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Abstract

Magnetic states of Co impurlty in dilute Crl_XVXCo and
MoltheXCo alloys were investigated systematically by nuclear
magnetic resonance technique and partly magnetic susceptibility
measurements.

In CrVCo alloys, the magnitude of effective moment, 3‘pB

in CrCo alloy decreases monotonlically with the increase of V
concentration X, and the localized moment disappears in X20,3
alloys, The internal field at 59Co in antiferromagnetic state
decreases with the increase of X, which 1s consistent with tﬁe
decrease of the effectlive moment, On the other hénd, 5900
signals associated with nonmagnetic Co atoms were observed at
liq?He temperature in X2 0.2 alloys. The Knight shift of 5900,

K~ +1,7% in large X alloys decreases rapidly down to +0,11%

in X=0.2 alloy, and the nuclear spin-lattice relaxation rate

T;l of»59

of states of conduction electrons, when X decreases over X=0,4,

Co increases oppositely to the change of the density

The Korringa relation for nonmagnetic impurity d-state in
Anderson model with five~fold degenerate d-orbitals explains

qualitatively the behavior of K and T, against X. In X=0.25

1
and 0.2 alloys, the results of NMR and magnetic susceptibilities
Indicate the coexistence of magnetic Co atoms(with localized
moment ) and nonmagnetic Co atoms(with no localized moment) as

that in MoNbFe alloys. The integrated intensity of 59Co reso-

nance assocliated with nonmagnetic Co atoms and the decrease of



the internal field of 59Co in antiferromagnetic state suggest
that the magnitude of the localized moment decreases from 3/“3

to about 2‘p%. This behavior is different from that of MoNbFe

alloys.

In normal phéses in MoReCo alloys, fairly large negative
Knight shift of 5900 in MoCo alloy decreases its absolute value
with the increase of Re concentration X, Til of 5900 decreases
also oppositely to the change of the density of state of con-
duction electrons. These behaviors of K and T1 can also be
qualitatively interpreted by the Korringa relation. T, of 5900

1
in superconducting mixed state in X=0,.3 alloy deviates from
T1T=const. , and increases nearly exponentlally. However the
effective energy gap 24'=1.8 kBTC(O) is appreciably small
compared with thatﬂofvhost site 2 A=3.5 kBTC(O), which may

suggest the existence of the localized excited state.



§ 1. Introduction

It is well known that 3~d impurities in nonmagnetic
host metal widely change thelr magnetic states from the case
where impurity has localized moment to that where impurity has
no locallzed moment, typlcally as 1n CuMn and AlMn. These
impurity d-states had been grasped by Ffiedel,l) Anderson,22
and Wolff3) with the concept of a virtual bound state as that
thls state is placed in the conduction band of the host metal
and mixes with states of conduction electrons, however, still
remains the local correlation as an intra atomic Coulomb inter-
actlion U and exchange interaction J for degenerate d-states
between electrons in thls state which are responsible for a
formation of a localized moment, In the limit U4,<1, impurities
have no localized moments, while in the 1limit Uéw)l, the Anderson
model is effectively identlfied with the s-d exchange interaction

") Here r7is the width of the impurlty state due to

model.
interaction with the conduction electrons. In this limit,
anomalles in the low temperature magnetic, thermal, and trans-
port properties have been observed in many alloys (so-called
“Kondo effecf‘)s? It has been considered to be the essence of
the Kondo effect that the magnetic state of the impurlty itself
changes with temperature in the coupling with conduction ele-
ctrons and the localized moment disappears in the ground state
in the case of antiferromagnetic s-d exchange interaction.S)

Then it is believed that the ground state of the Anderson model

is a nonmagnetic singlet for any finite value of U. Recently,



Yamada, Yosida, and Yoshimori have developed a theory of the
ground state for any finite U by the perturbation expansion of

Anderson model for U=0, and studied in detail the low tempera-

6)

ture properties of the impurity d-state.

We have investigated the magnetic state of Co iImpurities 1in

the dilute Crl_ 1-

resonance technlique and partly by the magnetic susceptibility

xVXCo and Mo XReXCo alloys by nuclear magnetic
measurement. The magnetic susceptibility measurement in the
dilute CrCo alloy above the Néel temperature has shown that Co

7)

atom has a localized magnetic moment of about 2.9,UB- Below
the Néel temperature, the localized Co moments are strongly
coupled with the spin density wave of the matrix. In the alloys
with Co more than about 1 at%, the sinusoidal spin density wave

8) 59,

state transforms to a simple antiferromagnetic state.
resonance in the antiferromagnetic state was obtailned at about
67 MHz in zero external field.9) In the dilute VCo alloys, on
the other hand, Co atoms have no magnetic moment. Recent NMR

study in this systemlo)

has indicated that the virtual bound
state of Co atom spreads out into the conduction electron states
of the host metal, and Co atom 1s completely nonmagnetic in
Friedel-Anderson sence. Then it would be expected that the
magnetilic state of Co atom widely changes from the magnetic limit
to the nonmagnetic 1limit by changling the composition of the
matrix Crl—xvx’ so 1t will be iInteresting to iInvestigate the
intermediate region between CrCo and VCo alloys.
In MoNbFe alloys, whose matrix is Just below the Crl__XVX alloy

in the periodic table, the local moment formation of Fe impurity



is a little complicated. The results of the magnetic sus-

11) 12)

ceptibility measurement and MGssbauer effect study have

indicated that the Fe atoms surrounded by more than seven Mo
atoms in their nearest neighbor sites have a magnetic moment of
2.2.MB, and the others are nonmagnetic, as are flrst pointed

13) The similar “environment effect’

14)

out by Jaccarino and Walker,
1s also observed in gggg0013) and ZQMQCO alloys. It is
alsq interesting to investigate whether this *environment effecg
is observed also in Crl_xVXCo alloys.

Mo is the 4-d transition element placed Just below Cr 1in
periodic table. The spin density wave iIn Cr metal does not
exlist 1n Mo metal. It has beén known from NMR1§)magnetic

16) and electric resistance measurements}7) that

susceptibility
the dilute MoCo system 1s typical Kondo alloy and the Kondo
temperature 1s about 45 K, It i1s also well known that Cr and
Mo are Just placed in a valley of the density of states of
conduction electrons on bee phase of transition metals. Then,
in order to investigate the change of the magnetic states of
Co atom against the density of states of conduction elect-
rons, Re metal which is placed 1in 5-d translition series in
right neighbor of Mo, is introduced into host metal. Moreover,
the superconducting transition temperature increases rapidly
from 0.92 XK to about 12 K when Re metal 1s introduced to Mo

8)

metal.l Then, MoReCo alloy 1s the favorable system to inves-
tigate the impurity effect not only at host sites but impurity

sites 1n the superconducting state. Recent theories have



predicted that the locallzed excited state is formed in the
superconducting energy gap. In thls MoReCo system, we will
study at first place the magnetic state of Co atom in normal
state, and then supply the experimental informations in super-

conducting state.

These stand points in these systems are 1llustrated in

Fig.1l.



§ 2. Experimental

(1). Sample Preparation,

(1), Crl_XVXCo Alloys,
The purities of the starting materials used in this
work were following : V and Cr were 99,99 % pure and Co were
99f9 % pure. The samples were prepared by fusion of the ele-
ments in an argon arc furnace using a tungsten electrode and
a water cooled hearth of copper. The 1lngots were remelted most
usually at least eight times for homogeneity. 1In order to
insure homogeneity all alloys thus obtained were annealed at
1200 °C for one week under an argon gas. Several alloys are
cut into two parts. One was used in NMR measure;ents, and the
other was used in magnetic susceptibllity measurements. The
compositions of V and Co in the alloys used 1n magnetic sus-
ceptibility measurements were determined by chemical analysis,
The relative accuracy of the nominal concentration was estimated
better than 1 % and 0.1 % for V and Co,respectively. The 1lngots
were crushed and powdered in an agate mortar for NMR measure-
ment. The particle size is smaller than 74 M. The crystal

structure of these powdered samples was confirmed to be bce

phase by X ray diffraction.

(B) Mol_XReX(V)Co Alloys

The purilties of Mo, Re, V and Co metals used in this work

were 99.98, 99.99, 99.99 and 99.99 % ,respectively. In order



to investigate the electronic structure of the matrix, a few
percent V metal was introduced as a probe. The appropriate
quantity of these powdered starting metals were mixed and
hydrostatically pressed into a small briket. The obtalned
briket was melted in an argon arc furnace. The ingots were
remelted at least ten‘times for homogeneity. On the sample
annealed at 1500 T for 24 hours in vacuo, the transverse decay
curve in NMR measurement did not indicate a single exponential
one, however, on the sample with no heat treatments, a single
exponentlal decay curve was observed. Then measurements were
performed on the samples with no heat treatment, The 1lngots
were crushed into powder for NMR measurements. The crystal
structure of these samples was conflrmed to be bcc phase by X

ray diffraction.

(2). NMR Method,

The measurements 1ln paramagnetic phase were accomplished
with the phase coherent crossed«coll spin echo spectrometer
at the frequencies of 3, 4.7, and 10 MHz. In the cases of
need, a high speed multichannel signal averager and a boxcar
integrator were employed to Ilmprove the signal-to-noilse ratio.
The former was most convenlent to measure spin-lattice re-
laxatlon time T1 and transverse relaxation time T2,
latter was especially useful to obtain resonance proflles and

‘whille the

resonance shifts. Temperature measurements below 4,2 K were
based on the appropriate vapor pressure scale. Temperatures

from 4.3 to 77 K were achileved by passing cold He gas over the



sample near which a AuCo 2.1 % thermo couple junction was
placed.

Resonance shifts of 59

Co were obtained at constant frequency
by comparing the measured field strength at maximum resonance
intensity against the following frequency/field ratio.

5900 : \}59)/H = 1,0054 KHz/Oelg)
The field strength was determined by measuring the 27Al NMR
frequency in 1iq.Alcl3 placed near by the sample using the
frequency/field ratio.

27A1 : J27)/H = 1.1094 KHz/Oe
The NMR measurements of 27Al were performed with CW spectro-
meter.

The nuclear spin-lattice relaxation times T1 were measured

from a recovery of the spin echo amplitude after the sequence

of rf pulses which saturate the nuclear magnetization.

