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The nuclear gyromagnetic ratio y of Co59 has been redetermined from NMR studies of the intermetallic
compounds CoSi and CoSis, yielding the new value 7/2s =1.0054+0.002 kHz/G. These materials possess
weak dia- and paramagnetism, respectively. The analysis consists of placing upper limits on the NMR
shifts in these compounds by using measured values of susceptibilities and spin-lattice relaxation times T&

and the well-known relations between shift and susceptibility contributions from orbital and spin-para-
magnetic sources. Our endings are further supported by shifts observed for dilute cobalt in a number of
transition-metal alloys. The new value of y given above is larger by ~0.9% than the commonly accepted
one of Freeman, Murray, and Richards that was obtained by extrapolation in their study of NMR shifts
and optical splittings in cobaltic complexes. In view of this discrepancy, the theory of Van Vleck shifts in
these complexes is reexamined in terms of a molecular orbital model of covalent mixing.

I. INTRODUCTION

T has been customary to assume that accurate.. values for nuclear magnetic moments may be ob-
tained from precise gyromagnetic ratio measurements
of the nuclei in question, when the atomic, or ionic,
host is nominally nonmagnetic. For example, the nuclei
of sodium or chlorine in a NaCl solution are thought
to suffer only an extremely small core diamagnetism
when placed in an external Geld, since the Na+ and
Cl ions consist of closed-shell configurations. The
situation is considerably more comp1icated when the
nuclei involved belong to transition metal ions.

Three cases need to be distinguished in discussing
the problem of the nuclear moments of transition-
metal ions: First, there are those elements for which
the atomic ground state has fewer than three or four
d electrons (e.g. , Sc) and for which it is possible to
make nonmagnetic closed-shell ions by forming a molec-
ular complex with a "closed-shell" core (e.g., ScsOs).
Second, there are the elements in the middle of the
3d, 4d, and Sd long periods (e.g., Mn) for which the
high valence states (e.g., Mnr+), though nominally
nonmagnetic are, in fact, not so.' The third case in-
cludes the atoms with almost flied d shells for which
even pseudo-closed-shell ionic states are dificult to
obtain (e.g., Fe, Co, and Ni). For this case, resort is
often made to finding nonmagnetic ionic configurations
in crystals. For example, in the configuration d", with
n even, there is a domain where the electrostatic
crystalline-Geld potential exceeds the Hund's rule
energy. The ground state in this case has vanishing
diagonal elements of S, and L,. However, the o6-
diagonal elements of L do not vanish and as a conse-
quence, there is obtained the familiar temperature-

t Work supported in part by the National Science Foundation.' A. Mookherji, Indian J. Phys. 18, 187 (1944); A. Carrington,
Mol. Phys. 3, 271 (1960).
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independent high-frequency Van Vleck paramagnetism
and related orbital paramagnetic shifts of the nuclear
magnetic resonance (NMR). Since the magnitude of
these shifts may be as much as 1% or more, it is irn-

perative to account for their origin to an accuracy of
10% or better, if the tJbsolmte value of the nuclear
moment is to be known to a precision of 0.1%, which
is the requisite accuracy for the interpretation of
Knight shifts in the related metals and alloys. Our
particular interest in hyperfine Geld studies in the
transition metals has led us to reexamine the existing
work on the shifts of the Co" NMR.

Cobalt is a particularly interesting case for several
reasons. The Co" NMR shift has been extensively
studied' in a number of Co +(3d') "low-spin" complexes
and it was found that the shift varies as much as 1.3%
from one complex to the next. A general interpretation
of the shifts in terms of Van Vleck paramagnetism has
been given by GriKth and Orgep in which the shifts
were shown to be related to the crystal-Geld splittings
of the corresponding complexes. There followed a de-
tailed NMR and associated optical work on many
Co'+ complexes by Freeman, Murray, and Richards'
(FMR). Using the theory of Griffith and Orgep they
were able to Gnd, by extrapolation to infinite crystal-
Geld splitting, the unshifted gyromagnetic ratio p of
Co". Sy a completely diGerent experimental approach
to be presented below, we Gnd a value of y that differs
by about 1% from the FMR extrapolation, leading to
greatly reduced measured shift values for the cobaltic
complexes.

Our value of y is based on Co" NMR in the inter-
metallic compounds CoSi2 and CoSi, which exhibit weak

'W. E. Proctor and F. C. Yu, Phys. Rev. 81, 20 (1951).' J. S. Griffith and L. E. Orgel, Trans. Faraday Soc. 53, 601
(1957).

R. Freeman, G. R. Murray, and R. E. Richards, Proc. Roy.
Soc. (London) 242A, 455 (1957).
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paramagnetic' and diamagnetic' susceptibilities, respec-
tively. In Sec. II, the shifts in these compounds are
deduced from the orbital and spin-paramagnetic con-
tributions to the susceptibilities, using the relationship
between shift and susceptibility~»' that has been ap-
plied to a number of transition metals and intermetallic
compounds. Additional information which correlates
shifts with effective density of states at the Fermi
energy 1V(EI) has been obtained by measuring. the
nuclear spin-lattice relaxation time T~ for CoSi~ and
CoSi. These results, along with observed shifts for a
number of cobalt alloys, form a coherent over-all
picture which leads to the value of y(Co59) presented
here.

Since our experimental results and their interpreta-
tion differ so markedly from the FMR work, we felt
it necessary to reexamine the Gri@th-Orgel model for
the cobalt complexes in greater detail. This is done in
Sec. III. We emphasize that the molecular orbital
(MO) model we employ is at best a very rough ap-
proximation for complexes as covalent as Co(CN) e3

and is incapable of giving quantitative results. We
aspire instead to the more modest objective of deter-
mining whether a qualitative explanation for the re-
duced shifts in these complexes might be found with
this approach.

In Sec. III we identify three distinct mechanisms
by which covalency modifies the free-ion value of the
orbital shift o-~v in a given complex. We summarize
these briefly here.

First, there is the well-known phenomenon of orbital
reduction, wherein the matrix elements of the orbital
angular-momentum operator L are diminished by con-
tamination of the ionic d orbitals with any admixture
of ligand orbital. (Although this was considered by
GriKth and Orgel, we believe they underestimated its
importance. ) As will be seen in Sec. III this effect may
be divided into two parts: (a) normalization reduc-
tion, which is simply the dilution of the d orbitals by
the ligand admixture, and (b) a cancellation (or
enhancement) of the d-orbital matrix element by the
admixture and overlap terms. Effect (a) alone leads
to proportional changes in O.v~ and x~~, preserving
the ratio ovv/xvv. Effect (b), however, affects ovv
and xvv unequally, owing to the strong radial de-
pendence of the orbital hypcrfine interaction Hhf&" &

L/r. The full consequences of the latter effect will
be discussed in Sec. III.

