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assumed to be the hydrogen of one hydroxyl group
and the oxygen of one water molecule; H(5) and O(8)
in the notation of Beevers and Hughes. 6 It was as-
sumed that these atoms were shifted from positions
of orthorhombic symmetry on the polarized sublat-
tice only, and the distances they were shifted were
calculated from the Ma~3 quadrupole data. Since it
now seems clear that both sublattices are polarized,
then it must be assumed that these atoms do not
l.ie onpositions of orthorhombic symmetry oneither
of the two sublattices. Thus the observed differ-
ences between the quadrupole coupling constants in
the ferroelectric phase should be due to shifts of
atomic positions on both sublattices. Because of

the linear nature of the calculation of the displace-
ments from the quadrupole data, the results pre-
viously obtained are still valid as long as the dis-
placements ca.lculated are taken as the sums of the
displ. acements on each of the two sublattices. In
view of the nearly symmetric splitting of the quad-
rupole coupling about the straight line in Fig. 1,
it is likely that the displacements are about equal
on the two sublattices, and each is about one-haU

of that quoted in Refs. 3 and 4,
In summary then, the data presented here agrees

well with the calculations of Zeks, Shulka, and
Blinc, and suggests a reinterpretation of the ear-
lier Na~ quadrupole coupling data in Rochelle salt.

*Work supported by the National Aeronautics and Space
Administration. . It is based upon the dissertation sub-
mitted by M. E. Fitzgerald in partial fulfillment of the
requirements for the Ph. D. degree at Rensselaer Poly-
technic Institute, Troy, N. Y. 12181.

tPresent address: The Mitre Corp. , Bedford, Mass.
01730.

)Department of Physics, Rensselaer Polytechnic Insti-
tute, Troy, N. Y. 12181.

'M. E. Fitzgerald and P. A. Casabella, Phys. Rev.
B 2, 1350 (1970).

'T. Oja and P. A. Casabella, Phys. Rev. 177, 830
(1969).

3N. C. Miller and P. A. Casabella, Phys. Rev. 152,
228 (1966).

4R. Blinc, J. Petkovsek, and I. Zupancic, Phys. Rev.
136, 1684 (1964).

~B. Zeks, G. C. Shukla, and R. B. Blinc, Phys. Rev.
B 3, 2306 (1971).

C. A. Beevers and W. Hughes, Proc. Roy. Soc. (Lon-
don) A177, 251 (1941).

PHYSICA L REVIEW B VO LUME 7, NUMBER 5 1 MARCH 1973

Nuclear Magnetic Resonance of '9 Co in Dilute AuCo Alloys*

A. Narath and D. C. Barham
Sandia Laboratories, Albuquerque, New Mexico

(Received 5 October 1972)

Measurements of ~~Co NMR shifts and spin-relaxation rates in AgCo confirm the nonmagnet-
ic character of isolated cobalt impurities in gold. In the temperature range 1.2—4.O'K, a
large positive resonance shift tK=+ (29. 2+ 0, 2)%] is observed, indicative of a dominant orbital
hyperfine interaction. The absence of a strong temperature dependence of the shift belorv 300
'K gives evidence for a high spin-fluctuation temperature. Low-temperature measurements
of the spin-echo phase-memory time T& yield a value T~T=2. 7+0. 5 msec K for the spin-lat-
tice relaxation time. The results of the present study illustrate the strong influence of orbital
degeneracy on the magnetic properties of cobalt impurities in metals.

I. INTRODUCTION

We report here measurements of Co nuclear-
magnetic-resonance (NMR) shifts and spin-relaxa-
tion rates in AgCo alloys. The NMR data repre-
sent an extension of earlier hyperfine-interaction
measurements in this system by Holliday and
Weyhmann who applied 8 Co nuclear-orientation
(NO) techniques to extremely dilute alloys (& 5 ppm)
at temperatures below -0.02 'K and magnetic field
strengths above - 20 kOe. These authors observed
that the internal magnetic field at the cobalt nu-
cleus exceeds the applied field by a factor of 1.29

+ 0. 11. Since their experimental method was in-
sensitive to the sign of the internal field, the re-
sults are consistent with either a positive shift of
+ (29 + 11)%%uo or a negative shift of —(229+ 11)%%ua. The
present results demonstrate that the shift is posi-
tive. We also verify that isolated Co impurities
in AuCo, despite the large magnitude of the hyper-
fine-induced resonance shift, are "nonmagnetic, "
with a spin-fluctuation temperature above 300 'K.