When the direct measurement of T1 was difficult , T1 was esti-

mated from the temperature dependence of the transeverse re-

laxation time T2 as will be described later. T2 was determined

from a reduction of the spin echo amplitude against the inter-
val between two pulses. Spin echo amplitude depends on this
interval T , as

= -27T
M Moexp( 2 /T2)

here, M 1s the observed echo amplitude. The true echo inten-

sity M, 1is obtained by extrapolating to T=0 in intensity

0
measurements.



The NNR measurements in antiferromagnetic phase were performed
wiﬁh the phase incoherent frequency valiable spin echo spec-
trometer in zero external field. The line shape was determined
by prlotting the amplitude of the spln echo signal agalnst frequ-
ency. In order to obtain true line shape, the correctilons

for the transverse relaxation described above and for the dif-
ferent Boltzmann factor at respective frequencies were consl-
dered. The rf field strength in the sample coll was kept as

constant as posslble over the frequency range from 15 MHz to

80 MHz.

(3). Measurements of The Superconducting
Transition Temperatures,
The superconducting transition temperature TC(O) in zero
fleld was measured by a.c. susceptlibility, while the transi-
tion temperature TC(H) in a field was determined as follows.

The upper critical flelds Hc, were measured by a.c. susceptl-

2

bility at respective temperatures to obtain He, vs. T curve,

2
and then TC(H) was estlimated In respective fields. The tem-
peraturesbelow 4.2 K were determined by the vapor pressure of
liq.uHe and above 4.2 K were determined by the temperature

dependence on the reslistance of a carbon resistor. The mea-

surements were performed on powdered samples after etching

the surface of ingots.

(4), Magnetic Susceptlbility Measurements,
Magnetic susceptibility measurements were performed with

usual magnetic balance method.

10



&8 3. Experimental Results

(A). Crl_XVXCo Alloys.

(1), Magnetic Susceptibility Measurements.

In first place, we describe results of the magnetic
susceptibility measurements which supply macroscopic infor-
mation for the magnetic state of Co impurities. In order to
investigate the contribution of Co atoms to the magnetlc
susceptibilities, we have measured the temperature dependences
of susceptibilities in Q§y99Col and in CrV alloys. The mea-
surements were made in a number of fields up to 10.1 KOe over
the temperature range 4.2 K to 660 K. Magnetization did not
change linearly wilth the magnetic field and bended slightly
in higher magnetic field. This field dependence of the mag-
netic susceptibility was stronger at low temperature and was
observed even in the matrix, so cannot be accepted all as
being due to impurity-impurity interactions. Then all magnetic
susceptibilities of these alloys were measured 1in low magnetic
field, 4.8 KOe for initial susceptibilities. As a typical
example, the temperature dependences of the susceptibilities

0.95%0.0599C°1
The susceptibility in (Cr

in (Cr and Cr alloys were shown in Fig.2.

0.95V0.05

0.950.05799%°1
value at about 25 K which we assign to the ordering tempera-

alloys has a maximum

ture TN of this system. We assume  1in this figure that the

susceptlibility of a magnetically dilute alloy %a is the sum

11



of an impurity susceptibility %i and a background matrix
susceptibility"%m, as

Za = £ A5(T) + (1=£)Am(T)
where f represents a fraction of the impurity. Then the value
of %i is obtained by subtraction of the appropriate curve over
the entire temperature range. Thus obtained Zi could be
written experimentally as follows,

2i(T)= %o+ C/T+6
where IZO is the temperature independent term, C and 6 are
regarded as Curle-constsnt and Curie-Welss temperature, res-
pectively. Since any kind of local moment behavior of the
susceptibility should disappear as T"1 when T oo, ‘ZO can be
determined directly from very high temperature measurements.
The large <%b value has previously been reported for RhMn

and MoCo alloys,l6)

but has not clearly been attributed to a
certain origin and only used as a parameter in a least-square-
fit analysis to an above formura. The very large 20 value

in X=0.25 alloy may be specially attributed to a contribution
from the nonmagnetic Co atoms in thils alloy as will be described
later, Fig.3 shows the temperature dependences of A)?1=

(Zy - ZO)'l in Cr¥,,Co, alloys for the concentration X from

0 to 0.25. The strong temperature dependences of AZ reflect

the local moment behavior of Co atom. As can be seen in this
figure, the slope of this curve increases with the increase

of V concentration. In X=0.3 alloys, the susceptibility of

the alloy was in agreement with that of the matrix within

12



experimental errors, that 1s , 2&— xoseo. The impurity moment
can then be estimated from the slope of‘AiJ'vs. T curve in Fig.3.
In Fig.4 the magnitude of the localized moment of Co impurity,
/Ueff 1s plotted vs. the concentration X. The value of the
magnetic moment on Cr_. ,Co., alloy 1s in good agreement with the

99" "1
value reported previously by Suzuki and Booth.7) As can be
seen in this figure, the magnetic moment 1is reduced slowly
with increasing X. For X<0.04 alloys, the spin density wave

state 1s formed at TLT but the magnetic moment at T> T

N’ N
decreases monotonically over thls region. Near the concentra-
tion with X=0.3, the moment disappears fastly. The values ZO s

8, l%ff’ and T, are listed in Table L.

(2), Results of the Nuclear Magnetlc Resonance,

(2-1). Antiferromagnetic State.

According to the previous report in CrCo alloysg),

5900 resonance in the antlferromagnetlic state was obtalned

at about 67 MHz in zero external field. When Co concentration
increased, two sub-peaks, which were attributed to Co having
one and two Co atoms 1n 1ts nearest neighbor sites, were found,
The resonance line shape in CrVCo alloys 1s shown 1n Flg.5.

The main peak corresponding to 1sclated Co sites shifts to
lower frequency with the lncrease of V concentration. The
first sub-peak observed in 3 at% Co alloys also shifts to lower
frequency. These shifts indicate the reductlon of the 1nter-

nal field of 5900. If one assumes that the localized moments

13



abovevTN as described above are not changed below TN and the
internal field is related mostly with a hyperfine interaction
between the localized moment and the assoclated nucleus, this
reduction of the internal fleld is consistent with the X de-
pendence of locallzed moments of Co atoms in the susceptibility
measurements. The observed signals 1n antiferromagnetic

states were obtained until X=0.05 and X=0.07 for Co 1 at%

and 3 at% alloys, respectively. An addition of V metal to Cr
reduces the ordering temperature TN. The spin density wave
state of the matrix persists to the alloy of V 4 at%20).

CrVCo alloys are consldered to be the syst§m where the random-
ly distributed locallized moments are ordered through conductilon
electron spin polarizations., 1In this system, as will be des-

cribed minutely in PART I , a reductlion of T, leads to a rapid

N
decrease of the nuclear spin-lattice relaxatlon time which

59

makes the observatlon of Co resonance in larger X alloys hard
by the pulsed NMR method. In X20.1 alloys, the magnetic order-
ing was not observed at least down to 4.2 K in the magnetic
susceptibility measurements. We believe that TN in X20.1
alloys are lower than the 1iq.uHe temperature because NMR

results did not 1ndicate a character of an ordering state.

(2-2). Paramagnetlc State.
(a). Knight Shift X of °2Co.

According to the previous report, the Knight shift of

59Co in dilute VCo alloys 1is K=+1.57 % and independent of the

14



conceritration of Co.lo)

59

When Cr metal 1s introduced to V,

Co signals from nonmagnetlc Co atoms were observed at 10 MHz
in external field in X20.2 alloys. The X dependence of Knight
shift in the alloys contalning 1 at% Co measured at 1.2 K 1s
shown in Fig.6. The value K=+1.7 % for X=0.9 alloy in our
measurement, which 1s slightly large compared with that of VCo
alloy, at first gradually and then rapidly reduces to K=+0.25%
in X=0.2 alloy. As wlll be described later 1t 1s considered
that the states of Co atom in X=0.25 and 0.2 alloys are rather
magnetic compared with those 1n large X alloys and impurity-
impurity interactlion may affect resonance results. So, the
concentration dependences of K were measured and results were
Indicated in Fig.7. The value K dose not so change with con-
centrations of Co in X=0.25 alloys, while the slight concent-
ration dependence 1ls observed in X=0.2 alloys. One would

expect that the >3

Co resonance results on X=0.2 alloys with the
concentrations less than 0.5 at% Co represent characters of
the 1solated impurity.

Although 59

Co resonance is not observed in the alloys for
0.15 2 X20.07 and K in X=0.2 alloys 1is very small but still
positive, 1t 1s considered that the X dependence of K may suggest
that the sign of the Internal figld of 5900 in an antiferro-

magnetic state 1s negative.

(b). Linewidth of 59Co.

The linewldth which 1s full value between half-amplitude

points of spin echo amplitude is shown in Fig.8. The width 1is

15



fairly narrow in large X alloys but rapidly increases with
decreasing X over X=0.4. This X dependence of width corres-
ponds to that of the resonance shift. In X=0.2 and 0.25 alloys

b g

the linewidth depends on the concentration of Co, The severe

21) 22)

line broadening of 2%V in Auv®l?, °9¢co in MoCol®) and in guco
alloys at low temperatures were attributed to an inhomogeneous
magnetic polarization of the impurities due to the s-d coupling
between the local d-spin magnetization and RKKY conduction
electron spin polarization(so-called “d-d double resonance

23). This indirect mechanism leads to a linewidth

mechanism’ )
which 1s proportional to the square of the local d-spin suscep-
tibillity and to the impurity concentration. It may be considered
that in X=0.3 alloys, the local d-spin susceptibility gradually
appears and broadensthe linewidth. However all of the linewidth
cannot be attributed to the above mechanism since the concent-
ration dependence is not very large. The residual linewidth

in a 1imit of zero concentration may be attributed to the ele-
ctric quadrupole broadening. Moreover the fluctuations of

microscopic compositions in a host binary alloy may change

the magnetic state of Co atoms and produce the broadening.

59

(¢) Integrated Intensity for Co Resonance.