' D. Shinodaand S.Asanabe, J.Phys. Soc.Japan21, 555 (1961).
~H. J. Willians, J. H. Wernick, R. C. Sherwood, and G. K.

Kertheim, J. Appl. Phys. 37, 1256 (1966).
'A. M. Clogston, A. C. Gossard, V. Jaccarino, and Y. Yafet,

Phys. Rev. Letters 9, 262 (1962).
SA. M. Clogston, V. Jaccarino, and Y. Yafet, Phys. Rev. 134,

A650 (1964).
~ A. M. Clogston and V. Jaccarino Phys. Rev. 121, 1357 (1961);

A. C. Gossard, V. Jaccarino, and J. H. Wernick, ibid. 128, 1038
(1962); A. C. Gossard, V. Jaccarino, and J. H. Wernick, ibid.
133, A881 (1964);J.A. Seitchik, A. C. Gossard, and V. Jaccarino,
ibid. 136, A1119 (1964); J. A. Seitchik, V. Jaccarino, and H. J.
Wernick, ib~d 138, A148 (1965.).

Finally, we note that ovv~ (1/r'), where the ex-
pectatioo value is taken for the 3d orbitals in the
comp/ex. For high covalency, one might expect this
quantity to deviate considerably from the free-ion
values and, in fact, to be reduced. This is analogous
to the effective reduction of hyperfine fields for atoms
in a metal.

II. NEW EXPERIMENTAL DETERMINATION OF
y OF Co"

In this section we report on and analyze the NMR
shift, relaxation time, and susceptibility data for CoSi2
and CoSi to obtain the nuclear gyromagnetic ratio y
of Co". Some additional measurements on the Co"
shifts for dilute Co impurities in other host metals are
presented and are in support of the results obtained
from the CoSi2 and CoSi studies.

The resonance frequency data were taken with a con-
ventional crossed-coil NMR spectrometer using a sup-
plementary proton gaussmeter and frequency counter
for precise field calibrations. Measurements of the spin-
lattice relaxation time Tj were made using pulsed,
spin-echo techniques. The specimens were prepared
from stoichiometric amounts of semiconductor grade
Si and Co (99.99%) by induction melting in recrystal-
lized A1203 crucibles under an argon atmosphere. The
ingots were subsequently zone refined. X-ray measure-
ments and metallographic observations were made to
insure a homogeneous single phase. Finally they were
crushed and sieved to be suitable for NMR spec-
troscopy. No attempt was made to anneal thes" brittle
intermetallic compounds (.ither before or after crushing.

Necessary supplementary data on the magnitude and
temperature dependence of the susceptibility of selected

samples of CoSi2 and CoSi were kindly provided by
other workers at the Bell Telephone Laboratories. "

A. Interpretation of the NMR Shifts and
Susceptibilities in CoSi2 and CoSi

As a qualitative starting point, we remark that the
compounds in question are metallic or semimetallic
with regard to transport properties and general tem-
perature independence of the susceptibility. Since the
primary constituent element Co is a transition metal
atom, we resort to the two-band (s and d) model
interpretation of Knight shifts and susceptibilities that
has been so useful in similar studies of the transition
metals and certain transition-metal intermetallic com-
pounds. In this tight-binding model the susceptibility
g is the sum of the separate contributions to the Pauli
spin paramagnetism, x„' and x„", from s and d elec-
trons, respectively, plus the orbital (Van Vleck) para-
magnetism xzz of the incompletely filled degenerate

' We wish to thank H. J. Williams and R. C. Sherwood of this
laboratory for the use of unpublished x-versus-T data for these
materials.
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bands. Thus,

X=xdie+sxy +X@ +Xvv~

where xd;, is the sum of the diamagnetism of the core
electrons plus the electrons in the fi,fled portion of the
d bands. The Knight-shift counterpart of Eq. (1) is

&=E..+&d+&vv =rz.x~'+&dxy"+Pxvv, (2)

where the quantities Ot, and e~ are proportional to the
hyperhne fields per spin for the s-contact and d-core
polarization hyperfine interactions, respectively. The
constant of proportionality in both cases is 0.895X10 4.

The quantity P is related to the orbital hyperfine
field and is given by p=(2/II) (1/r'), », where II is
Avogadro's number and the subscript on the expecta-
tion value of 1/r' for the d electrons in question indicates
that the average should be taken over the radial wave
function in the metal.

We proceed to estimate the quantities n„rrd, and p
for cobalt:

n, : We know Hht&e& = (16tr/3)I»sf'4e(0)')~e» and it has
been estimated that for cobalt Q'ee(0) )e»=0.45XI"
cm '. As is common, we assume that there is a reduc-
tion of amplitude of the s-wave function at the nucleus
in a metal, i.e., Q4, (0)'),»=),Qe, (0)'),» with $, 0.7.
It follows that (Ite, (0)s),„,»—0.32X10'I cm ', FIhr&e&=

2.92X10 Oe, and a, =262.
a&. The core polarization 6eld Hhf~@ may be ob-

tained from the large body of empirical data that now
exists for the 3d io is in nonmetallic crystals where it is
found, for example, that for Mn'+:d, ' that IIhf(")—
—2.3X10' Oe. For the present case we assume that
the large and nega, tive hyperfine 6eld in ferromagnetic
cobalt arises entirely from core polarization. With this
approach we And Hhf&") = —2.6&10' Oe and ng = —23.3.
We will adopt these values.

P: Hartree-Fock calculations for (1/r'), » exist" for
the d con6gurations corresponding to Co+ and Co'+.
We assume that a value for (1/r'), » for Co'+ would be
more appropriate to the metal and 6nd, by interpola-
tion, that (1/r')„=5.4 atomic units. Assuming the
reduction of this quantity in the metaP' to be such
that (1/rs)me»=e (1/r )e», i.e., )vv=0 75, we find /=95.

Before utilizing these va, lues to estimate the re-
spective contributions to the Knight shifts in the two
compounds, it should be remarked that the major un-
certainties in the quantities Gnally derived do not
arise from uncertainties in the hyper6ne 6elds but
rather in the division of the relative amount of d-spin
and d-orbital paramagnetism. Furthermore, though
there is little question that the latter quantities are
to be associated with the cobalt atoms, question does

"T.Moriya, J. Phys. Soc. Japan 19, 681 (1964).
'~ A. J. Freeman and R. E. V/atson, in JtIIIugnetism, edited by

G. Rado and H. Suhl (Academic Press Inc., ¹wYork, 1965),
Vol. lIA.

"Y.Yafet and V. Jaccarino, Phys. Rev. 133, A1630 (1964).
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Fio. 1. Observed nuclear gyromagnetic ratios (y) and estimated
shifts for Co'9 in CoSi2, CoSi, and a number of dilute cobalt
alloys. Also shown for comparison is the observed y for Co(CN)ee
and the corresponding shift estimate given by Freeman, Murray,
and Richards. The unshifted value of y(Co""') determined by the
present work is shown as a vertical dashed line.

arise as to whether there is, in fact, a sizable s-like
contribution to x from the silicon atoms. Here we
proceed by estimating x»,'(Si) from the measured Si"
Knight shift. Further, the s-electron-state density for
the cobalt atoms alone is inferred from the measured T~.
In this way an upper limit is set for E,(Co), which
is all that is important for the argument to be presented
below. With the above, we now consider the new shift
and susceptibility data and their interpretation.