II. EXPERIMENTAL METHODS AND RESULTS

Low-temperature (1.2-4. 0 'K) NMR shift and
relaxation experiments were carried out with a
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phase-coherent spin-echo spectrometer operating
at 22 MHz; measurements of the resonance shift
at higher temperatures were performed with a
field-modulated field-swept Varian cw spectrom-
eter, operating at 7.9 MHz, which was used in con-
junction with a Fabritek-1074 time-averaging com-
puter for signal-to-noise-ratio enhancement. Al-
loys containing 0.05-, 0.2-, and l. O-at. % Co were
prepared by arc melting appropriate quantities of
the elemental metals. No heat treatment was used
following comminution of the samples.

In the temperature range 1.2-4. 0 'K the 6 Co
resonance shift (relative to the reference ratio
v„,/H= 1.005 kHz/Oe)3 was found to be + (29. 2

+ 0. 2)% independent of temperature and alloy com-
position. Measurements at 120 and 300 'K gave
shifts of + (26. 5+ 1.0)%. The linewidth, while tem-
perature independent, increased from -3% (mea-
sured between half-amplitude points) in the 0.05-
at. /0 alloy to -10/0 in the 1.O-at. % alloy. From
the behavior of the spin-echo amplitudes as a func-
tion of rf driving field it was possible to attribute
the observed signal intensities to + —,

' ———,
' transi-

tions. Hence, the first-order quadrupole broaden-
ing is sufficiently large in our samples to make
the satellites unobservable. The experimental
linewidths are therefore dominated by magnetic
hyperfine inhomogeneities. The positive sign of
the shift was established by noting the relative rf
phase of the spin echo. A negative shift of —229%
would have implied sign reversals in the longitudi-
nal internal field, the transverse rf driving field,
and the net precessing magnetization. The result-

ing reversal in ihe echo phase relative to a Co
reference was not observed. Moreover, the large
magnitude of the negative shift should have yielded
much faster nuclear-spin relaxation rates than
were observed.

Because of the severe quadrupole broadening it
was not possible to achieve sufficient saturation of
the longitudinal nuclear magnetization to perform
accurate measurements of the spin-lattice relaxa-
tion times T&. The observed recoveries of the
magnetization had exceedingly nonexponential time
dependences even after long sequences of closely
spaced rf pulses. A lower limit for TjT of 0. 7
msec 'K was established in the 0.2-at.% sample at
l. 2 'K from the long-time behavior of the experi-
mental recovery curves. Unfortunately, because
of limited signal-to-noise ratios we were unable to
determine the true asymptotic recovery rate. Ow-
ing to this complication, the spin-lattice relaxation
times were obtained indirectly from measurements
of the spin-echo phase-memory times T&. As
shown in Fig. 1, the experimental rates have the
form T2 =A+BT. The intercept A represents a
temperature-independent contribution, presumably
arising from nuclear —spin-spin interactions, which
increases with increasing impurity concentration.
The temperature-dependent term B is indicative of
relaxation resulting from hyperfine coupling to
itinerant electrons. For the case in which only the
central transition (i. e. , + —,

' ——-,'-) is excited by the
pulsed rf field, and for an assumed isotropic elec-
tronic-spin fluctuation spectrum, it is known
thats- o
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FIG. 1. Temperature dependence
of the ~~Co spin-echo phase-memory
times in AuCo.
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T,T = (I+ .')'—/a . (2. 1)

A«& =(pa) 'If'&". X&(&(0) (3.3)

T
&, «&

= &»T(p)&) 'r„'(H„"„') Iim[lmx&(&(ro)/»],

(3 4)
where H„"„' are the appropriate hyperfine fields per
Bohr magneton, y„ is the nuclear gyromagnetic
ratio, and the other symbols have their usual

Our data yielded B1=0.17 msec 'K and, there-
fore, T, T= 2. 7 msec 'K (with an estimated experi-
mental uncertainty of + 20%).