The integrated intensities measured at 1.2 K are shown
in Fig.9, The integrated intensity is generally proportional
to the numbers of Co atoms associated with NMR signals, Fig.9

indicates that the numbers of Co atoms contributing to NMR

16



signals are about 78 % and 34 % in X=0.25 and 0.2 with Co 1
at% alloys ,respectively, of the valuesin X 20.3 alloys. One

would expect that 53

Co resonances from Co atoms with locallzed
moments can not be observed by a pulsed NMR method because of
excessively large shifts and of very fast nuclear spin relaxa-
tions through local moment fluctuations. Then the results of
NMR and magnetic susceptibility indicate the coexistence of
the nonmagnetic(no localized moment) and magnetic(localized
moment) Co atoms in X=0.2 and 0.25 alloys. Fig.10 and 11 show
the Co concentration dependences of the Integrated intensity
in X=0.2 and 0.25 alloys, respectively. The integrated inten-

sitles are almost proportional to Co concentrations which sug-

gests the coexistence 1s a Intrinsic nature 1n these systems.

51

(d) Nuclear Spin-Lattice Relaxation Time of V.

of 51

The results of Tl V are shown in Fig.12. The

measurements 1n respective X alloys were achleved at 77 K be-

cause we wanted to eliminate contributions to Tl from Co

impuritles as described later. The density of states of con-
duction electrons at the Ferml level on host V sites reflect on
(TlT)"l of 2V measured at 77 K. As can be seen in Fig.12,

TlT of 51V increases with decreasing X in qualitatively consis-

tent with the X dependence of the density of states of conduc-

tion electrons 1llustrated in PFlg.l. These results are 1n

' 24)
l—xvx alloys.

The teémperature dependence of T, in X=0.2 and 0.3 alloys

good agreement with the previous results in Cr

1s shown 1n Fig.13. Measurements were performed on samples

17



wlth Co concentration 0, 0.1, 1 at% in X=0.2 alloys. The re-
laxation times in X=0.2 with Co 0.1 and 1 at% alloys do not
follow a relation of T1T=const., while T1 in X=0.2 with Co 0
at% and X=0.3 with Co 1 at% alloys follow this relation. As
described above, X=0.2 with Co 0.1 and 1 at% alloys, Co atoms
with locallized moment exist, then 1t will be considered that
fluctuatlons of this moment make an additional relaxation path
In matrix V sites. Varlous mechanisms have been considered for
thls relaxation processes, thus so-called BGS, GH mechanlsms
including the interaction between host nuclear spins and lo-
calized moments via RKKY interaction, and LD mechanism including

5)

direct dipole interactions between these spins. These mecha-

nisms make the relaxation time deviate from T1T=const. that

is the value 1n a system with no impurutles, and the deviation

on Tl—l 1s proportional to impurity concentration 1n all mecha-

nisms. It 1s not our main purpose to obtain any convincing
conclusions for these mechanlsms on CrVCo alloys, however, it
1s considered qualitatively that the observed deviations from

T1T=const. indirectly 1ndicate the exlstence of Co atoms with

localized moments even 1n Co 0.1 at% alloy.

(e) Nuclear Spin-lattice Relaxation Time of 5900.
The results of T1 of 59Co in respective X alloys contain-
ing 1 at% Co are shown in Fig.12 with the results of ly,

In X=0.2 with Co 0.5 at% alloy, Ty could not be measured direct-

ly for a poor spin echo intensity, then we have estimated Tl

from the temperature dependence of T The temperature depen-

5

dence of T, for Co 0.5 at % and 1 at% alloys is shown in Fig.14.

18



- ¥
The experimental decay rate has the form T21= T2 l+ AT.
¥

The intercept T2 1 represents an intrinsic nuclear spin-spin
interaction rate. The temperature dependent term A can be
attributed to the life time effects resulting from spin-lattice
relaxation process. According to Walstedt?S)the rate AT can

be represented AT =d'Tl—1 assuming isotropic fluctuations of

a hyperfine interaction. d is the enhancement factor to be equal
to (I+l/2)2 when first-order electric quadrupole broadening 1s so
strong that only the central (1/2<«» -1/2) transition is excited
by the pulsed rf field. We have used this value (I+1/2)2= 16

for 59Co. For the uncertainty of &, we have measured T, using

1
both this indirect‘method and direct comb pulse method in Co

1 at% alloy. TlT measured from the direct and indirect technique
are 60 msecK and 59 msecK, respectively. The agreement is
satisfactory within experimental errors.

It is cosidered that T1 of 59Co reflects the dynamical pro-
perties in the magnetic state of Co atoms. As can be seen in
Fig.1l2, TlT of 5900 in X=0.9 alloy has almost the same value as
that of 21V and increases with the decrease of X down to X=0.5
whose behavior is conslstent with TlT of 51V, however, abruptly
decreases in contrast to the results of 51V when the V concent-
ration is reduced below X=0.4. This abrupt change of Tl is
consistent with the results of Knight shift and linewidth,
and suggestS that Co atoms become more and more magnetic when
the density of states of conduction electrons decrease with‘

the decrease of V concentration.

19



(B), Mol_xReX(V)Co Alloys.

(1). Superconducting Transition Temperature TC(O), TC(H).

Co concentration dependences of superconducting tran-
sition temperatures TC(O) in zero external field in X=0.2 and
0.3 alloys are shown in Fig.1l5. TC(O) is slightly reduced by
introducing V metal to host alloy. The reduction rate is 0.2~
0.4 XK/#. On the other hand Co 1mpurities drop TC(O) more dras-
tically than V., As can be seen in this figure, TC(O) changes
almost llnearly with Co concentrations and the reduction rate
In X=0.2 alloys 1s slightly larger than that in X=0.3 alloys,
which may suggest Co atoms 1in X=0.2 alloy are more magnetic
than those in X=0.3 alloy. The reduction rates are about 4.2 K/%
and 6.7 K/% on X=0.3 with V 3 at%, and X=0.2 with V 1 at¥% alloys,
respectively. In.X=0.2 alloy , the sample 1is all in normal
state in a temperature reglon and at respective magnetic filelds
used iIn NMR measurements. The NMR measurements in superconduc-
) .. V_Co. alloy. The

R
0.7°%0.3796"'3"°1
superconducting transition temperatures In respective flelds

ting state were performed in (Mo

for *1v and °%co in this alloy are 1isted in Table ] .

(2). Results of NMR in Normal Phase.

(a). Knight Shift of -°Co .

The Knight shifts K measured at 10 MHz are plotted

against the concentration of X in Fig.16. The values at X=0

refer to reference 15, In X=0 alloys, 5900 spectra indlcate
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the existences of two resonances.lS) One has small shift

(K~ +0.5%) and the other has large negative value which depends
on the concentratlion of Co. The resonance with small shift

has recently been attributed to the intermetalic compound

15)

Mo .Co,. It has been considered that the dependence on Co

6777
concentration of the resonance with large negatilve shift, which
1s associated with the true Co impurities in Mo metal, is
almost due to thils Mo6Co7. The strong concentration dependence
in X=0 alloys becomes weak with the increase of X, and in X=0.3
alloys concentratlon dependence was not observed within
experimental errors. In our measurement at 40 MHz, 1.4 K,
the two resonances as 1n X=0 alloys were observed in
(Moo.gReO.1)99Co1 alloy, however, the echo intenslty corres-

ponding to Mo6Co was fairly suppressed compared with that

59

7

alloy. The same behavior was observed on

)

in Mo Co reso-

99°°1

nance line shape in (Mo alloy, in which the

0.95°T0.05799%°1

echo 1Intensity corresponding to Mo6Co Is largely suppressed

7
and Knight shift of 5900 is K=-6.4% which 1s relatively large

compared with that in M099Col. It may be considered that a
creation of Mo6Co7 1s prevented when Re or Cr are supplied
into MoCo alloy. As 187Re and l85Re resonances wlth severe

59

second-order quadrupole broadenings overlap Co resonance at

40 MHz, we have performed NMR measurements at 10 MHz where

187Re and 185

Re resonance lines are further broadened and the
intensities are negligibly small compared with that of 5900.
The absolute value of the Knight shlft decreases wlth increas-
ing X. The decrease of the negative shift indicates the reduc-

tion of the 1impurity d-spin susceptibility.
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(b). Nuclear Spin-Lattice Relaxation Time of 51V and 5900,
The relaxation measurements were performed in 1 at®
Co alloys. T1 of 51V was measured by comb pulse sequence

method, while T1 of 59Co was measured directly by comb pulse

method and indirectly from the temperature dependence of T2.
As a typical example, the temperature dependence of T2 of

59Co in X=0.2 alloy is shown 1n Fig.17. T.T estimated by the

1
same way as that described in CrVCo alloys 1s 20.5 msecK 1In

Just agreement with the value by the direct measurement at 1.2
K, 20.5 msecK. The intrinsic spln-spin relaxation rates T;—l
are obtained as 0.80 (msec)-1 and 0.92 (msec)—1 at 10 MHz and
b.,7 MHz, respectively. This difference may be attributed to

the fleld dependence of the linewidth. T, of 51V and the esti-

1
mated T. from T. of 2°Co in this alloy are plotted agains‘c‘T"1

1 2

in Fig.18. T, of oly obeys the relation T

1 T=2,7 secK. It 1is

1

noted that T, of 5900 is in two orders of magnitude shorter

1
than that of 51V.

T, of 51y in X=0.3 alloy is shown in Fig.20. The sample 1is

in riormal state in a magnetic field of 8.93 KOe down to 3.4 K.

T. obeys the relaticn T.T=2.1 secK 1n thls rormal region.

1 1

The temperature dependence of T, of 59Co in this sample is

2
Indicated In Flg.21. As can be seen 1n Table H , thls sample

is in superconducting mixed state below 2.8 K in resonance

field of 10 MHz, however, the temperature dependence of T, at

2
1 of 5900 persists to obey T1T=const.

T=24,2 msecK 1s also in good agreement

10 MHz indlicatesthat T

The estimated value T1
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with the value by the direct measurement at 1.2 K, T1T=26 msecK.

1

. . _
The obtained T. ~=0.90 (msec) 1 i1s reasonable value compared

2
with that of X=0.2 alloy.

The X dependences of T1 of 51V and 5900 in normal state

59

are shown in Fig.19. The dependence of Co on X 1s opposite

to that of 51V. It 1s considered that the variation of the
denslty of states of conduction electrons against X reflects on

51V, while the result for 5900 indicates that

the result for
the state of Co atom becomes further nonmagnetic with the in-

crease of X, and 1s consistent with that of the Knight shift.
(3), Nuclear Spin-Lattice Relaxation in
Superconducting Mixed State.
51 '
(a),T1 of “7V : Host Site.