CoSi2'. This intermetallic compound has the Cl
(CaFs-type) structure in which both sites have cubic
point symmetry. As a result a relatively strong Co"
NMR signal is observed whose linewidth (BH~4 Qe)
presumably results from nuclear dipole-dipole inter-
actions alone. The observed effective gyromagnetic
ratio yebe=I'ree/Hs of Co" in CoSis is shown in Fig. 1,
along with y,b, for K»Co(CN)s, CoSi, and certain
alloys. X,b, and y,b, for CoSig were found to be es-
sentially temperature-independent between helium and
room temperatures, with x,b.=34.6X10 s emu/mole.
Note that y,b, for CoSi2 is almost indistinguishable
from that for KsCo(CN) s It is thi.s complex that FMR
found to have a positive shift of 1.4% in their inter-
pretation of the Van Vleck paramagnetism of cobaltic
complexes (here and throughout we ignore core dia-
magnetic shifts). Their corrected value of y for Co s

is shown on the left side of Fig. 1 for comparison with
the present data.

The shaded area to the left of y,b, for CoSi2 shows
the range of possible unshifted y's for this substance.
This range is derived as follows: The greatest positive
shift (smallest y) consistent with our data would
result if (1) the d-spin contribution to x,b, were
negligibly small and (2) the observed T&(T&T=1.5
sec 'K) were due entirely to the s band. These sup-
positions are not in conflict since y~~ could be ap-
preciable even with a vanishingly small IVd(E&) .
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Kith these conditions imposed we can make the
following estimates: (1) The observed value of TiT
provides an upper limit on E, via use of the Korringa
relation"; E,&0.18%. Then from Eq. (2), y„'(Co) =
6.8X10 ' emu/mole. (2) x„'(Si) is estimated from
the measured Si~ shift, E,(Si) =0.031%by comparison
with the observed shift, and (specific-heat) density of
states for Al~ in Al. Using E,=o.,x„', we have

g~&($1) =x~'(Al) fE, (Si)n, (A1)/E, (A1)e, (Si)j. (3)

Knight" gives for the atomic hyperfine coupling con-
stants, a, cr ay, : u, (Al)/a, (Si) =1.5. Thus o.', (Al)/n. ($i) =
Bhp(A1)/H&i'(Si) =1.15, which is quite reasonable
since these elements are neighbors in the periodic
table. Using E,(Al) =0.162% and x„'(Al) =20.10 '
derived from y,~. i,i (Al) =3.48X10 ' cal/mole 'Ks, we
find from Eq, (3) that x„'(Si) =4.4X10~ emu/mole.
So small is this value that an uncertainty of 100%
would still be unimportant for the present purposes.
(3) xs;, is calculated assuming xq;, ——xq;, (Co+)+
2xq;, (Si). Using the Hartree-Fock value" (r')=1.70
a.u. for the 3d electrons in Co+, we find that xq;, (Co+) =
—Ze'(rs)/6 mes= —10.8X10 ' emu/mole with Z=8.
With the measured value xs;, (Si) = —3.9X10 emu/
mole for pure Si, a value of Xs;,(total) = —18.6X10 s

emu/mole is obtained. (4) Finally, it is found that
xvv =x,b,—ssx„'(total) —ys;, (total) =42.8X10 ' emu/
mole and Evv=0 41% Th.us, t.he greatest positiee
shift consistent with these measurements is Evv+E, =
0.59%. This corresponds to the left-hand boundary
of the shaded region for CoSii in Fig. 1.

To the extent that the d-electron magnetism is of
spin origin, the total shift in CoSi2 will be less positive
than given above and may even become slightly
negative. A rough estimate of the least positive shift
consistent with our data would make it nearly zero.
A precise calculation is not in order, since it will be
seen below that y.b„ for CoSi provides the upper
bound csee Fig. 1) for the unshifted y, and y, ,b,. for
CoSi corresponds to a sizeable positive shift for CoSi~.
The shaded area shown for CoSi2 in Fig. 1 gives the
total range of unshifted y values. Even so, it is to be
noted that the smallest value y/2s =1.0041 kHz/0 is
0.8% higher than the corrected value given by FMR.

CoSi: The most attractive feature of this transition
metal compound is that it possesses temperature-
independent diamagnetism with x,b, ———30X10 ' emu/
mole. 56 Since it is manifestly unreasonable to presume
all d subbands to be 6lled, it would appear that the
diamagnetism is a consequence of band structur-
large diamagnetism occurs frequently for metals with
almost filled (empty) zones. Assuming the band gaps
not to be prohibitively large (6&0.3 eV) we must sup-
pose there to be a finite orbital paramagnetism (in-
volving the admixture of empty states above the gap

'4 J. Korringa, Physica 16, 601 (1950).
"W. D. Knight, in Solid State Physics, edited by F. Seitz and

D. Turnbull (Academic Press Inc., New York, 1956), Vol. 2.
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Fro. 2. Measured susceptibility of the compounds CoSiI,Al
plotted as a function of x, the fractional aluminum content.

into/lied states below the gap by the combined action
of L and the external field} which is masked by an
anomalously large Landau diamagnetism due to the
low-mass electrons (holes) in regions of k space near
the Brillouin zone boundaries. This conjecture is sup-
ported by measured x values for alloys of the form
CoSi~,Al, . In Fig. 2, it is seen that replacing a small
amount of Si with Al (having one fewer electrons)
quenches the diamagnetism. Abrupt changes in the
thermoelectricity with the composition of such alloys
have also been observed. We shall use the alloy results
to estimate xvy for CoSi.

Our procedure then to obtain reasonable values for
the Knight shift parameters in CoSi is as follows:
(1) determine the eBective gyromagnetic ratio y,b.,
(2) use the Tr result to place upper limits on E, and E~,
(3) determine xvv, and (4) determine the bounds on
the "true" p(Coss) from the limits imposed by the
values of E„Eq, and E~v.