III. DISCUSSION

The NMR results confirm the nonmagnetic (i. e. ,
localized-spin-fluctuation) character of isolated
cobalt impurities in AuCo. 11 In particular, the
lack of a strong temperature dependence of the
resonance shift below room temperature demon-
strates that the spin-fluctuation temperature is in
excess of 300'K, in general agreement with a val-
ue of -700 K inferred by Costa-Ribeiro et aE.
from an analysis of low-temperature electronic1
and nuclear11 specific-heat data. The fact that
the 59Co resonance shift is independent of impurity
concentration, in marked contrast to the behavior
of the bulk properties, demonstrates that the NMB
signals are associated with relatively isolated co-
balt impurities. As in the related case of CuCo, 10'3

near-neighbor cobalt clusters in AuCo are believed
to be strongly magnetic11 with low Kondo tempera-
tures and presumably were not observable in our
NMR experiments because of excessively large
shifts and short nuclear-spin relaxation times.

The positive sign of the ' Co resonance shift is
indicative of a dominant orbital hyperfine interac-
tion since the d-spin (core-polarization) hyperfine
field is characteristically negative. The d-orbital
hyperfine field for 3d ions is generally much
larger in magnitude than the d-spin hyperfine field,
particularly near the end of the 3d period. 14 Hence,
orbital effects manifest themselves much more
strongly in impurity hyperfine interactions than in
bulk magnetic properties. '5 In the absence of sig-
nificant spin-orbit interactions, the d-spin and d-
orbital interactions contribute separately to the
shift and spin-lattice relaxation rate

(3.1)

(3.2)

%'e have ignored the direct s-contact interaction
because its contribution is expected to be relative-
ly unimportant for most 3d impurities. The shifts
and relaxation rates may be expressed in the usual
manner in terms of the local d-spin and d-orbital
susceptibilities":

meaning. In the localized-spin-fluctuation regime,
the susceptibilities may be obtained from the five-
fold degenerate Friedel-Anderson model. 's '7 In
the random-phase approximation (RPA) one ob-
tains" "

X(~)(o) — p(~) ( s( —~(.))
X(„,)(0) = 4p(u) p&&(1 —o'((„„&)

(3. 5)

(s. 6)

1& X'~&&( q&) /&d= ~&(@p&a&V)&(1 —
o'&u&) (3.7)

I&m X(o b)(&d)/(d K&(@ &u&PB(1 &&or»)
td- 0

(s.8)

where n«) and ~&„» are the d-spin and d-orbital
enhancement factors, respectively,

n&~)
= r(U+-4~)p&u)

o'(Or» = ~ (U -~)p(~) ~

(s. 8)

(s. 10)

Here, U and J are effective intra-atomic Coulomb
and Hund's- rule exchange interaction constants,
respectively, and p«& is the density of d states at
the Fermi level for one spin direction. As pointed
out previously, 19

y&„» = 2g«) in the zero-enhance-
ment limit (i. e. , for o &~&

= n&„» =0). In view of
the large magnitude of the d-orbital hyperfine field
relative to that of the d-spin hyperfine field
(- If& ) 100 kOe, lf„'z', ' = 600 kOe for atomic Co)
it follows that the cobalt hyperfine constant will be
dominated by the orbital interaction for sufficient-
ly small values of the local enhancement factors.
(In fa,ct, the RPA Friedel-Anderson model has
been used successfully to account for the positive
impurity resonance shifts and rapid spin-lattice
relaxation rates in CuCo '0 and Cu¹.' ) However,
since U+4J is always greater than U —Z (i. e. ,
o «» o &„») one expects the d-spin interaction to
become dominant very rapidly with increasing