51
Tl of

Fig.20. In the superconducting mixed state, T

V in each resonance field is indicated in

1 changes as

exp(44/kBT) below the temperature corresponding to about
TC(O)/T=1.6, here 24 =3.5 kBTC(O), except the results of 10 MHz
where the resonance field 1s very close to the upper critical

field Hc2. H02 at T=0 is about 15 KOe in this system. This

low temperature behavior is consistent with the previous reports

on the T1 measurements in typejﬂ superconductorsz6)

has been indlcated that the order parameter in the region near

, where 1t

the vortex center of about the coherence length i1s appreciably

reduced from 1ts zero field value, while the order parameter in

the region far from the vortex core is equal to the value 4y

23



in zero external field at 0 K, under the condition He »Hé ?» He

2 xt 1’

then the order parameter in most part of the sample is equal to
its zero field value and T1 changes as exp(Zh/kBT).

In low temperature of about TC(O)/T_23, T. deviates from

1
this BCS 1like behavior. This suppression of the relaxation

time can be interpreted from their field dependences that a
relaxation to the vortex cores through spin diffusions becomes
important rather than the direct relaxation to thermally excited
conductlon electrons.

According to previous reports for the usual typeI[ super-
conductors, the dip of the relaxation time has been observed
Just below the transition temperature TC(H)26), however, this
dip was not observed in this sample. The behavior of T, of
51V at low temperature is as in usual typeII superconductor

and no appreciable impurity effect could be observed except

near the transition temperature TC(H).

(b). T1 of 59Co : Impurity Site.

As is described in the section of normal phase, the

temperature dependence of T2 indicates that T1T=const. down

to 1.2 K at 10 MHz where the resonance field is very close to

Hc2. As is shown in Fig.21, the temperature dependence of T

at lower frequency 4.7 MHz does not clearly indicate T

2

lT=const.

T2_1 decreases more rapidly with decreasing temperature and

tends to a constant value., From the measurement at 1iq?He tem-

¥ -
is estimated as 1.05~1.10 (msec) 1.

perature, 0.6 K, T,



- - ¥
As described above, ’I‘1 1. (T2 1 T2 1), then obtained T1 at

respective temperatures are plotted against TC(O)/T in Fig.22.

¥
The agreement between the estimated T.=105 msec (T2 l=1.10

1

(msec)_l), 80 msec (T;_]bl.OS (msec)"l) and the directly measured
T1=7M msec at 1.2 K is satisfactory. T1 is nearly proportional
to exp(A’/kBT), and the ‘effective energy gaﬁ‘at Co sites ,

4 is obtained as 24'~1.8 kBTC(O) which is relatively smaller
than the value 24 =3,5 kBTC(O) for the host V sites 1in spite

of large experimental errors.
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& 4, Discussions

(A). Localized Moment of Co Impurity in CrVCo Alloys,

The magnetic susceptibility measurements and the NMR mea-
surements indicate the coexlstence of the magnetic (with local-
lized moment) and the nonmagnetic (with no localized moment)

Co impurilties in at least X=0.2 and 0.25 alloys. One can not
generally separate these two kinds of Co atoms in susceptibility
measurement in which the effective moment 1s obtalned assuming
that all Co atoms have the same contribution to the susceptibility.
If the moment of the each magnetic Co atom has a same value, L@
and nonmagnetic Co atoms do not contribute to the suscepti-
billity with Curie-Welss behavior, /6 1s obtained from the
measured /%ff as

My = /UéffJ N/Nmag. - /yeffV N/N"Nnonmag.

and N are the numbers of total, magnetic and

here N, Nm nonmag.

ag
nonmagnetic Co atoms in the alloy, respectively. In X=0.2 and

0.25 alloys, N /N were estimated in previous section.

nonmag.
Then the values of My = 2.0(20.2) Uiy and 1.7(£0.8) U, are obtain-
ed in X=0.2 and 0125 alloys, respectively, and plotted in Fig.l.
The magnitude of the localized moment,%ﬂg in CrCo alloy reduces
to about 2,UB. This reduction of the magnitude is more directly
shown in the X dependence of the internal field of 59Co in anti-

ferromagnetic phase. The values of Hy ¢, @and /UCo normalized

at CrCo alloy are indlcated in Fig.23, where‘/@o= g/uBS is

26



obtained from Agff=g'ﬁ% /S(S+1) assuming that g=2 and all

Co atoms have localized moment in this region. The X depen-

dences of these normalized./@o and H, are fairly consis-

t.
tent with each other. Therfore, it would be concluded that
the magnitude of the moment of Co atoms with localized moments

decreases with the increase of X from 3‘0% to about 2/UB'

In Mo XNbXFe alloys,/UO 1s not dependent on Nb concent-

1~
ration X. The X dependence oflyéff follows a relation
Z
2 _ o= Z _ Z 1 r Z-r
hpe/M)™ = B0 By () = P§Z T (zp)1 (7% X

Here P?(X) is the probabllity that one Fe atom has mdre than
z Mo atoms in its nearest neighbor sites 3 %=7 for MoNbFe alloys.
In Fig.24, (/éff{ﬁb)g is plotted against X in CrVCo alloys
when M, is taken as that of CrCo alloy. (/éffébb)z does not
fit P;(X) line for any = value, and takes values between =7
and g=8. In X20.25 alloys, (/éfféab)z decreases more rapidly
against X than PE(X). Nmag/N obtained from the integrated
intensity changes more raplidly with X than P;(X), anq crosses
the line of g=7. Then it will be considered that z=7 is im-
portant condition for the coexistence, however, the coexis-
tence is controlled not only by the configuration of nearest

neighbors but also additively by long range effect.

(B). Nonmagnetic Co Impurity in CrVCo Alléys.
In general, the Knlght shift of 5900 supplies the 1in-

formation for the static feature of the magnetic state of Co
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impurity, while the relaxation time supplies the information
for the dynamical one. It will be considered that the Knight
shift and the relaxation time for 59Co in this system are ow-
ing to the impurity d-spin (core-polarization) and d-orbital

hyperfine interactions. The observed K and T1 for Co impurity

are written when significant spin-orbit interaction 1s absent

and d~spin and d-orbital interaction contribute separately,

-1 -1 -1
K=Xy * Eorp T, = Ta * Tiorp

We have ignored the direct s-contact interaction because its
contribution is expected to be relatively unimportant for most

3-d impurities. It is generally known that K, 1s negative and

d

Korb is positive. The shift and relaxation rate may be expres-

sed in terms of the local d-spin and d-orbital susceptlibility

as
Keay= Mo Bnes ) 2350
I e G C N D e Y AR COV
where Hhéi) is the appropriate hyperfine field per Bohr mag-
neton, Yn is the nuclear gyromagnetic ratio, and the other

symbols have usual meaning. Dworin and Narath 27)

have calcu-
lated the susceptibilities within Random Phase Approximation
starting from the nonmagnetic Hartree-Fock ground state for

the five~fold degenerate Anderson model, and obtained the local

d-spin and d-orbital Korringa relation as

_ 2
) S = Y/ YT (/)

KorleorbT = 105
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here, Te is the gyromagnetic ratlio of a conduction electron.

Althotigh the HF approximation 1s not sultable for dilute alloy

28)

systems, Shiba has recently proved on the basis of the Yamada

and Yosida theory for the ground state of the Anderson model
that the Korringa relatlon is still valid at low temperature

’I‘<<’I‘K and low field H« HK (HKz kBTK/ /UB) in any order of U and

J. In following, we want to discuss the magnetic state of Co
impurities on this Korringa relation. The Korringa relation

indicates that measurements of only K and T1 are sufficient

to investigate the magnetic state of an impufity. If the obser-
ved Knight shift and relaxation time obey this relation, one
obtains the experimental Korringa product

KZ T T/g = 10 (1+)°/(2+ §°)

as pointed out by Narath et. alzgz here % = Korb/Kd<:O

Then K2T1T4g must be 1n the range from 0 to 10, depending on

the relative magnitude of K. and KO Experimental values of

d rb’
K2T1TAS are shown in Table m,. It 1s apparent that the model

is appricable to the X <0.3 alloys. 1In X 20.4 alloys, the re-
laxation rate is rather small for large Knight shift. In VCo

alloy, it has been conslidered that the large positive Knight

59

shift of Co is due to field induced Van Vlieck orbiltal para-

0)

mag;netism1 which does not so much contribute to nuclear re-

laxation and the Van Vleck orbital susceptibility is not related
to the Korringa relation30). One would expect that the first
order orbital angular momentum vanish and any orbital contribu-

tion 1is then one of the Van Vleck type when the width of the
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virtual bound state is strongly broadened and one can not dis-
tinguish the impurity d-state and conduction electron states

of host transition metal. As can be seen in Fig.1l2, the in-

e 59 51

crease of T.T o Co as well as

1
indicates that the impurity d-state spreadsout into the band

V in X2>0,5 alloys directly

of conduction electrons and the local density of states at Co
site varies in the same way as that of matrix V site. In X=0.25
and 0.2 alloys, the coexistence 1is observed as described above,
It is not clear how the environment effect affects the magnetic

state of Co impurity. However the results of K and T1 in X=0.3

alloy where no localized moment exists suggest that the Korringa

relation is useful in ¥X=0.2 and 0.25 alloys. The estimated Kd

for X< 0.3 alloys are listed in Table Il . K does

and Ko orb

rb

not so change, but K. changes more rapidly with the decrease

d
of X. The X dependence of K in Fig.6 would be attrlbuted to

this negative contributlion of K and the abrupt increase of

d)
the relaxation rate in Fig.12 would be attributed to these en-
hanced local d-spin fluctuations.