(1) Although the space-group symmetry of CoSi is
cubic (&-20 FeSi-type structure), neither the cobalt
nor the silicon site have cubic point symmetry —the
symmetry of both sites being 3. For the Co" nuclei,
with I= ~7', both an axially symmetric nuclear electric
quadrupole interaction and anisotropic Knight shift
become allowed by this low symmetry and, indeed,
both are observed. The net effect of these combined
interactions somewhat complicates the analysis of the
observed spectra. The detailed observations, which
were made as a function of 6eld and temperature, and
their interpretation are confined to Appendix A along
with the definition of the parameters given in Table I.
For our present purposes we are only interested in the
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TAnLE I. Quadrupolar and anisotropic Knight-shift parameters and eBective gyromagnetic ratio for CoSi.
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293'K

20.4'K

Vobs

1.0072 hHz/G+0. 0003 (2.31+0.12) X10' kHz'

1.0076 hHz/G+0. 0003 (1.95+0.1)X10' 4Hz'

0.498 MHz —(3.8+0.8) X10 4

0.457 MHz ~ ~ ~

effective y which from Table I appears to be tempera-
ture-independent within experimental error.

(2) Measurements of Tt were made on several dif-

ferent CoSi samples as a function of temperature. In
addition to the scattering of itinerant electrons (which
gives a contribution to T~ proportional to T ') the
relaxation rate measurements showed important quad-
rupolar contributions to Tj, particularly at higher
tempera, tures. The details of this are given in Appendix
B along with a discussion of the model theory neces-

sary to abstract effective values of E, and E&. How-

ever, for our present purposes, the essential result is
that the intrinsic itinerant electron contribution limits
T~T&46 sec 'K. If we were to assume that all of the
latter resulted from s electrons, it would make E,&
0.03%, and correspondingly if d electrons were re-

sponsible then
~

E&
~
&0.02%. Clearly then, even if we

were to allow for errors as large as 100%, the relaxa-
tion measurements indicate the complete lack of
importance of spin contributions to the Co's Knight
shift in CoSi. It might be mentioned here, as an aside,
that the electronic speciale heat" of CoSi (C.=yT)
yields a value of y=2.8X10 ' cal/mole 'K which is

substantial. The relevance of this to the Tj observations
is also discussed in Appendix B.

(3) We need only to estimate an upper limit for
Evv to obtain the maximum range of positive Co
shift Evv+E, in CoSi. To do this we utilize the sus-

ceptibility data for the system CoSi& Al shown in

Fig. 2. The increase, in x with aluminum concentration
is attributed mainly to a quenching of the anomalous
diamagnetism —we neglect the changes in x„' and g~
that would result from a slight change in the position
of the Fermi level, since both these quantities are, in-

sensitive to changes in Eg. On the other hand, x„"
being rather small in pure CoSi might well increase
appreciably with added aluminum. %ere this the case
we would be required to reduce the upper limit x~
which we deduce from the alloy measurements. Assum-

ing then that the "quenching" process is complete
for CoSi~.ssAle. ss we Gnd xvv=25X 10 emu/mole since
pz';, and p„' are approximately equal in magnitude and
opposite in sign. Such a value for gvv implies a value
of Evv—0.22% and therefore a maximum positive shift
for CoSi of Evv+E, 0.25%. This amount is shown

as the shaded region for CoSi in Fig. j.; it should not
be taken too seriously. In fact, we shall depend on
CoSi~ to limit the minimum possible values of y(Co's)

'6 V. Jaccarino, G. K. Wertheim, J. H. Wernick, L. R. Walker,
and F. Arajs, Phys. Rev. 160, 476 (1967).

consistent with the data. Our interpretation of the alloy
data does, however, indicate the possibility of a 0.25%
positive shift in CoSi. It is also consistent with the
above interpretation that there was no measurable shift
of the Co" resonance in CoSi~.s7sAls. sss from that in
pure CoSi.

Thus the results for CoSi~ and CoSi bracket the
possible values of y on the left and right, respectively:
1.0041&y/2z &1.0022 kHz/G. Without further knowl-

edge about the magnetism in these and other cobalt
compounds, it is not possible to specify the p of Co"
any more accurately than the limits given. As it is
not likely that the d-electron magnetism in these com-
pounds arises entirely from either spin or orbital
origins, we specify the best value of p as

y/2z. =1.0054 kHz/G, &0.2%.

The generous error limit given allows for possible error
in the parameters used to estimate E~.

The value of p in Eq. (4) is seen to differ from the
I'MR value (p/2+=0. 9963) by about 0.9%%uo. There is
no way within the present framework to stretch our inter
pretation of the silicides 10 make up this discrepancy
The origin of the implied error in the treatment of
the Co'+ complexes given by FMR and by Griflith
and Orgel is discussed in the next section.

B. Co" Shifts in Dilute Co Alloys

Finally, the reasonable nature of our value of p is
established by means of a rough interpretation of Co
shifts in several transition metal alloys in which
cobalt appears as a dilute (&1%%uo) nonmagnetic im-

purity. Values of p,b, for Co" in each of these alloys
are shown in Fig. i. Most surprising, at 6rst, is that
the Co shifts are so nearly alike although as we now
show this is exactly what one could expect on the basis
of a simple impurity model.

Let us treat E„Eq, and Eyy for these alloys in turn.
(1) E, : We know E, for any Co impurity must be

less than the Knight shift of Cu in copper since in
this latter case the s-hyperfjne interaction is larger
and it is generally assumed that there is one electron/
atom in the s-conduction band. Since E(Cu) =0.23%
we take E,&0.2%.

(2) Es. Since we are concerned with finding an
upper limit on the positive shift in all of the a1loys
the most generous assumption concerning E~ is that
it is identically zero. In any case, its neglect is reason-
able since ~ ~ ~/P~0. 25 for Co and we expect xvv) y„~.
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shift contribution from E~ would move the shaded
regions to the right, requiring still greater values of
pzz to account for the p value determined by FMR.

In summary, it is concluded that the Co resonances
in all of the systems examined here indicate a signi-
ficantly higher value of y than the extrapolated value
given by FMR, and that the actual value of y lies
within the limits given in Eq. (4) .
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FIG. 3. Observed gyromagnetic ratios of Co' for a number of
octahedral cobaltic complexes plotted as a function of 6 ', where
6 is the energy splitting between the ground state and the lowest-
lying state of T1, symmetry (data taken from Ref. 4) The ex-
trapolated value of y(Co") given by FMR is shown at bottom left.

