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Nuclear-magnetic-resonance investigation of the itinerant nearly antiferromagnetic behavior
in superconducting Zr,(Co;_4Niy)
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Nuclear magnetic resonance $fo in superconducting Z(Co,_,Ni,) 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 antiferromagnet&f) metals. Results of the Ni substitution for Co indicate that
the superconducting transition temperature relates more to the spin density fluctuationsgardni@ being
an AF wave vectgrthan to the density of states at the Fermi ley80163-182¢08)09941-X]

INTRODUCTION Curie Weiss-type increase with decreasing temperature for
specimens withx below 0.7, though this might be attribut-
The transition-metal compound Lo is known to be a able to some possible magnetic impurities, as was noted in
superconductor with the transition temperatlie=5.0 K.!  the papef. Then, an important issue in the superconducting
In the Zr(Co, _,Ni,) system of pseudo-binary-alloyed com- Zry(Co,_«Ni,) system is to investigate the electronic and
pounds, T rises initially, takes the highest value 6.0 K magnetic states microscopically.
aroundx=0.15 and then falls te=1.4 K atx=1 (Zr,Ni) as In this paper, we report the results of a magnetic suscep-
is shown in Fig. 22 The dependence dfs on the Ni sub- tibility measurement and a nuclear magnetic resonance
stitution for Co has been considered to be caused by changéSMR) study of >°Co in the normal state of Z{Co, _Ni,)
in the density of state@©OY9) at the Fermi level. polycrystalline specimens witk=0, 0.15, and 0.4. The re-
The electrical resistivity measurements by Mori andsults indicate that the ZfCo;_4Ni,) system belongs to a
Nishimura®* however, exhibited a saturation behavior atgroup of nearly antiferromagnetic metals, and the values of
temperatures above 50 K in all specimens withetween 0 Ts are more related to the degree of spin density fluctuations
and 1, suggesting that strong electron correlations or spiaroundgq=Q (Q being an AF wave vectprather than to the
correlations play an important role in the normal state. ThdDOS at the Fermi level.
susceptibility measured by Yamaya, Sambongi, and Mitsui
in a temperature range from 300 K down to 77 K showed a EXPERIMENT

The bulk samples were prepared by melting Zr, Co, and

7 L N L L ] Ni metals of nominal purity 99.5, 99.95, and 99.9%, respec-
. % ] tively, in appropriate proportions in an argon arc furnace.
6 é% by Yamaya et al 1 X-ray diffraction patterns at room temperature showed that
r O by Kakutani ezal. the specimens formed the A&u (I4mcm) structure(Fig. 2
5+ % @ present work . and were very close to a single phase. For NMR measure-
- ] ment, the ingots were crushed into powder and put through a
4 L é N sieve of 74u. ac susceptibility measurement for the samples
- C ] showed a typical transition to diamagnetism ©fL00%
3 L § & E Meissner shielding belows=5.5, 6.0, and 4.2 K fox=0,
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FIG. 1. Superconducting transition temperaturg; of
Zr,(Co; _4Ni,) plotted against the Ni substitution V by Yamaya,
Sambongi, and Mitsu{Ref. 2; O by Kakutani, Nishimura, and FIG. 2. The crystal structure of ££o and ZgNi: @, Co, Ni, O,
Mori (Ref. 12; @ present work. Zr.
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FIG. 3. Temperature dependence of the susceptibility deduced
through the procedure described in the text. Inset shows typical
field dependence of the magnetization at 4.2 and 30@Kx=0;

O, x=0.15; H, x=0.4.

0.15, and 0.4, respectively, which agree with the values re- 35 3.6 3.7
ported previously:® The value of the upper critical field at H (T)
T=0, Hey(0), wasestimated to be-9 kOe and~20 kOe

for x=0 and 0.15, respectively, by extrapolating the experi- F|G_ 4. A5Co spin-echo spectrum at 75 MHz in,2o and the
mental values ofH c»(T). spectra at 37.5 MHz in the samples witk=0, 0.15, and 0.4, ob-

The magnetizatioM was measured as a function of the served at 4.2 K.

external field up toH=10 kOe in a temperature range be-
tweenT=4.2 and 300 K, with a torsion-type magnetic bal-
ance. As is typically shown in the inset of Fig.d,was not
proportional toH up to ~6 kOe over the present experimen-

central line of the NMR spectra was anisotropic in shape and
the full linewidth was inversely proportional to the resonance
r[gleld, as can be seen in the spectra at 75 and 37.5 MHz for

an extremely small amount of contaminated ferromagneti—0- The anisotropic shape is then due mainly to the