In HF-RPA approximations, the static d-spin and d-orbital

susceptibilities can be written a527)

A 00) = GToRe Ty(w) = 2P p5 (1)t

(0) = &M Re ¥

Z

orb orb

2 -1
orb (w) =4 Pd Mp (1- &,y

where Fé is the total density of states of the impurity d-state
r

at the Fermi level. then P, = 5 &= (E5 +[")7'. B, 1is the

d
. 5 =1
d-state energy measured from the Fermi level, sO Pd”gﬁfr“ .
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dd and dbrb is the spin and orbital enhancement factors as

=1
“a = 5(U+5J)Fa s

-
orb 5<U"J)Fh

The conditions da=1 and‘Oér =1 mean the spin and orbital in-

b

stability in HF approximation. dﬁ > %rb ,

cement always precedes the orbital enhancement. In recent

then the spin enhan-

theoretical studies, these instability can not happen in dilute
alloys, however, the HF-RPA results may represent the qualita-
tive feature of the impurity d-state. ["1is written as

r7=m P(EF)'|V12, here |V|is the s-d mlxing rate in Anderson
Hamiltonian and P(eF) is the density of states of conduction
electrons at the Fermi level. Then one may interprét the change

51

of K and the opposite behavior of T.T of 59Co to that of

1 v

as that [ becomes smaller and smaller with decreasing X and
consequently za and Qbrb are gradually enhanced assuming that

[Vl is not dependent on the change of X.

(C). Magnetic State of Co Impurity in MoRe(V)Co Alloys

in Normal Phase.

The experimental Korringa products K2T1T4§ for respective

. s 2
X alloys are listed in Table N. The condition O:SKIT1T4§$IO
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is satisfied in these alloys. The separated Kd, Korb are also

listed in Table Il. The absolute values of Kq decrease with

the increase of X, while the wvalues of KO does not so much

rb

change. As can be seen in Fig.16, the dependences of K on Co
concentration are observed in X< 0.2 alloys. The relatively

small values of Korb or Kd in X=0.1 alloy compared with the

others are owing to the concentration dependence of K., If one

uses the observed values K=-4,2% and T1T=6.9 msecK for Mo
15)

99001

q= -5.5% and Kor6=+l’3%'

These values are smaller than that for M099 9CoO 1 alloy 1listed

alloy, one can obtain the value of K

in Tablfa:NQ As no dependence on Co concentration is observed

in X=0.3 alloy, K does not change so much or rather slightly

orb
decreases with the increase of X for an isolated impurity limit.
The reduction of observed absolute value of K may be attributed
to that of Kd' When the same discussion as that for CrVCo alloys

is applied, this behavior of K. will be explained as that the

d
width of the impurity d-state becomes large because of the 1in-
crease of the density of states of conduction electrons as is
illustrated in Fig.l, and as a result the enhancement of static
and, at the same time, dynamical d-spin susceptibllity is sup-
pressed when Re concentration increases. It will be considered

that the opposite behavior of T.T of‘SlV and 5900 directly

1
represent this qualitative view point.

On the other hand, one may consider the Kondo temperature

of the system is proportional to zal. If the hyperfine
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does not depend on X, T, may be estimated

d
hfs K
from the ratio of K, for respective X % 0 alloys to that of

coupling constant H

X=0 alloy. These estimated values of T, are also listed in

K

Table IZ. TK increases with the increase of X.

51 59
(D). T1 of V and Co in (Moo.7ReO'3)96V3Co1

Alloy in Superconducting State.

T1 supplies a useful information for the spectrum of
excited state in superconductor. The effects of magnetic im-
purity against the excitation spectrum has been studied theo-
retically in two stand points, One is Muller-Hartmann Zittartz

31)

theory based upon the s-~d exchange model and the other is

a theory by HF approximation of Anderson model with supercon-

ducting matrix by Shiba.32)

We willl discuss the experimental
results in terms of the magnetic Stéte in normal phase descri-
bed above refering the present theories.

In the experiment, as the magnetic field is applied, the
imputity effect and the magnetic field effect to superconduc-
ting state may overlap. The presence of a magnetic fleld leads
to a finite 1ife time for Cooper palr between superconducting
electrons, which makes the excitation spectrum spread. As a
result, a field induced gapless superconducting state appears
Just below TC(H). Cyrot33) calculated the nuclear spin-lattice
relaxation rate in this gapless region in the dirty 1limit of

a superconductor and indicated that a finite dip in the relax-

ation time appears in the case of TC(O)z;TC(H) ZO.6TC(O) and
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this dip becomes smaller and smaller when TC(H) approches to
O.6TC(O), and in the case of TC(H)< 0.6TC(O) the dip disappears.
This magnetic field effect has been observed in many type ||

26)

superconductors.
T1 of 51V deviates apparently from the relation of T1T=

const. at about O.6TC(O) which is consistent with the above

magnetic field effect. However, in the .region TC(O)QTPZCLGTC(O),

Tl has not clear dip, and rather obeys the relation T,T=const,

1
This behavior may suggest that the life time of Cooper palring
would . become shorter due to impurity-spin fluctuations.

Apparent spin fluctuation effect in superconducting state has

been reported in ’I‘l measurement of 27Al in AlMn alloy,3u)
where HF calculation of T1 can not explain the observations
35)

with reasonable parameters of AlMn system.
One may expect that the magnetic impurity effect may ap-

pear more directly in T, of imputity nucleus itself, As desc-

1
ribéd iIn previous section, the different energy gap o4& = 1.8
kBTC(O) at Co sites from that of V sites may be attributed to
this magnetic effect directly. The two theories described
above have predicted a localized excited state in the super-
conducting energy gap. According to the HF theory which has
not included the dynamical effect of impurity spin, a localized
excited state 1s formed at very near the gap edge in HF non-
magnetic region. Then it will be not sufficlent to explain

the relaxation behavior of 59Co in this frame work. On the
other hand, MZ theory has predicted the existence of the loca-
36)

lized excited state in terms of TK and TCO in the system as
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@ =XTA ,  T=1n(T /T, )/ /An(T, /T ) +2s(541)

where TCO is the transition temperature in the sample wilth

no impurities, For our system, T 10 K , T, =165 K and

co_ K
S=1 from the magnetic susceptibility measurement in MoCo alloy%6)

The value 7 1is estimated to be about 0.5, which means that
the position of the localized excited state 1s fairly deep.
MZ theory has also predicted the concentration dependence of

37)
TC(O) with a parameter, TK/TCO.

convertly estimated to be about 135 K and 1000 X for X=0.2 and

From this prediction, TK are

0.3 alloys, respectively. Using this T, for X=0.3 alloy, T 1is

K
estimeted to be 0,7. It 1is considered that this localized
excited state spread out in energetically when the impurlty
concentration increases. This deep exclted state may be res-
ponsible for the observed energy gap at impurity Co site,
However, it has been considered that the MZ theory will not
be appropriate in the case TCO< TK’ since this theory is based
upon Suhl-Nagaoka approximation, It is desirable to establish

a theory for nuclear spin relaxation which includes the dyna-

mical spin fluctuation correctly 1In any value of TK'
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Figure Captilons

Fig.1

Fig.2

Fig.3

Fig.l

Fig.5

Fig.6

Fig.7

Fig.8

Electronic specific heat coefficient 7 in matrix
CrV and MoRe alloys are represented,
denotes the superconducting transition temperature.

On the figure, magnetic state of Co impurity 1s indi-

cated.

The temperature dependences of magnetic susceptibilities

in (Cr )

0.950.05799%°1

cated.

The temperature dependence of Aafl for respective X

alloys at T2 TN

the results of X=0.03 and 0.1 alloys and omitted from

this figure.

V concentration dependence of the observed effectilve

moment (open circle).

estimated effective moment /i, (see the text),

NMR 1line shapes for respectlive X alloys in antiferro-
magnetic states. Solld and dotted curve represent the
line shapes for Co 3 and 1 at% alloys, respectilvely.

X dependence of the Knight shift of 5900 in (Crl_xVX)99Co
alloys measured at 10 MHz,

Co concentration dependence of the Knight shift measured

at 10 MHz, T=1.2 K.

X dependence of the linewidth of

and Cr

The closed circle denotes the

® Cry gVy 00 s O Cry 45V o500
59

. a7t oor X=0.05 alloy 1s placed between

T=1.2 K.

alloys measured at 10 MHz, T=1.2 K.

O Co 1 at¥%,

39

® Co 0.5 at%,

Open circle

0.95V0'05 alloys are indi-

Co in Cr

® Co 0.3 at¥%.
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Fig.9

Fig.10

Fig.1l1

Fig.12

Fig.13

Fig.1l4

Fig.15

Fig.16

X dependence of the integrated intensity of 5900 reso-

nance in (Cr alloys measured at 10 MHz,T=1.2K.

1-x"%)99%°1
Co concentration dependence of the integrated Intensity

of 5900 resonance in Cr

0,8V0.ZCO alloys measured

at 10 MHz, T=1.2 K,

Co concentratlion dependence of the integrated Intensity

of 5900 resonance in Cr Co alloys measured

0.75'0.25

at 10 MHz, T=1.2 K.

X dependence of T.T of 51V(.) and 5900(0) in

1
51
(Crl_xvx)99Col alloys. TlT of V is measured at 77 K.
The temperature dependences of (Tl'I‘)“l of 51y 4n

Cr0.8V0.2, Cr0.8V0.2CO and Cr0.7V0‘BCo alloys measured
at 10 MHz.
® Cr; V.20 ® (Cry gVg.2799.9%90.1>
O (Crg gVg.0)gqC0; & (Cry V5 3299007 "

-1
2

Co alloy measured at 10 MHz.

The temperature dependences of T of 59Co in
Cry.8v0.2

® Co 0.5 at% O Co 1 at%

Co concentration dependence of TC(O) in MoRe(V)Co alloys.

@ Moy ,Rey 5, A Moy gRe,

® Moy 7Req. 30500 ® (Mog 7Reg. 379"

A (Mo0 . 8Re0 . 2)V1Co

X dependences of the Knight shift in Mo XReXCo alloys

1~
and (Mol_xRex)96V3Co1 alloys measured at 10 MHz, T=1.2K.
C)(Mol_xReX)96V3Col, C)MolFXRexCo, OMoCo from ref.15

The number indicatesthe Co concentration. In X=0.3

alloys, no concentration dependence on Co 1s observed

within experimental errors,
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Fig.1l7 Temperature dependences of T'l of 5900 in

2 ,
(MOO.8 0. 2)96V3Co alloy, at 4.7 MHz @ and 10 MHz O.
Fig.18 T, of 21V and °2Co estimated from T, in
g 1 2
-1
(Moo'8Re0'2)96V3Co alloy are plotted against T,

A and Aare T, of Sly at 3 MHz and 4,7 MHz, respectively.

1

O and @are T, of 59Co at 10 MHz and 4.7 MHz, respectively.