It is not surprising, therefore, that the net
hyperfine field of magnetic as well as strongly ex-
change-enhanced nonmagnetic 3d' impurities is
generally negative in sign. " The experimental re-
sults for AuCo, however, do not follow this pattern
since no reasonable choice of parameter values
yields as large a positive shift as is observed.
For example, a lower limit of 27 x 10 4 emu/g atom
is obtained for x&„», according to (3.3), by as-
suming that the orbital shift is equal to the experi-
mental shift (i. e. , K«& = 0) and that H&f', "& is given
by the atomic value'4 599 kOe. The absence of lo-
cal-moment formation requires that z«),& 1; we
may also take U+4J = 6 eV' 2 and hence conclude
that p«& ~ 0.83 eV '. Using (3.6), this upper bound
on p«) implies ~&„» &0.96. Thus, according to
(3.10), U- J & 5.8 eV, which is unrealistically
large when compared to more typical values of
2-3 eV. ' 0 Smaller values of H„~', ', nonzero d-
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spin contributions to K, and a more realistic value
of n«) would all lead to even larger values of
O'- J'

The failure of the BPA Friedel-Anderson model,
as applied to AuCo, can also be demonstrated by
R coIllparlson of the resonRnce SIllft Rnd spin-lRt-
tice relaxation rate. We hase this comparison as
usual on the loca.l d-spin and d-o-rbital Korringa
relations, '~ which follow directly from (3.3) and
(3. 10):

2
&(d, )TI(~) T= 5&

~

+(orb) Tl(ox b) T

(3. 11)

(3. 12)

s == (y, /y„)'(e/4~A. , ) .
Finally, using (3.1) and (3.2), one obtains for the
experimental Korringa product

ff'T, T= Ios(I+ ~)'/(2+ «'), (3. 14)

TABLE I. Summary of low-temperature (1-4 K) im-
purity NMIC data for dilute copper and gold alloys. (Pa-
rentheses indicate the estimated uncertainty in the pre-
ceding digit. )

A

(/o)

CN" Co + G. 2(2)
C~~"Ni" +1.28(2)

STAT
(106 sec ' "K Oe }

O. 80(20)
c. 8(7)

K'r, I/g

Xg"Co
Aus'Ni b

+ 29.2(a)
+ 2. 55(2)

O. 11(Z)
6(2)

Heference 10. baeference 19.

~ =
If&orb) /f~ &t&)

.
Thus, K'T, T/S can range from 0 to 10, depending
on the relative magnitude of K(g) Rnd jC( b)
perimental values of K T&T/2 are shown in Table
I for AuCo as mell as CuCO, Qu¹, and AuNi. It is
apparent that the model is applicable to the meakly
enhanced alloys QuCO and QuNi, although the
former may represent a marginal case. The more
strongly enhanced gold alloys, however, are
characterized by Jf'T, T/3 values which fall well
above the allowed range. In the case of AgNi, it
has been suggested' that crystal field splitting of
the e, and t+, orbital levels might be responsible
for the large magnitude of KST&T//S. If the d
states at the Fermi level have pure e character
tIle d-spin Rnd d-orbital KorrlngR relRtlons assume
BPA solutions of 2S and ~, respectively. lo The
latter result is a direct consequence of the well-
known fact that all matrix elements of the orbital
angular momentum vanish within the e manifold
and therefore cannot contribute to nuclear relaxa-

tion; any orbital contribution to the impurity sus-
ceptibility and resonance shift is then of the Van
Vleck type.

It is likely that the relatively slow impurity
spin-lattice relaxation rate in AuCo can be attrib-
uted to a disproportionally large e, chal. aeter at
the Fermi level as was done for AuNi. However,
in view of the very large magnitude of the AuCo
impurity resonance shift, it is doubtful that our
experimental observations can be rationalized en-
tirely on the basis of cubic crystal field effects.
For example, the neglect of spin-orbit coupling is
probably not justified in AuCo. We also note that
the interaction constants U and J in the Friedel-
Anderson model do not satisfy the Slater sum
rules; more accurate parametrizations of local
electron-electron interactions have been shown '
to lead to smaller differences between ~«) and
o. &.„,~