(3) Evv. In order to estimate Evv we adopt a
simple model for pzv in a d-band metal, namely, that,
aside from details of the symmetries and structure of
the band, one expects' p»~NON, where No and N„
are the number of occupied and unoccupied d states
on the Co atom. Moreover, since shielding of impurities
in d-band inetals is expected to take place on the atom
itself, the value of NON„ is expected to remain roughly
constant for Co atoms in any metallic d-band environ-
ment. Hence, the constancy of shift for the alloys in

Fig. j. is to be associated with the constancy of x~
for the impurity. With this simple picture we may
estimate 7fvv(Co) from the very large value 7(vv =211
emu/mole found for vanadium metal as follows:

7fvv(Co) = (EoX )co/P oX )vXXvv(V). (5)

With one s electron per atom we find (iVolV~)co=16,
(Eo/~) v=24, and yvv(Co) =141X10 s emu/mole.
Then with P =95, one finds Evv =Pxvv = 1 34% for each
alloy. The total shift E.+ICvv is shown in Fig. 1

for each alloy with a shaded region corresponding to
~0.25 Evv to allow for some reasonable error. The
value of y given in Eq. (4) is seen to lie well within

the shaded region in each case. It is felt that the value
Of xvv necessary to reconcile the alloy shifts with the
value of p given by FMR is unreasonably large, since
this would require 7fvv(Co))7fvv(V). I'"urther, any

III. VAN VLECK SHIFTS AND SUSCEPTIBILITIES
IN OCTAHEDRAL COBALTIC COMPLEXES.

A. The NMR Shift Data

In this section we reexamine the (positive) Co"
NMR shifts 0-yy and magnetic susceptibilities xyy of
the octahedral 3d' cobaltic complexes. We reiterate
that a-yv and xvv arise from second-order perturbation
terms involving matrix elements of L and L/r' be-
tween the A», ground state and T'~, excited states of a
given complex. To calcujate these quantities, Grif5th
and OrgeP adopted a simple "ionic" model in which
only the lowest-lying T&, excited state was considered
to be important, and both ground- and excited-state
wave functions were assumed to consist of pure ionic
3d orbitals. The splitting A=K(Tie) E(Are) resul—ts
from the interaction of the cobalt 3d electrons with the
octahedral potential due to the ligands.

On this basis one expects o-yy, gvy~h '," and in
Fig. 3 the observed nuclear gyromagnetic ratios for a
variety of cobalt complexes are plotted against meas-
ured values of 6 '. These data are taken from the work
of FMR, who gave the straight-line (ovv =Bo/6) inter-
pretation shown. The slope $0 is in reasonable agree-
ment with theory, and the intercept at 6 '=0 gives
an unshifted y value of 0.9963 kHz/6 as shown in
Fig. 1. Uiewed in this way, shifts of these complexes
would range from 1.4 to 2.8%.

However, we reinterpret these shifts with the new
gyromagnetic ratio for Co'o (denoted yo) derived in
Sec. II.' This is shown as a horizontal baseline in

' The Griffith Orgel model of ~yv and xvv also implies the same
relationship ovv =Pxvv where P = (2/A) (1/r'), which is so useful
in treating the transition metals. One might ask why this relation
cannot be used here to estimate rvv from measured suscepti-
bilities. There are two reasons for this. First, measured x values
for these complexes contain a large and indeterminate amount of
diamagnetism which obscures the xvv contribution. Second, we
shall see in Part 8 below that the simple relation stated above
breaks down for large covalency. Thus, one must be extremely
cautious in relating fTvv to xvv for such systems even if the latter
quantity can be accurately determined.' Recently, observed Co' gyromagnetic ratios for a number of
organo-cobalt compounds have been reported LE. A. C. Lucken,
K. Noack, and D. F. Willians, J. Chem. Soc. (London) A, 1,
148 (1967)7. These compounds all possess smaller positive shifts
than that of Co(CN)P (the smallest of the octahedral cobaltic
series), yet have positive shifts with respect to the new value of
y(Co") reported here. Although the authors measure and inter-
pret their shift data with the FMR moment value, we feel that
these data are not in conQict with the present work. In particular
for the case of the carbonyls and derivatives, where the cobalt
atomic 3d shell is nominally closed, it is thought that our y value
gives much more realistic shift estimates (0.1 to 0.2'Pz).
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Fig. 3. As a result, the shifts are all reduced by ~0.9%,
and they no longer obey a simple linear dependence
on 6 ' as was predicted by the ionic model. The dis-
crepancy with the ionic model is most clearly seen by
plotting y(A) =ye/1+ovv(A) ), taking for ovv(A) the
expression given by Griffith and Orgel, '

32ps'(1/r')~
Ovv=

Th:s is shown as the uppermost line in Fig. 3, where
we have used (1/r')sq ——6.7 a.u. given by Freeman and
Watson" for the pure 3d orbitals of Co'+. The obvious
lack of agreement with such a theory suggests that the
eRects of covalency are more important here than was
previously realized. Our major task then in this section
will be to give a qualitative explanation of the shift
behavior in terms of covalent mixing of the atomic
orbitals.

The eRects of covalency in transition-metal complexes
are we~1 known. First, augmentation of the d orbitals
with ligand p functions reduces the matrix element
values of L (orbital reduction). In EPR studies this
alters orbital g shifts and leads to diminished spin-orbit
coupling parameters. This effect would also diminish
the Van Vleck. shifts and susceptibilities considered
here.

In addition, for strong covalency the octa,hedral
ligand potential will seriously distort the d orbitals
and consequently chan. ge (1/r')sz. Concerning the latter
eRect very little reliable information seems to be
available. We proceed here by observing that, quali-
tatively, covalency will tend to make the ionic poten-
tial look more like that of the neutral atom, in accord
with Pauling's charge neutrality principle of covalent
bonding, and thus reduce (1/rs). For example, molec-
ular orbital calculations" for Co(NHs)s'+ have been
interpreted to show that only 0.3 units of charge
reside on the cobalt atom, instead of the nominal 3
units. We might guess, then, that the Hartree-Pock"
value for Co+ &(1/rs) =4.8 a.u.j would be more ap-
propriate for o-vv estimates in these complexes. The
corresponding expression for y(h) from Eq. (6) is
plotted in Fig. 3, giving a somewhat closer approxima-
tion to the data. For the purposes of our discussion we
shall adopt the Co' curve in Fig. 3 as a reference curve,
attributing the remaining discrepancy to an orbital
reduction factor 0"(o). Such an estimate will be ade-
quate for the qualitative discussion to follow.

It was noted by GriSth and OrgeP that orbital
reduction effects may diminish 0-vv and yvv in the
cobaltic complexes, but only small changes were ex-
pected to occur L1 —k"(o.)((1j.From Fig. 3 we Gnd,
to the contrary, that k's(o)~0.4 for Co(CN) s' . It
was further suggested by Griffith' that one might

~9 C. J. Ballhausen, Introduction to Li garid Field Theory
(McGraw-Hill Book Company, Inc. , New York, 1962), Chap. 7.