1

Fig.19 X dependences of T.T of 59Co and 51’\7 in normal phase

1
in (Mo Re ).V Co and (Mo Re ). _Co_. alloys.

96 3 1-x " x’997°1
® 51V in (Mo <Re )96V3Co alloys.
VAN 59Co by comb pulse method in (Mo Re )96V3Co alloys.
O 59Co estimated from T, in (Mo Re )96V3Co alloys.
59
O Co by comb pulse method in (Mol_X ex)99 0, alloys.
K 5900 from ref. 15
. 51, .
Fig.20 Tl of “7V in (MOO.7Re0.3)96V3CO alloy is plotted

against TC(O)/T.
A 3 MHz ® L4U.7 MHz O 10 MHz
TC(H) in each resonance field is indicated by arrows.

Fig.21 The temperature dependences of Tgl of 59Co in

(MOO.7Re0.3)96V3COI alloy at 4.7 MHz @ and 10 MHz O
Fig.22 T1 of 5900 estimated from T2 and obtained by comb pulse
method in (MOO.7 0. 3)96V3Col alloy are plotted against
TC(O)/T.
¥-1 -1
® U4.7MHz from T2 ( T2 =1.05(msec) )
¥ .. -
® U.7 MHz from T2 (T2 1=1.10(msec) 1)
—~ ¥ -
O 10 MHz from T, (T2 1=0.9O(msec) l)
A U4.7 MHz by comb pulse A 10 MHz by comb pulse

TC(H) in each resonance field is indicated by arrows,
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Fig.23 X dependence of internal field of 59Co and ,UCo=g /UBS
in Crl XV Co alloys normalized to CrCo alloy.
X x

® 2and ® denote the normalized Hin for 1 and 3 at%

t.
Co alloys, respectively. (O denotesthe ’UCo which was

estimated from /"eff=g /UB S(S+1) assuming g=2.
. 2 | . . .
Fig.24 (,Ueff//uo) is plotted against X. Solid lines
represent PS(X) on which z values are shown.
2
O (/Jeff/,(jo) for Cr'l_XVXCo alloys
® Nmag/N from integrated intensity.

2
® (A o/ Uy)" for Mo, _Nb Fe alloys from ref. 11.
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Table |

(Crl—xvx)99col Alloys

2, 207%emsg) 6 (%) Moo U T ()

0.00(0.05) 0(5) .0(0.1) 300
.03 0.16(0,02) 12(H4) .7(0.1) 70
.05 0.02(0.01) 25(5) .6(0.1) 25
.10 0.00(0.01) 5(5) RN €I T————
.15 0.22(0.05) 9(3) .0(0.1) —mee-
.20 0.04(0.01) 10(2) 6(0.1) 0 e
.25 0.29(0.08) 11(5) .8(0.2) e
.30 i mmmemmmee- L0(+0.1)  eeeee '




Table ][
(Moo.7Re0.3)96VBCo1 Alloy

Nucleus 51V 5900
Frequency

(MHz) 3 .7 10 4.7 10
Resonance

Field 2.68 4,20 8.93 b,e7 9.97

(KOe)
TC(H) (K) 5.1 b,9 3.4 4.8 2.8
T (0)/T (H)[1.08 1.12 1.62 1.15  1.96




Table [

(Crl-xvx)99col Alloys
X K T, T KT T/ & Ky K .
(%) (seck) (%) (%)
1.0 | +1.57  1.10 57
§0.9 +1.74 1.02 65
EO.S +1.69 1.12 68
6.7 +1.63 1.14 64
i0.6 +1.60 1.28 69
0.5 +1.56 1.40 12
0.4 +1.30 1.06 38
0.3 +0.99 0.34 7.1 -0.2 +1.2
'0.25 +0.70 0.11 1.1 -0.9 +1.6
;0.2 +0.25 0.06 0.08 -1.5 +1.8
[0.2** +0.11 0.05 0.01 -1.7 +1.8
* Ref. 10
% Co 0.5 at.% alloy




Table N

(Mol-xRex)96V3C01 Alloys
. —— _

X K T, T KT /s Ky Korb Ty 1
(%) (mseck) (%) (%) (K)
R |
! :
0" -6.8 2.6 2.5 -9.5  42.7 b5

| 0.1 -2.3 15 1.7 -3.8 +1.5 110
| ;
1 0.2 -0.7 20.5 0.2 =3.0 +2.3 140 5

0.3 -0.2 25 0.02 2.6 +2.4 165

*

Mogg.9%%0.1

alloy by ref.l5
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Abstract

The nuclear magnetic relaxation of 5900 in dilute Crl_xVXCO

(X£0.5) and Cr Mo, Co (X<0.25) alloys in the ordered state was

1

Investigated. Tl was proportional to 1/T in a region of T«rTN.

TlT decreases rapldly with the decrease of the ordering temperature
assoclated with the increase of X. This decrease of TlT with the
decrease of the ordering temperature is generally observed 1in
randomly ordered system in metals irrespective of the ferro and
antiferromagnet. An approximate model calculation 1s carried out
in terms of the Weger mechanlism, where the nuclear energy relaxes
to the kinetic energy of the conductlion electrons via the virtual

exclitation of the spln waves. The same calculations are applied

to T, of 57Fe and 59Co in ferromagnetic PdFe and PdCo alloys.

1



§1. Introduction

In dilute CrCo alloys Co atom has a localized magnetic moment

of about 2.9 uB.l’E)

This Co moment 1s strongly coupled with
the matrix spin density wave. In the alloys with Co more than
about 1 at% the sinusoidal spin density wave state transforms
into a simple antiferromagnetic state.3)
An addition of V or Mo metal to Cr reduces the ordering tem-

4)

perature. The spin density wave state persists to the alloy
of V4 %2 and Mo 25 % at liquid helium temperatures. The alloys
of CrVCo and CrMoCo are considered to be the systems where the
localized Co moments are randomly distributed in the band elect-
ron antiferromagnet.

As similar systems to these alloys, where the randomly dis-
tributed localized moments are ordered through the conduction
electron spin polarizations, there are antiferromagnetic CuMn

and ferromagnetic PdCo, PdFe, (C GdX)Ru2 and so on.

€1-x
In these systems the nuclear spin-lattice relaxation time, Tl’
of the nuclei assoclated with the localized moments shows a
rapld decrease with the decrease of the transition temperature,
TC or TN, keeping T1T=const. In the temperature region suffici-
ently lower than the ordering temperature.5’6’7) It would be
considereq that these decreases of T1 arise from a same mecha-
nism.

In order to lnvestigate this relaxation mechanism, Tl of 5900

was measured in CrVCo and CrMoCo alloys and the relaxation



mechanism was discussed. On this mechanism an approximate cal-
culation was carried out. The same calculation was also applied

to the ferromagnetic PdFe and PdCo alloys.

§ 2. Experimental.

Starting metals Cr, V, Mo and Co used in this work were of
99.99, 99.99, 99.98 and 99.9 % purity, respectively. The con-
centration of Co were 1 and 3 at%. The samples were prepared
by arc melting the components in an argon atmosphere. The ingots
were remelted repeatedly for the homogeneization and crushed
into powder for the NMR experiment. X ray diffraction study
showed that all the specimens were of bcc phase and the lattice
constant increases monotonically with V or Mo concentration. The
measurements were carried out by frequency variable spin echo
technique at liquid hellum temperatures in zero external field.
T1 was measured from the temperature dependence of the spin echo
decay time, T2. T2 measurements were made at the peak position
of 5900 resonance line in each sample. The signal averager was

used in order to improve the signal to noise ratio.

§ 3. Experimental Results.

59

The variation of the internal field at Co was shown in Fig.l.

The internal field of 59Co in CrCo alloy was reported to be 66

8)

kOe It decreases with increasing V or Mo concentration. Fig.2(a)

and 2(b) show the temperature dependences of 'I‘2 of 5900 in

CrVCo and CrMoCo alloys.



The observed T2 may be expressed as
¥
2

and (’I‘,,)"1 denote the relaxation rate due to a trans-

(T )™t = ()™h 4 (T (7,7

where (’I‘J_)—1
verse and longitudinal local field fluctuations, respectively.
(T;)"1 is a contribution from the nuclear spin-spin interaction.
If the observed signal corresponds to the transition -1/2¢21/2
of the nuclear spin state, the transverse relaxation part is en-
hanced as (T¢)—l9 1/2(MI(I+1)-1)(TL)'1. 9,10) T, relates to

1
-1

T, as 2(T_,_)_l = (T In a condition T<§TN the longitudinal

1)
part is considered to be negligibly small compared with the trans-
verse relaxation part. The enhancement factor for 59Co amounts

to 31/2.

To confirm the relation between Tl and T2 described above,
direct measurements of T, at x=0 and x=0.02 in(prl_XVX)97Co3
alloys were performed by a saturating comb pulse method. TlT
measured directly were 89 msecK and 9 msecK for x=0 and 0.02,
respectively, while those obtained from T2 were 65 msecK and 7
msecK for x=0 and 0.02, respectively. The agreement 1s satis-
factory.

As 1s seen 1in the figures the temperature dependence of T2
shows T1T=const. This suggests that the nuclear Zeeman energy

relaxes to the kinetic energy of the conduction electrons. The

concentration dependence of (TlT)—1 is shown in Fig.3(a) and 3(b).



§ 4, Discussions.

Let us discuss the relaxation mechanism of Co nucleil.
When the nuclear spin energy relaxes to the kinetic energy of
the conduction electrons, (TlT)—l should be proportional to
P(EF)z, where P(EF) is the density of state of the conduction
electrons at the Ferml surface. 1In the case of the direct re-
laxation to the kinetic energy of the conduction electrons the
x dependence of (T]_T)"1 will follow the variation of F’(EF)2 with
x. However as 1s shown in Fig.3(a) and (b), the experimental
('I'l'l‘)"1 varies more drastically with x than that expected from
72, where y 1s the specific heat coefficient of the conduction

electrons.ll)

The rapid change of TlT correlates with the change
of the transition temperature with the change of x. Therefore

the indirect mechanism including the fluctuatlon of the localized
electron spins 1s considered to contribute mainly to the nuclear
relaxation. In these alloys the locallzed moments are distributed
randomly and interact with each other through the conductlon ele-
ctron spin polarizations. The hyperfine interaction between the
localized electron spin and nuclear spin excltes the spin wave

in this randomly distributed electron spln system. So the relaxa-
tlon process in this system may be attributed to the energy flow
of the nuclear Zeemen energy to the conduction electron energy

via the excitation of the spin waves and the decrease of TlT

may be attrilbuted to the decreases of the effective exchange inter-



action between the locallzed electrons with the increase of V or
Mo concentration.