than indicated in (3.9) and (3.10}, respectively.
Although we are unable to offer a quantitative

interpretation of our results, several qualitative
conclusions concerning the applicability of the
BPA Friedel-Anderson model suggest themselves.
The model obviously has its greatest validity in the
extreme nonmagnetic limit where the great width
of the virtual impurity d levels is the dominant fea-
ture, correlation effects being relatively unimpor-
tant. With decreasing level width (i.e. , increas-
ing p&~&) the local correlations become stronger,
and the assumption that spin and orbital effects can
be treated independently becomes suspect. This
is particularly true when crystal field interactions
cannot remove the orbital degeneracy as in the case
of divalent cobalt in cubic environments (in con-
trast to V; Cra', and Mn ' whose ground states
are orbital singlets in fields of cubic symmetry).
As the magnetic limit is approached, we may spec-
ulate that the correlations on the impurity site
take on strong atomic character. In this regime
the detailed predictions of the BPA Friedel-Ander-
son model, such as the spin and orbital Korringa
relations, are of questionable significance. How-
ever, for orbital-singlet impurities the spin-Kor-
ringa relation may continue to be qualitatively cor-
rect; the fact that theorbital contribution to the nu-
clear spin-lattice relaxation rate vani. shes in this
case [thus invalidating the orbital Korringa. rel.ation
(3.12)] is of little consequence in the analysis of
nuclear resonance data (since the relaxation rate
is strongly dominated by the d-spin interaction in
this regime). This would account for the apparent
success which has been achievedv in separating the
experimental impurity-resonance shifts of strongly
enhanced alloys such as A/Cr and A/Mn into spin
and orbital contributions. The failure of this ap-
proach in the case of AuCo emphasizes the serious
difficulty which orbital degeneracy introduces into
the problem of nearly magnetic impurities in metals.
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We have calculated thermodynamic properties of the ha'1f-filled-band Hubbard model for a
ring of K=4 atoms. Our results resolve serious discrepancies between similar calculations
which have appeared. For weak interactions, a new kind of smooth magnetic transition (non-
antiferromagneti. c) is found at low temperature. For strong interactions, properties are ap-
proximately independent of N when the grand canonical ensemble is used, enabling contact to
be made with recent experimental work on X-methyl phenazinium tetracyanoquinodimethan
(NMP) (TCNQ); the comparison suggests strongly that the Hubbard model is seriously deficient
as a means of des cription of thes e experiments.

There has been considerable interest recently' 3

in the Hubbard model for electrons in a ha1f-filled
band. Since exact results are extremely limited,
particularly in the intermediate temperature range
and for bandwidth b of the order of the' Coulomb in-
teraction. U, we began a study of exact numerical
solutions for small numbers of atoms„Since that
time three papers have appeared giving results
of similar calculations, Their results disagree
with each other in several important qualitative
respects: in the region ot large b/U one group
(SP) found one peak in the specit'ic-heat-vs-temper-
ature curve, the other group' (HM) finding three
peaks; for b/U= 1, the groups again disagree as
to the number oi peaks found. (These statements
concern. the four-atom ring, the only case common
to hoth groups. )

Here we resolve these important theoretical dis-
crepancies. We agree with the number of specific-
heat peaks found by HM; however, numerical com-

parison is not possible because of inconsistencies
in their results. We also disagree with their inter-
pretation of these peaks and find instead a new
kind of smooth magnetic transition. Further, the
extrapolation to large systems as to the existence
ot the low-temperature peaks for large b/U is
shown to be not possible on the basis of the four-
atom results in disagreement with HM: whenever
one-half the number of atoms is even, we show that
there is a tow-T peak for large b/U which does not
scale with the size of the system. The behavior
for small b/U does not appear to he spurious in
relation to macroscopic systems, and we there-
fore carefully examined the susceptibility to com-
pare with recent experimental results. Whereas
the previ. ous calculations were made using the
canonical ensemble, we have also made calcula-
tions in the grand canonical ensemble, as moti-
vated below.

We consider a system of four atoms at the cor-