0 J.S.GriKth, The Theory of Trarlsition Metal Ions (Cambridge
University Press, Cambridge, England, 1964), Chap. 12.

account for covalency here by inserting a con.&tant
orbital reduction parameter k" into the right-hand side
of Eq. (5) Lovv ——32+&'k"(1/r')/h$. This procedure
would change the slope, but not the 6 '=0 intercept
of the line, and therefore we must consider a possible
variation of k" with A. One might expect k'2 to diminish
with increasing 6, giving the greatest reduction of avv
for Co(CN) s' and causing the intercept of a straight
line through the data to fall. below yo, as is observed.
This interpretation would explain the failure of FMR's
extrapolation procedure to yield the correct Co"
monument. It appears, in fact, somewhat accidental that
the data fell on a straight line. The implied correlation
of large energy splitting 6 with small values of k" is
is not unreasonable, since in some sense both are a
measure of covalency.

The rather large reduction effects found here are
not entirely without precedent. Spin-orbit coupling
parameters X have been found to be reduced by 36%
for KsFe(CN) s by Bleaney and O'Brien" and by more
than 50% for Fe'+:ZnFs by Tinkham. " X is closely
analogous to O-vv, since they are both second-order
effects having a strong ra,dial dependence.

B. Molecular Orbital Model

We now develop our interpretation of the orbital
reduction eRect further using the molecular orbital
model. This is accomplished by constructing MOI CAO
wave functions for the ground- and excited-states and
obtaining expressions for xvv and O.vv in terms of
covalent admixture and overlap parameters. To our
knowledge such a calculation has not been discussed
in the literature in connection with Van Vleck para-
magnetism and %MR shift. Our procedure is similar
to Stevens' work" on ground-state orbital reduction
and follows closely the work. of Tinkham" on spin-orbit
coupling in the system Fe'+:ZnF2.

We adopt a simplified model, allowing admixture
only of a p and p, orbital of the proper symmetry
in the ground- and excited-states, respectively. Antici-
pating that a large amount of covalency will be required
to obtain the estimated k"(o.) 0.4 for Co(CN) s', we
emphasize the inherent limitations of the MOLCAO
picture for such a case and expect only qualitatively
correct results. Accordingly, we take no account of
the "back-donation" effects to antibonding ligand m.

orbitals that may be important in the cyanides. '4

In the high-field approximation the ground- and
excited-state configurations are treated as pure t~,' and
3»'e, configurations, respectively. GriKth and OrgeP
have pointed out that deviation from this picture can
only increase avv and xvv, making the discrepancy

"B.Bleaney and M. C. M. O' Brien, Proc. Phys. Soc. (London)
569, 1216 (1956).

O'M. Tinkham, Proc. Roy. Soc. (London) A236, 549 (1956).
23 K. %'. H. Stevens, Proc. Roy. Soc. (London) A219, 542

(&95')."R.G. Shulman and S. Sugano, J. Chem. Phys. 42, 39 i1963).
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between theory and experiment here even greater.
Within this framework the shift and susceptibility may
be expressed as

= (2 '/ "~)Q. I t* I 4.&(It" I t*/~ I 0"& (7)

The 6rst term in the curly brackets is just (1/r )ai,
but the other terms are not so simply evaluated since
they involve two-center integrals. We can represent
the expression in curly brackets schematically as

and

x =(s'~/~"'~)
I 8" I

t.
I k.) I' (g)

{(1/r')M —2X.S.(1/rs)„.
—2»,S.(1/e),.—).)./2(1/a). .},

where ip, and ip, are ground- and excited-state single-
electron orbitals with the symmetry properties of xy
and x' —y', respectively. A is Avogadro's number. Con-
tributions from / and l~ are identical by symmetry
and are included in Eqs. (7) and (8) by a multiplicative
factor.

The molecular-orbital approach consists in approxi-
mating fs and iP, as follows:

where (1/r'&d a,nd (1/rs)~. are of the order of d—sl'g —si'

and (1/r'), is of the order of d ', where d is the ion-
ligand interatomic distance and a=L(1/rs)sg] 'is. Since
a typical value of d is several atomic units we expect
(1/r')q, (1/r')q„and (1/r')q (((1/r')ai, thus, we neg-
lect all terms in { } except the erst one and find

32 pcs(1/rs)M
Ovv=

6=&.Lv ~-) -x-]

4=&.L~.'-.'-)t.x.] (10)

where

k"( ) =1V 'E,'ji —2()~ S.+)t,s.) —)t,)t./2]. (15)

where p's are the pure metal ion d orbitals and x and x,
are linear combinations of ligand p orbitals that possess
the requisite symmetries. Normalization of iP, and iP,

requires

E —' = {1—4X S +)I. '],
x.—= Li —4) .s.+).'], (11)

where S, are defined to be positive overlap integrals
between a single ligand p orbital and the appropriate
d orbital. Substitution of Eqs. (9)—(11) into Eq. (8)
gives

xvv = (162pii'/6)

X {X'N. 'I 1—2()~,s.+)~.S.) —X.)t,/2]'}, (12)

where we identify the quantity in braces to be 0"(x)
and note that this quantity is positive definite. For
small values of the parameters 1, X„S,and 5„ the
quantity 0"(x) reduces to

(X s+X,'+)t )t,)
Li —4(X S„+)i,s,) +)i s+)t ']

Equation (13) shows that slight covalency always
leads to a reduction of xvv and is analogous to the
expression for ground-state orbital reduction. "

Similar substitutions into Eq. (7) give

The factors k"(o) and k"(X) incorporate two dis-
tinct effects. First, the normalization reduction factors
E 'X ' result purely from the admixture process used
to form an extended molecular orbital. Second, there
is a cancellation of p-d overlap matrix elements of L
with the ionic d-orbital term embodied in the factor
L1—2 ()i S +)~„S,)—)t )t,/2]. This factor appears in the
first power for k's(o) and squared for k"(x), implying
a significant diGerence between these quantities. For
this reason and because of the indeterminacy of (1/r')
one must be extremely cautious in relating observed
shifts and susceptibilities. We apply these results,
Eqs. (12) and (15), to the case of Co(CN) s~ by first
estimating X, S, and S, and then plotting the resulting

1.0

k'~(o.
)
0.8

k' (X)

0.6

0.4

ovv= X 'E,'Ll —2()t S +)~ S ) —)t )t,/2]' 0.2

(~f It./~l~. '-.'&
2q s (v.* 'It./~lx. &

(p lt. lp. ' '& (v*' 'lt. lx.&

0
0 0.2 0.4 0.6

I

0.8 1.0

FIG. 4. Calculated values of the orbital reduction factors
(s I t,/~ I x &»). (x- I

t*/~
I x-& k"(0) and k"(x) for shift and susceptibility, respectively,

(14) plotted asafunction of ii, for) =0.5, S =0.1, and for two values
of S„0.1 and 0.15.