The interaction between the nuclear spin and conduction elect-
ron spin via the spin wave was first proposed by Weger in the

12) Sano

ferromagnetic regular lattice systems, Fe, Co and Ni.
et al applied this to the ferromagnetic Dy metal and obtained a
good agreement between the theoretical and experimental values.l3)
Referring to these calculations we first discuss Tl in ferromag-
netic PdFe and PdCo alloys and then in antiferromagnetic CrVCo

and CrMoCo which are rather complex for the calculation.

14)

Sablik et al have measured the concentration dependence

of T, of 57Fe in PdFe. They observed first a decrease and then

1
an increase 1in Tl with decreasing Fe concentration. This behav-
ior was explained by changes of intm atomic exchange of 4d-U4d

and 3d-4d electrons. However the decrease of 'I‘1 with lowering
the ordering temperature is quite generally observed as mentioned
previously. So we try to explain the decrease of T1 in PdFe

with decreasing Fe concentration by Weger mechanism.

In order to obtalin a rough estimation of Tl in these systems

we replace the random system by a regular one.



(A) Ferromagnetic Case.

The Hamiltonién responsible for the nuclear spin relaxation
due to the hyperfine interaction between the nuclear spin and
the localized electron spin, and due to the s-d exchange inter-
action between the localized electron spin and conduction elect-

ron spin are expressed, respectively, as

/ P P -

.-t — 3 *
Hpr = A a2y (T o 1 4 eTWe T )
;

where N and Ni are the numbergof atoms and the localized electron
spins, respectively. JSd and A are the s-d exchange and the
hyperfine coupling constants, respectively. The suffix £ denotes
the lattice site of the localized spins. cq and c: are the

Fourier transform of the Holstein-Primakoff operators defined as
14 ¥ + -~ * *
Sg= S-cgeg,  S=/28 fy(8)e, &~ [2S¢, , Sg=/28c, £, (S)~ [28¢c, (3)

_[I 5 -iqR x [T 13k
e S T »
where £Q=/1-%§§2%1 is assumed for T<LT,.

The matrix element corresponding to the process where the {th

nuclear state changes from m to m+l and , at the same time, a
spin wave E is virtually excited through the hyperfine interaction

is DR A
(T-m(T+mr1) eTaRe (5)

S 3 ‘E;
( m+1:QI /‘(hfl maO ) - A« i\:

<« 2N



The matrix element for an absorption of the excited spin wave by
- -
the scattering of a conduction electron from kT to k&through the

s-d exchange interaction 1s
' J_.[28 1 (k-k’ -q)Re
( K},0 | ¥ gq 1 kp50) = _Eﬂ/ﬁz Z;Je (6)
Then the resultant second order perturbation matrix element is

1(k-k -q)Re’x1aRe

’ 4 AJ_ .S e
+1 ks m = -""sd (I-m)(I+m+1) - = (7)
CKm+d o liym ) W, g; e(@) * €11- &g
Here &£ () represents the excitation energy of the spin wave.
€, 18 the nuclear Zeeman energy and s(q)$>em+l- €
Then the transition probability from the nuclear Zeeman state
m to m+l 1s
2 2
W - an (JSQAS) (I-m) (I+m+1) V6 kpT
mmtl R\ Ty (2
. 1 1 1 , 8)
X do, doys S, = 3
) ) 9%, ST B BB (e (g, R, )
Fermi
surface

For simplicity we have neglected the “Umklapp proceséﬂ. Here
V and E are the volume of the crystal and the kinetic energy of
a conduction electron, respectilvely.
We conslder that the localized spin system constructs a re-
gular fcc ferromagnetic lattice approximately, and that long wave

excitations only contribute to the relaxation rate. Then

e(q) = 273 adq2 + gugh, (9)



Here the effective exchange interaction J between nearest neigh-
bour localized spins and an axial anisotropy in the localized spin

direction are assumed. Ha is the anisotropy field. a is the

lattice constant of the assumed regular lattice. Strictly in a
small concentration of localized spins it may occur that an upper

limit of the spin wave excitations, g becomes smaller than

N N max?
|kF¢ —kF¢| .

in eq.(8) to cover all the Fermi surface. However, the transition

This means that one must not extend the integration

rate is dominated by the process via the spin wave excitations

for ga~0. So it will be available for a rough estimation to assume
. - -, _ ,
that the formula (9) persists to kpp~Kpy| max = Kpq tKpy and the

integration covers all the Fermi surface except for the case of

a extremely low concentration of localized spins. Then assuming

that the Fermi i i vV E| &V
e Fermi surface is spherical anlekElETWkElEf Wm m+l is

obtained as

. = 2 (Jss AS)*(T-m XT3 m+1) = )5 BTZ(

m m+l

Ya TC Kel
el (2JSa)2 ke,

(10)

X L L T G 1 ]
27 or 2
a -l alrta I, UBH
(KFT 7 ) 2JS a <F’ kFL Q)Js J



Here 7 indicates the area of the Fermi surface. We can neglect
the second term since (kE¢-kF¢)2<:(kF¢+kF¢)2 As pointed out

by Weger, a polarization of the spin density of the conduction
electrons by the s~d exchange interaction induces the differences
between kF¢ and kF¢‘ Then the spin wave excitations with the
wave vector |§L<|~%¢—E}&| do not contribute to the relaxation.
This difference, kF¢ _kF¢’ plays an important role in ferromagne-
tic Fe,Co and Ni. Weger neglected the anisotropy term. However,
we keep thls term because kF¢—kF¢ can become small when the con-
centration of the locallzed spin is reduced. The average differ-
ence of the Zeeman energy between “up’ and “down” spins of the
conduction electrons is AE = 2J _,Sc (11)

Here ¢ 1s the concentration of the localized spins. In Pd metal
it is well known that the exchange interaction of the conduction
electrons 1s large and thils enhances the spln polarization of

the conduction electrons.lS) Then it wlll be reasonable in this

system to take AE = 2J_35¢/(1-a) (12)

instead of 2Jstc. o iIs the exchange enhancement factor.

The effective exchange coupling constant J is estimated from the

ordering temperature TC fellowing the molecular field theory.

k =££ z J S(S+1)

Here z is the number of the nearest neighbour atoms.

10



AE a3 pX
o)

Using a=c"éJ§éo NGQE!F =

lqu_ kFi‘ ) (2m) IVkElF
the final result is as follows:
5 2 2
- 3 -5
TlT = Aw TC cc + Aa TC c 3 (14)
Un w3 k
A = B 1
W (5411282 a2 k2 (1- a)? (15)
‘ o F
- » 2,2
_ h 1 . a~ k :
Aa 27 o 2 guBHa (16)

52(s+1) (T 4A p(Ep))

In a limit of Ha=0, c=1,J§ao—)ab and %=0, eq.(1l4) is reduced ‘to
Wegefs result.

In PdCo A is 70O kOe/uB from Hint~200 kOe and g“BS“3“B'

In PdFe A is -75 kOe/uB from Hin€v300 kOe and guBS»MuB. The
exchange enhancement factor is estimated o0~0.83 in Pd metal
from the specific heat and susceptibility measurements.lS)
On the other hand a spatial extension of about 10 A of the giant
moments in dilute PdFe alloy indicatesd~0.95.l5) We adopt a=0.85
‘as a tentative value. The other unknown parameters are listed

in Table:[. The calculated values are shown in Table:H .

As is seen in Tablejﬂ the relaxation time 1is mostly deter-
mined by Aw term which involves less unknown parameters, A, kF’
S and o . The difference in the anisotropy field in PdFe and
PdCo does not affect the relaxation times in the above calcﬁlation.
This is consistent with the experimental feature that TlT depends

57

only on the difference of gyromagnetic ratios YN of Fe and 59Co.

6)

11



6,14)
The agreement between the experimental and calculated values is

satisfactory in spite of the rough approximatlons.
(B) Antiferromagnetic Case.

In antiferromagnetic CrV¥Co and CrMoCo alloys, similar calcu-
lations can be easily performed applying the treatment in ferro-
magnet to antiferromagnet. The Hamiltonian responsible for the
nuclear relaxation corresponding to (1) and (2) in the ferromag-

netic case are expressed in terms of the antiferromagnetic sublattice.

— -  -1aR - aR. = - aR * - i_‘—‘ +
{Lu(e iqRichQ + eiqR&ch;%ZZ(e 1qR qum + e q&anlm)}(w)

102 q
/ 25 [ (e 1(k-K )R « iqR,, .t -1qR,
o = —__§dj::{1) ;e 2 ( al, a, fe et aa c e )
—— ’ x
+ z:LﬁJei(k-k )Rm(‘é; ay b eiqu + é& ay,b.e iqu)% (18)
m g kK R Vg )

The suffix # and m denote the sublattice of the antiferromagnet.
q must be taken in the first Brillouin zone constructed by this
sublattice. cq and bq are the Fourier transform of the Holstein-
Primakoff operators. The Hamiltonlan of the localized electron

spin system 1is taken as

hss= 22921718y Sy [Z<8) +7 (Sn) °) (19)

D is the anisotropy energy of axlal symmetry andliJ| is the effective
exchange interaction between nearest neighbours. Then one makes

further transformations to diagonalize }#SS

cq = aqcosheq - stinhe CZ = aZcoshe - B sinheq
(20)
* * X
= ) + = + h
bq aqslnheq choshaq bq aqsinheq chos eq

12



'Y -
- q - _D(28-1) - 1 igp
Here tanhzeq T34 ° d 52 1715 and Yq é e

p is the vector to the nearest neighbour.