Co metal To=1404K). SimilarM dependence oM in s_econd-order quadrupoIPT splittidy= v, — v, of the central
Zr,(Co,_,Ni,) was pointed out in the previous pageFhen line, where the frequencieg and v, correspond tod such

we tentatively deduced the value of the susceptibjfiyom  thatu=cos6=0 and/5/9, respectively.The frequency dif-

the slopedM/dH in a field range between8 and 10 kOe. ference between the peak and the shoulder in the central line
In the specimens witk=0 and 0.15, as is shown in Fig. 3, agrees satisfactorily with a calculated valu&v

x deduced through this procedure hardly has little depen= (25vQ/144v0)[(I(I +1)—3/4] using the experimental
dence on the temperature, which disagrees with the largealue ofvg

Curie Weiss-type behavior reported previousipn the The Ni substitution for Co hardly changed thg value
other handy of the specimen wittx=0.4 exhibited a small pyt, as can be seen in Fig. 4, resulted in a small increase in
Curie-tail with lowering temperature. the satellite linewidth.

Figure 5 shows a pure quadrupole resonaifs@R spec-
trum observed at 5.5 K under a zero field. The frequencies of
3.7 and 5.6 MHz at the resonance peaks agree satisfactorily

The %°Co NMR in high magnetic fields was carried out in with the values of 2q and Jvq, respectively.

a temperature range between 4.2 and 260 K with a phase- The Knight shift determined from the second-order
coherent spin-echo spectrometé?Co (I=7/2) spin-echo quadrupole-splitting central line, plotted in Fig. 6, exhibits
spectrum was observed at constant resonance frequenciesngfar temperature independence, and increasing value with
75.0 and 37.5 MHz in a field sweeping procedure. ¥#@o  increasing Ni substitution. The large and positive Knight
spectra obtained for all the samples exhibited a typicabhift is indicative of the dominant orbital contribution. The
equally separated quadrupole powder pattern as is displayégck of any significant increase ik for x=0.4 at low tem-

in Fig. 4. From the splitting of the first satellites, we obtainedperatures indicates that the small Curie tailyimbserved in

a value of the quadrupole frequen@},5=e2qQ/14h=1.83, the specimen is not intrinsic, and may be attributed to pos-
2.03, and 1.97 MHz for=0, 0.15 and 0.4, respectively. The sible magnetic impurities.

KNIGHT SHIFT
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FIG. 5. A pure quadrupole resonance spectruri?@d observed tT (msecK)
at 5.5 K under a zero field.
NUCLEAR SPIN-LATTICE RELAXATION 1 (b)
T T T |
The >°Co spin-lattice relaxation timeg;’s were measured C at 42 K
at the peak intensity pointy;, of the central line at 75.0 O x =0.00
MHz, utilizing a single-rf-pulse-saturation method. The — ® x =0.15
width of the », line, =100 Oe, hardly depends on the the ﬁ ¥ .
temperature and the Ni substitution, and we applied the satu- = v ¥ =0.40
ration rf field,H,, of about 100 Oe. = .,
All the experimental magnetizatioM (t) at t after the g 0.1 - < . o §
saturation pulse showed a multi-exponential recovery, as is =& C e
shown typically in Figs. @ and 7b). The value ofT; was 8
obtained by the parameter fitting of the theoretical recovery = e v
curve given b§ =
ME)ZMI) _ G 12-9m4 0,068 6T
M(oo) 0.01 | N N BT SR
20 40 60 80 100

+0.206 7140714 28T (1)

with the experimental data, as is drawn in the figures by solid

tT (msecK)‘

curves. To check the effect of the second-order quadrupole £ 7. Typical magnetization recovery behavio (=)
—M(t)]/M(); (a) for x=0 at 4.2, 40, and 130 Kp) at 4.2 K for

x=0, 0.15, and 0.4. Solid curves are the best fit with the data drawn
using Eq.(1) in the text.

broadening on the experimental recovery behavigrwas
I also measured at 37.5 MHz using thepeak of the central
line at 4.2 K. The decay curve afd 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 rafg T) !
plotted against the temperaturel;T) ! in Zr,Co did not
follow the Korringa-type relationT; T=const.) and was en-
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FIG. 6. Temperature dependence of the Knight si@t:x=0;

O, x=0.15; H, x=0.4.

hanced with decreasing temperature, in contrast to the
temperature-independent behavior of the Knight shift. With
the Ni substitution, the {;T) ' enhancement at low tem-
peratures became pronouncedxat0.15 and then largely
diminished atx=0.4. The small amount of possible para-
magnetic impurities is not responsible for the upturns of
(T,T) "%, because the Curie tail ipwas observed explicitly
only for x=0.4 with the smallest {;T) ! enhancement
among all. The relaxation process to the paramagnetic impu-
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6 T ] for T>Ty, wherea is a proportionality constant related to
r ] the details of the band structure at the Fermi ldvelandT)
5 is the Neel temperature.
The data of T,T) ! can be fitted by the following for-
- mulas,
~ 4
% LI S (sK)™t f 0 (€]
—=1. s or x=0,
- 3 T VT+10
~
SR ] SR (sK)~1 f 0.15, (4
i ] —=1 s or x=0.15,
= ! T JTr22
1 1 and
R L _s12r 2 skt for x=04, 5
0 50 100 150 200 250 T, T ~ ,/T+2_5(S ) or x=04, (5
T (K) as is drawn in Fig. 8 by the dotted curves. The second term