162 NUCLEAR GYROMAGNETIC RATIO y OF Co~9 309

expressions as a function of P,. Note that X, X,&0
for these antibonding orbitals (neglecting back-dona-
tion) . Now, using an estimate of S ~0.1 from previous
calculations" we may obtain an approximate value
of ) from the measured ground-state orbital re-
duction factor k=0.87 for the closely similar low-
sPin comPlex Fe(CN)ss . Stevens' exPression" k=1—
)I, '/(2 (1—4X S +X s) j then yields a value of X =0.52.
One might expect S,&S; we therefore plot k"(x)
and k's(o) versus), in Fig. 4 with X =0.5 and S =0.1
for two values of S„0.10 and 0.15, as shown.

The plots show a remarkable insensitivity to S, for
the two values chosen. The large difference between
k"(o) and k"(x) implies a breakdown of the simple
relationship ovv=Pxvv with P=(2/A) (1/r ) as men-
tioned earlier. It is seen that a value of X, 0.8 is
required to obtain the estimated value k's(o) ~0.4 for
Co(CN)s' .

This is a very large admixture parameter, and one
must question the validity of the MOLCAO model
for such a case. It does compare favorably, however,
with the value ) =0.65 found. by Yamatera26 in a
calculation of the d splitting 10 Dq for the somewhat
less covalent complex Co(NHs) s'+.

Let us turn briefly to the implication of Fig. 4 for
x&&. With X,=0.8 we 6nd that xz& is reduced to only
20%%u~ of its ionic value, namely to a value of the order
of x,b.=32X10 ' emu/mole. This seems unreasonable
because it makes no allowance for diamagnetism. In
this connection, however, we make the following two
observations: (1) The expression for xvv fZq. (14)]
makes no allowance for coupling with other excited
states of the complex. Such coupling may generate
contributions to xvv comparable to Eq. (14) and thus
allow for a certain amount of diamagnetism gq;, =
y,b, —yy~. Moreover, contributions to y~y from other
excited states would tend to be associated with small
values of (1/r') and therefore of shift because of their
radial diffuseness (e.g., 4d ionic and charge-transfer
states). (2) Further, Ballhausen and Asmussensr have
discussed the diamagnetism of Co'+ and Rh'+ com-
plexes and found

~ xq;, ~

to be correlated with the
spectrochernical series and to have the smallest values
for the cyanides. Our results suggest that

~ 7tz;, ( may
even by smaller than these authors estimated, ap-
proaching a value still closer to the closed-shell limit
that they quote (xe;,———15X 10 ' emu/mole for
Zn(est) s+s owing to the covalency of the ground state.

Again, we emphasize the schematic and. therefore
qualitative nature of our model. Even if the MOLCAO
approximation were a good one for such covalent
systems, we recognize that important features have

~Nai Li Huang and E. Simanek, J. Chem. Phys. 44, 2524
(1966).

~H. Yamatera, J. Inst. Polytech. , Osaka City Univ. 5, 163
(1956)."C.J. Ballhausen and R. W. Asmussen, Acta Chem. Scand.
11,479 (1957).

been omitted for simplicity, and the values chosen for
many of the parameters are but reasonable guesses.
Our results, however, are suggestive of the following
consistent picture of the behavior of O.yv and g in
these complexes: (1) The major contribution to ovv
comes from the lowest-lying (d-like) Trg state and is
greatly reduced by covalency. (2) The contribution
to x~ from the above state is also severely reduced,
and there are appreciable contributions from other
states. (3) The diamagnestism is somewhat smaller
than that found by Ballhausen and Asmussen" using
an ionic model to estimate xvv. (4) The effects of
covalency diminish in importance as b decreases.
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APPjEÃDIX A: ANALYSIS OF Co'9 NMR
SPECTRUM IN CoSi

As mentioned above the Co' nuclear spins in CoSi
are subjected to both an axial electric quadrupole
tensor interaction and an anisotropic Knight shift.
For the present work these are effects to be measured
and "corrected for" in order to 6nd y,b., i.e., the
position the NMR line would have in their absence.
%e give here only a brief discussion of the procedure
used to analyze the associated NMR spectra and ap-
propriate references to the literature for a more ex-
tensive treatment.

For applied 6elds Bo that are large compared with
v&/y, where vo ——3e'Qq/2kI(2I —1) is a measure of the
quadrupole coupling, the NMR spectrum of Co"(I=-', )
in powdered CoSi consists of an intense central
(m=s)+~(m'= —s) transition Ranked by six weaker,
uniformly spaced satellites corresponding to transitions
between higher m values. "All seven lines were clearly
observable in the present investigation.

Of major interest here is the central transition with
its inherently better signal-to-noise ratio because of its
narrower linewidth. The absorption derivative of this
transition is itself split into two peaks by the combined
effects of anisotropic Knight shift and second-order
quadrupolar interaction. These peaks correspond to the
extrema of the distribution of (rs+=&—rs) transition fre-
quencies in a powdered specimen, and are displaced
from the Larmor frequency uL, by the amounts"

and

hv = —(16b/9', ) +-;ar r, —(a'vr, '/4b) . (A1)
~8M. H. Cohen and F. Reif, in S0hd State Physics, edited by

F. Seits and D. Turnbull (Academic Press Inc. , New York,
1957, Vol. 5) .

» W. H. Jones, Jr., T. P. Graham, and R. G. Barnes, Phys.
Rev. 132, 1898 (1963).
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FIQ. 5. Measured splitting 6 of the central (-,'+~-,') NMR
transition of Co'9 in CoSi, for a number of resonance frequencies,
plotted so as to determine the anisotropic Knight shift and second-
order quadrupolar parameters (slope and intercept, respectively) .

Here b=vo'[I(I+1) —4j/16 is the second-order quad-
rupolar splitting parameter and a=E,x/(1+IC;,„) is
the anisotropic Knight-shift coeKcient, where the
total shift is given by IC(8) =IC;„+It,„(3 cos'8 —1),
0 being the angle between the crystalline symmetry
axis and the applied field.

