Eqs.~3!, ~4!, and~5! originates mainly from
the orbital relaxation given by10

1

~T1T!orb
54pgN

2 \kBAorb
2 N~EF!2p, ~6!

whereAorb is the orbital hyperfine coupling constant,N(EF)
the DOS atEF , andp the reduction factor that depends o
the relative weight atEF of the irreducible representation o
the atomicd functions. For the cubic point group,

p5 2
3 f ~G5!@22 5

3 f ~G5!#, ~7!

where f (F5) is the relative weight of theG5 representation.
Using a value of the orbital hyperfine coupling consta
Aorb.530 kOe/mB ,11 Eq. ~6! yields experimental values o
DOS atEF for the d electrons asN(EF).0.75, .0.7, and
.1.0 states~eV Co-atom spin!21 for x50, 0.15, and 0.4,
respectively. Here the value of the reduction factorp was
taken to be close to 2/5, assuming thatG3 andG5 represen-
tations carry equal weight atEF . In spite of our crude ap-
proximation, the values ofN(EF) for x50 and 0.15 are rea
sonably compared with the valuesN(EF)(11l).1.8 and
.2.0 states~eV f.u. spin!21 for x50 and 0.2, respectively
obtained by electronic specific heat measurement,12 where
(11l) is the phonon enhancement factor.

Within the framework of the BCS theory, the changes
TS have been discussed in terms of electron-phonon coup
l5N(EF)Vph and electron-electron couplingm5N(EF)VC

parameters,13

e-
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kBTS51.13\vD expS 2
1

l2m D , ~8!

wherevD is the Debye frequency. The present experimen
result of the remarkable increase inN(EF) with the large
drop of TS , typically observed in the specimen withx
50.4, conflicts with the BCS prediction. Thus, as t
(T1T)21 enhancement at low temperatures is largely p
nounced in Zr2(Co12xNix) with higherTS , we may conclude
that, the superconducting transition temperature relates m
to the spin density fluctuations aroundq5Q rather than to
.

l

-

re

the density of states at the Fermi level. Further experime
study on theT1 behavior of 59Co in the superconducting
state and91Zr NMR study are in progress.
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