FIG. 8. Temperature dependence of the nuclear spin-lattice reWIth negative value OT’\.‘ in the formulas corresponds to t.h'.e.

laxation rate:®, x=0: O, x=0.15: &, x=0.4. relaxation rate predomlnqted by th_e staggered susceptibility

Xo that follows an approximate Curie Weiss law. Thus, from

rities is, in addition, ineffective at low temperatures underthe combination of the temperature-independent Knight shift

the present experimental high field 6f73.5 kOe. Thus, on and the Curie Weiss-type behavior of the relaxation rate, we

reference to Fig. 1, theT(T) ! enhancement tends to be concluded that the specimens witk=0, 0.15, and 0.4 be-

more pronounced in the specimen with higfier. long to a group of the nearly antiferromagnetic metals with
As the upper critical field of Z(Co;_,Ni,) is very small, ~Tn=—10, =—22, and=-2.5 K, respectively. The large

we have tried to examine the temperature dependendg of increase inT; observed in the superconducting vortex state

in the superconducting state utilizing the zero fiékCo indicates that the electrons in the @band with spin density

PQR at 5.6 MHZFig. 5. However, the PQR signal intensity fluctuations aroundj=Q are also responsible for the super-

decreased rapidly just beloWs and disappeared probably conductivity formation. o _

due to the extremely small penetration depth. Then we mea- The temperature-independent contribution coming from

suredT, under a weak external field 6£5.7 kOe, though the first term in Egs(3), (4), and(5) originates mainly from

the signal intensity in the superconducting state was not sufh€ orbital relaxation given

ficient yet for an accuratd,; measurement. A preliminary 1

result in the vortex s'Fate of the ;pecimep with- 0.15 =4W7ﬁﬁkBA§rbN(Ep)2p, (6)

clearly showed a large increaseTin with lowering tempera- (T1Dorb

ture belowTg(H), indicating that a superconducting energy whereA

gap is formed at the Fermi level of the @Gdand o 1S the orbital hyperfine coupling constant(Ee)

the DOS atEg, andp the reduction factor that depends on
the relative weight aEg of the irreducible representation of
the atomicd functions. For the cubic point group,

The different behavior of the temperature-dependent . 5
(T,T)" ! from the temperature-independent Knight shift in p=3tT's)[2=51(I5)], @)
the normal state is explained by the fact that the former prowheref(Fs) is the relative weight of th&'s representation.
vides information on the sum of the dynamical susceptibil- ysing a value of the orbital hyperfine coupling constant
ity xq(«), while the latter is proportional to the uniform A, ~530kOejg,'* Eq. (6) yields experimental values of
susceptibility xo(0). In transition-metal compounds and al- pOS atE for the d electrons asN(Eg)=0.75,=0.7, and
loys, the effect of the electron correlations originated from a~1.0 stateseV Co-atom spin ! for x=0, 0.15, and 0.4,
narrow d band on the dynamical susceptibility should berespectively. Here the value of the reduction fagiowas
taken into account. The self-consistent renormalizatioﬁaken to be close to 2/5, assuming tlﬁ@tand F5 represen-
(SCR) theory by Moriya and co-workef$ indicates that lo-  tations carry equal weight & . In spite of our crude ap-
cal spin fluctuation components inspace and their mutually proximation, the values dfi(Eg) for x=0 and 0.15 are rea-
interacting modes play an important role in itinerant weaklysonamy compared with the valud§(Eg)(1+)\)=1.8 and
and nearly antiferromagnetic metals, where the spin density., g stategeV f.u. spin~* for x=0 and 0.2, respectively,
fluctuations around=Q play a predominant role. The SCR gptained by electronic specific heat measurentemthere
theory predicts for the three-dimensional system a charactehJr M) is the phonon enhancement factor.
istic temperature dependence @, T) ' given by Within the framework of the BCS theory, the changes in
Ts have been discussed in terms of electron-phonon coupling
_ 2 A=N(Eg)Vpn and electron-electron coupling=N(Eg)Vc
— . @ °
1 T-Ty parameters?

DISCUSSION
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the density of states at the Fermi level. Further experimental
study on theT; behavior of *°Co in the superconducting
state and®Zr NMR study are in progress.

wherewp is the Debye frequency. The present experimental

result of the remarkable increase N(Eg) with the large
drop of Tg, typically observed in the specimen with

=0.4, conflicts with the BCS prediction. Thus, as the
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