The procedure used to 6nd y,b, =vz/IIe is first to
measure a and b and then insert these values in Eqs.
(A1) to obtain the precise value of vr, in a given field.
The parameters u and b are obtained from observa-
tion of the variation of the splitting 6 as a function of
applied field, where A=Av+ —Av +As —(25/9) b/vz—
(5/3)avz, +hs, and hs is a contribution from dipolar
broadening and Geld modulation eGects. If a plot
(6—As)vr, ——(25b/9) —(5/3)ave' as a function of vz'

is made, there is found a straight line of slope —(5/3) a
and. intercept 25b/9 (neglecting the third term in hv
as a very small correction). Such a plot for CoSi at
room temperature is shown in Fig. 5, giving b=
(2.31~0.12) X10s kHz' and a= —(3.8~0.8) )&10 '.
For the purpose of this plot we have estimated A~—6
kHz (a modulation of 4-Oe peak-to-peak was used)
and determined y,b, to better than 1% from the data
with the smallest splitting h(vz ——14.5 MHz, 6=59.3
kHz). The uncertainties in a and b arise mainly from
our imprecise knowledge of As (An indepe. ndent de-
termination of b was made by measuring the splittings
of the satellite lines which are proportional to vg.
There has been obtained a value of v@=0.495 MHz,
corresponding to b=2.30X10' kHz2, in excellent agree-
ment with the value given above. )

Finally, p,b, is obtained froin the best data (vz, =
14.5 MHz) using Eqs. (A1) . The splitting 6s is divided
equally between the two peaks in 6nding v~. The

principal result, y,b, ——1.0072 kHz/6, is thought to be
accurate to &0.03%.

The temperature independence of y,b, was verified
by means of a measurement at 20.4'K. Here the satellite
splittings were found to be 10% smaller with v@

——

0.457 MHz. Using this value to calculate b and the
room-temperature value of a, Eqs. (A1) were used to
find y,b, ——1.0076 kHz/G. The difference of 0.04%
between this and the room-temperature result is
within the combined experimental error. The results
given in this appendix are summarized in Table I.

It is of some interest to note that the measured
value of a=E „ is too large to be accounted for in
terms of p- or d-electron dipolar interactions, even
with the drastic assumption that only one of the de-
generate orbitals from these bands is populated at the
Fermi surface. It is most likely that the anisotropy in
the observed shift originates with an anisotropy in Ikv~.
Although the over-all cubic symmetry of the crystal
requires yvv to be isotropic, the local noncubic sym-
metry allows for each of the sites in the unit cell to
have an orbital g tensor with unequal diagonal ele-
ments. From the latter there is obtained a possible
source of anisotropy to E~~.

APPENDIX 3:MEASUREMENTS OF T» FOR CoSi

Txsr.z II. Values TjT of the Co" NMR at
10 MHz for two specimens.

T('K}
T&T (sec'K) TqT (sec 'K)

(No. t) (No. 2)

293
77
20
4.2

7.35
46.
42 4
34.4

6.83

3.7
3.1

Here we discuss and interpret T~ measurements that
were made on a number of specimens of CoSi in order
to gain further information about the various sources of
shift present. Pulse techniques were employed for these
measurements, using both free-induction signals and
spin echoes with virtually identical results.

T~T is given for two specimens at several tempera-
tures in Table II. Specimen No. 1 gave the longest Tj
values of those tried and specimen No. 2 was typical
of the others. We tabulate T~T rather than T~ since
we are attempting to identify the conduction-electron
contribution to this process for which one would expect
T~T to be constant. It is seen from Table II that TIT
behaves in a rather complicated way indicating the
presence of nonintrinsic processes which vary from
specimen to specimen. ¹vertheless, the following
general conclusions may be drawn from these data:

(1) At room temperature there is a dominant
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(intrinsic) quadrupolar Ti process. This process varies
faster than T in this region (T&&Oo.br.) and is rela-
tively unimportant at 77'K or below.

(2) The data at 77'K and below show a large varia-
tion between specimens and typically decreasing values
of T~T with decreasing temperature. The origin of this
behavior is not completely understood. It is clear from
specimen No. 1, however, that the intrinsic conduction-
electron Ti process is very weak (TiT»1). For this
reason we suggest that "relaxation centers" provided
by fast-relaxing Co" nuclei in nonstoichiometric regions
or defect sites of the crystal are contributing signi6-
cantly to the bulk T& of specimen No, 2 via spin
diffusion. For example, the low-temperature values of
T~T for specimen No. 2 cannot represent an intrinsic
conduction-electron process, since this would result in
an even smaller T&T at room temperature contrary to
observation. (One might expect a cross-relaxation
process, such as we propose, to yield increasing T&T
values at higher temperatures because of the tempera-
ture-independent spin-diffusion "bottleneck. "Thus the
"relaxation centers" may obey a T&~ T ' law, but the
bulk nuclei cannot follow at high temperatures because
of poor thermal contact. It is also consistent with this
interpretation that T~T for specimen No. 2 at 20'K
exhibited a field dependence, increasing by ~33% on

going from 7 to 12 kG. This would result from a
relative shift between the bulk and "fast-relaxing"
nuclei, effectively weakening the cross relaxation be-
tween these systems as they are split further apart
by the applied field. )

(3) By this reasoning we conclude then that speci-
men No. 1 gives the closest approximation to the in-
trinsic relaxation times, and that (TiT); i„„,cannot
be smaller than the largest value measured. Thus we
find (TiT); t„„,&46 sec 'K. We use this lower limit

on TjT to derive upper limits for the s-spin and d-spin
shift contributions.

Upper limits for E, and Ee may be estimated by
attributing the entire relaxation rate 6rst to the s-band
and then to the d band. For the s-band Korringa's
relation'4 gives E.&0.03% for TiT&46 sec 'K, or

yi,'&1.1X10 ' emu/mole. This is not, therefore, an
important source of shift.

To assess the d-electron contribution to Tj we use
the theory of T& in transition metals. " In a two-band
(s and d) model, the d-band contributes to 1/Ti via
both the core-polarization and orbital hyper6ne 6elds.
We utilize the rate expressions LEqs. (30a), (30b),
and (30c) of Ref. 13$ by substituting the hyperfine
field values given in Sec. II and averaging over the
range 0.2& f&1, where f is the fractional I'~ character
of the d band at the Fermi surface. Setting this ex-
pression for T~T equal to 46 sec 'K gives for the d-band
state density gz&9X10'0 states/erg-atom. From this
we obtain x„"&9.2X19 emu/mole, and from Eq. (2)
above

~
Eq

~
&0.02%, where Eg is, of course, negative.

Although this is admittedly a crude procedure, errors
as large as 100% would not affect our conclusion that
Ee is also essentially Negligible for CoSi.

It is interesting to note that CoSi has been found to
have an electronic specific heat comparable to that of
many s-p band metals, "y=2.8X10 4 cal/mole 'K', cor-
responding to a spin susceptibility x„'+x~~=16X10 6

emu/mole. In view of this it seems paradoxical that
the Co" T& is so much weaker than that of, say, copper
(TiT~1 sec 'K). Without further knowledge of the
band structure of this compound, we can only guess
that a good fraction of the observed y results from the
s band of the silicon atoms and that the effective
cobalt s-like density of states at the Fermi surface is
rather small.