/ ’
Using the operators aq, aq, B and B Hh} )%(sd are rewritten as

Yedhe = A]N ZZ{ 3R * 1, (g coshy — gg&nheq)+e1qR*1 (0 Cosheg - pqsmheq)}

A f%i T { 3Ry I (dqs1nheq+pqcosheq) +elgR"‘I (‘%Smhai*@‘imheﬁ)} (21)

m q

’ Je e (L 17 aND

+ el (k=K-DRy 4+ Qg Ok 4 (o(qcosh 6q - Qqsiﬂ h@q) }

PRSI . N }

QJ-Sf ZZLZ{ei(k—K+q)Rma++;faN(—dasinheq+§aqcosheq)

k q B N e - 3

1 i k—K-Q)ngKLQM(_ dgSinheg +{3*:1coshgq>} (22)

The matrix element corresponding to the process where the { tn
nuclear state transfers from m to m+l and,at the same time,

7
a spin wave g is virtually exclted through i is

d _ S iéﬁ
(m+1’q'>4hf| m,O> = Aj;f(l—m)(1+m+l) etd IZcosheq (23)

One would expect two ways to absorb the excited spin wave q by

scattering a conduction electron.

(a) A spin wave Q scatters a conduction electron from ky to —l_c\u .

The matrix element for this process is

- —
_ J_.[3 1(k-k’ -q)Ry
(y 0 ;)dsd} K, ) = —2fg Ni{;e coshs
- 1 (k=K -q)p stnne_ ){ (24)
m

13



(b) A spin wave E scatters a conduction electron from El to i}.

The matrix element for this process is

—_— e

, ’ S 1(k-K R 1 :-E, ?l)ﬁ 4
(k001 Mg ivkﬁ}‘%df%i{%eﬂ "ooshe - 7 i D inheg | (o5

m

The resultant second order matrix elements are obtained as
. /
@) (Kyyma | W Tgm)

ei( k—-KRe (COShzekk’ - sjnhekk,coshekk/)
5 (_‘1 _R ) (26)

—— FAAS [(T-m)XT+M+1)

(b) (k¢m+1|N lkym)

s (K= TOR: 2 ;
e‘(k ) *(coshByy — sinhgy coshe ey ) 27)

6 ( PA,["K'T)

=—— AAS j( I-mY(T+m+1)
where Ok = Or-P

Then the transition probability is obtained as
2K
W= B (JSdAS> (I-mYTI+m~+1)

(coshaekk' — sinhgy kfcoshekk,j2
(€ (kKD )
2 2
hoywk — sinhegkoshekk ) |
+ ~E)S (csri — Shmhek
Zk;'%f(EN)(l f(EkT ) (Ekt E‘q) (6 ( L{T— k\b) )2 S (28 )

here 6y, = 8., & (k-k )= EX-x )

x {%Z;Lm{kT)C1~f(EkQ)8(EK;EK¢)

2 2 (1+
cosh eq - cosheqsinheq =5 (1 ) . (29)

The spin wave excitation energy is

N / 2 2
g(q)=2zﬂﬁS G+d “Yé . (30)

i th ion = oy
Using ese relations and Y ki YR_3 o Wm 1 1s expressed as

14



\)

\ L/ 1 RBT
Win WHT R K__N‘— M T ML) 273 ;8 @ZU_‘SF

2
1 1 ¢ 1 1 \
= dcrd S— (31)
9 | T4
Fj;z)u CIVEVEL Fa N Py
surtace

We approximately consider that the localized spin system const-
ructs a regular bec antiferromagnetic lattice. Then O<Ly £1.
In long wave excitations (Yqﬁzl) which contribute mainly to the

relaxation rate, 1 < ‘l A for d<1.
> 2
dt e JA+dP- 1%

So we can neglect the first term in bracket for a crude estlmation.

Using long wave excitation formula, vy _ = 1 —<-,_-l—a2q2

a
and making the same approximations as in the ferromagnetic case

on the integration range at the Fermi surface and so on, we have

, T, \ 2 1 1 \2
\/\/mm.ivlz_ﬂ_ﬁv iJsdAS (1 m)(IﬂmD@r \6(925‘3_5)2"2'([_3[’;{5[% /!
—key 1 p (dd+2) +4a 2 (keyt kg
><4TLZ_J——————,Q n{———-=—— S 22 % (32)
kep @2 ™ L d(d+2) t 2 2<k|:'« ke )P

In antiferromagnetic case, 1t 1is expected generally that energy
gaps appedar 1ln some directionS'of'ﬁ;space on the Ferml surface
when the magnetic order of the localized spins takes place by the
indirect interaction via the conduction electrons., We have
ignored this effect for the crude estimation of the relaxation

time., Then taking kFT= kF¢’ the simple calculation gives

15



W m+1

2§<§_ A
256h (JsdAP(ﬂ:)) (I-mYI+m+1) kBT 72 aﬁ 2 L < G+2) \ (33)
where 1< d?afg) is considered.
Following the molecular field theory, kBTN =%% z |J] S(S+1)

1
Using a= c—ga and expressing D=k_.T the final result is

B D’
(1T G 8 a7

2

£ saokp I ’%)
) ¢ Seayer T (3%)

TN in this relation means the ordering temperature due to the in-
teraction between the localized spins. For the alloys of larger x
the spin polarization of the matrix is negligebly small and the
localized electron spin system may be ordered via the RKKY inter-
action. In this case 1t will be reasonable to assume that T, in the
above relation is equal to the ordering temperatur of the total
system. For the alloys of small x the spin density polarization
in the matrix is not so small and the estimation becomes compli-
cated. Anyway the rapid decrease of the relaxation rate with in-
creasing x is attributed to the decrease of the effective exchange
interaction. For a crude estimation in a region of x> 0.3, where
our model calculation is considered to be appropriate, we adopt
the parameters shown in Table [ . A is estimated to be 30 kOe

using the internal field of Co 4T7kOe and the effective moment

2.6 uB?z) No information exists on the anisoctropy factor TD.

16



However the transition probabllity does not depend on the

factor TD’ because TD appear only in the natural logarithm term.
We assume TD= 0.1 K. The other parameters are shown tentatively
in Table J] . The calculated values are shown in Table [ .

As seen in Tablejﬂ , the agreement between the experimental and
the calculated values 1is satisfactory 1n spite of the crude appro-
ximations.

Althourh at random condition, long range interactions between
localized spins and so on must be taken into account for precise
quantitative discussions, 1t may be concluded that the nuclear spin
lattice relaxation time at T «'TC (TN) in the randomly ordered

system in metals can be generally interpreted in terms of the Weger

mechanilsm.
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Figure Captilons

Fig.1l x dependence of the internal field at59Co in Crl_ V_Co

and Cr

X' X
—XMOXCO alloys at 1.4 K.

1
8)
O (Crl—xvx)99col ® (Cr’l_xVX)97Co3 ® CrcCo
A (Cr'l_XMoX)ggcol A ((31"1_}{1V10X)97Co3
. -1
Fig.2(a) The temperature dependence of T2 in (Crl_XVX)97C03.

Fig.2(b)

Fig.3(a)

Fig.3(b)

-1 .
The temperature dependence of T2 in (Crl_XMox)97Co3.

x dependence of (TIT)—l estimated from the temperature
-1

dependence of T2 in Crl_XVXCo alloys.

The dotted line represents the variation of the square

of the electronic specific heat coefficient normalized

to the value of ('I‘l'l“)—l at x=0.

x dependence of ('I’:LT)"l estimated from the temperature

-1

dependence of T2 in Cr XMOXCO alloys.

1-
The dotted line represents the variation of the square
of the electronic specific heat coefficient normalized

to the value of (TlT)—1 at x=0,
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Table |

Parameters for the calculations of TlT in PdFe and PdCo.

PdFe PdCo
Jsd(eV) 1 1
*
A (kOe/yp) -75 +70
kF(cm_l) 1x108 1x108
S 2 3/2
o 0.85 0.85 '*
a, (em) 2.8><1o'8 .2.8><1o’8
-1 * %%
p(EF)(eVatom) 1.4 1.4
Ha (Ce) 50 1000 RRAE
¥ ref 6,
#*% pef 15,

X% pef 17,

¥x%*% pyef 16,



57Fe in PdFe alloys

59

T.T in secK

Table ||

1

(%) TL(K)
0.5 20
1 35
2.5 70
3 90
4 110
5 130
6 160
7 180

Co in PdCo alloys

¢ (%) T, ()"
0.5 25
1 L5
2 70
5 180
8 250

*¥* ref 18, 19, 20.

¥¥ ref 14.
¥*#¥* ref 21.

¥X%¥¥ pref 6.

2 2/3
AwTCc
.2x1073

.ltxlo"2

.5:(10":L

.8)(10"1

co =N w

)
=

%
A T2c2/3

w-C

3.Mx10—u

1.8x1073

6.8x10"3

8.Ux10"°

2.2x107 %

AT c"2/3

a C

1.9x10°
2.0x107
2.2x10"
2,6x10"
2,.6x107
2.6x10"
2.8x10"

3.0x10°

6
6
6
6
6
6
6
6

(TlT)cal

.2x10"3

L hx1072
1

1

y
3
2.5x107
4.8x10"
8

(T1T) e

3.4x107
1.8x1073
6.8x1073
8.4x10"

2.2x10"°

calculated and observed in PdFe and PdCo alloys

e e T vy,

= g - g

(T T)****
1" 7exp

u.8x10”5
L

I

2,0x10"
6.1x10"
1.2x1073

2.1x10’3



Table [[

Parameters for the calculations of TlT in CrVCo alloys.

Jsd(eV) 1

A (kOe/uB) 30 *

ao(cm) 2.9 x10’8
-1 * %

p(EF) (eVatom) 0.35

kF (cm-l) 1X10-8

T

" .

Ty (X) 0.1

¥ ref 22,

¥%¥ for x=0 ref 17,

¥¥% pef 22,



Table N

(’I’l’I‘)"1 of Co calculated and observed in Cr XVXCO in msecK.

1-
Alloy Ty (K) (T, 1)1, (TlT);ip
x=0

Co1% 300 0.017
Co3% 300 0.015
x=0.02

Col% 150 0.13
Co3% 150 0.14
x=0.03

Col% 70** 0.01 0.16

Co 3% 80 0.02 0.27
x=0.04

Col% 40 0.03 0.33

Co 3% 50 0.0k 0.43
x=0,05

Col% o5*¥ 0.1 1.0
Co3% 30 0.1 0.68
x=0.06

Co3% 25 0.2 1.0

¥ ref 1,2 and 3,

¥*¥ ref 22,

The other values for TN are assumed by interpolation tentatively.
In the calculation the x dependence of p(EF) estimated from the

x dependence of Yy 11) is adopted.
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