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%e present results of an NMR study of copper containing titanium impurities. Satellites from a near-neighbor

copper shell to the impurities were detected which possess a quadrupole coupling of v&
——1.20 ~ 0.01 MHZ,

asymmetry parameter g & 0.08, and magnetic shift hK /K = —0.23 + 0.01. These values are compared with

those of other 3d transition impurities in copper to show that the satellite is either a first neighbor, in which

case q is unusually small, or a second neighbor. If the latter case is correct„ the data show the spin density is

reversed relative to its value at second neighbors to iron-group atoms at the right-hand side of the Periodic

Table. %'e have observed first-order quadrupole "wings" whose positions are concentration dependent, and

present a simple analysis of the "wings. " %'e have measured the magnetic broadening of the 'Cu main line at

high fields. The data suggest that Ti impurities have a larger s-d exchange coupling J than Ni.

I. INTRODUCTION

The accepted theoretical description of 3d tran-
sition impurities in copper is that the d electrons
are localized around the impurity site in virtual
bound states. ' Bulk measurements such a,s re-
sistivity or magnetic broadening of the host NMB
main line provide information about these impurity
states only at the Fermi energy E~, since they are
asymptotic probes (kyar» 1). To discover details
of the virtual bound state below E~, an experiment
is needed which probes the conduction electrons
scattered by the impurity at positions near the im-
purity (kyar

- i).
Satellite NMB is such an experimental probe.

Copper nuclei which are near neighbors to the im-
purity have their resonant positions shifted from
the pure-copper position by magnetic hyperfine
and electric quadrupole perturbations, with the
conduction electrons scattered from the impurity.
Their resonances appear as small satellites to the
strong resonance from the abudant copper nuclei
far from the impurity. Previous satellite studies
have been reported on 3d elements in copper, ' "
and other studies are presently underway. " '2

In this study of Cu Ti, we report satellite reso-
nances of a shell of copper nuclei which are near
neighbors of Ti impurities. %e see a field-depen-
dent satellite, and field-independent but concen-
tration-dependent resonances which we refer to as
"wings. " %e have measured the magnetic hyper-
fine and electric quadrupole couplings of the for-
mer. %hile one such satellite does not provide
enough information to determine completely the
width and position of the virtual bound state, it
can be correlated with trends for other magnetic
atoms. We have measured the magnetic broaden-
ing of the ' Cu main line at high fields, and eom-

pared it with those of similar impurities.
In Sec. II we outline the experimental method, In

Sec. III we discuss the field-dependent satellites,
taking up the question of the shell of neighbors from
which they originate. In Sec. IV we discuss the
wings, and in Sec. V we discuss the width of the
Cu main line.

II. EXPERIMENTAL METHOD

Samples were formed by arc melting a high-
purity Cu rod with a chip of Ti of the appropriate
meight. Details of this preparation have been given
elsewhere. ' ~ '0 Metallurg1cal studies" show that
Ti is soluble in molten copper at the concentration
used here (c «0.84 atgq). Chemical analysis of
three chips from each of the two alloys made gave
average concentrations and variations of 0.143
+0.003 and 0.840+0.030 at go. Trace analysis gave
&10 ppm concentration of any other element, and a
total concentration of other 3d elements of &10 ppm.

The hybrid-junction NMB spectrometer used in
this study has been extensively discussed else-
where. ' ' It is a phase-coherent apparatus in
which the phase can be adjusted to pick out any
linear combination of the complex susceptibility
components it' and y' (absorption and dispersion).
The principal advantage of this capability over
that of an apparatus which measures only y" is in
enabling us to see small satellites obscured by the
sloping tail of the absorption of the main line. By
mixing y' and y", the main-line tail ean be fla, t-
tened. Since all data are obtained using magnetic
field modulation, the spectra displayed in the fig-
ures are derivatives of mixtures of X' and g". Ex-
periments were performed with frequencies po

from 4.45 to 60.5 Mhz.
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III. FIELD-DEPENDENT SATELLITES

If the resonance is observed at a fixed frequency
p„ the splitting hII of a satellite from the main
line may arise from three interactions: (i) a mag-
netic splitting with 6& oc vo, (ii) a first-order quad-
rupole coupling with ~ independent of p„and
(iii) a second-order quadrupole coupling with Aff
o. ~ox Thus in general

~ =avo+ 5 + c/v, .

For the (+—,', ——,') transition, which is most fre-
quently what one sees for a satellite, 5 =0 (no
first-order quadrupole shift). If ho 0 one expects
5»c/v, for the site couplings we encounter.

At low fields c/v~»avo (second-order quadrupole
coupling dominates the magnetic shift), so that a
plot of nH vs 1/vo is a straight line at low frequen-
cies, but deviates at high frequency. A plot of
poAH vs p'„which gives a straight line for all fre-
quencies if 5 =0, provides a simple test of Eq. (1)
with Q = O.

For an individual nuclear neighbor of the magnet-
ic atom, the coefficients a, 5, and g depend on the
orientations of the static field Ho with respect to
the crystalline axes. Often g is nearly independent
of orientation but 5 and c are strongly dependent on
orientation. Thus, for a powder sample, the shift~ is smeared over a continuum. However, the
powder pattern has peaks in its absorption inten-
sity which show up as features in the derivative
spectrum. W'e label these peaks A, B, etc.

Figure 1 shows a satellite labeled' at 7.9 MHz

and 4.2 K. Its position depends on the magnetic
field but is independent of the Ti concentration.
Figure 2 shows a feature we label a wing. Its
position is independent of Ho but depends on the Ti
concentration of the sample.

Figure 3(a) compiles thepositionof satellites and

wings in the 0.14-at. /o- Ti sample. It plots ~ vs
1/v, . Figures 3(b) and 3(c)are plots of v, AFIvs v', for
satellites' and& from the same sample. Figure 4
gives~ vs 1/v, for the 0.84-at. %-Ti sample. In

Figs. 3(a) and 4 the dashed straight line shows the 1/v,
second-order quadrupole variations at low frequency.
N teotthfar ueqceniydenenpe dt niwsng( ,CDE, and

F) areobservedinbothsamples, butoccur atdifferent
values of ~.

Comparison with data from other systems shows
thatA and B arise from satellites which are near
neighbors of the Ti, as they are produced by nuclei
close enoughto the Ti impurity to have second-
order quadrupole shifts at low frequencies (bZE

~ v, ') and to have magnetic shifts at high frequen-
cies (off cc vo). Both dependences are observed in
the wide range of frequencies studied, 4.45 (-4kG)
to 60.5 Mhz (-53ko). As we shall explain, A and

I I I l
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FIG. i. Satellite A at 7.9 MHz, 4.2 K in the Cu —0.14-
at. %-Ti sample. Modulation amplitude is set to give
maximum Cu main-line signal without additional broad-
ening. Data are the derivative of a mixture of absorp-
tion and dispersion (since a slight amount of g' has
been added to the predominantly y" phase) vs separation
from the Cu main line. Trace shown is the signal-
averager output of 42 sweeps with a i-sec lock-in time
constant.

A. Determination of the magnetic and quadrupole coupling
parameters

Satellite A is seen at all fields and corresponds
to the high-field edge of a second-order quadrupole

S~eep Direction—
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I
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I }

-F6+5 gauss

-60
l I

-50 -40 -ao -20
Separation From Main Line {gauss)

-io

FIG. 2. Wing D at 7.9 MHz, 4.2 K in the Cu-0. i4-at.
%-Ti sample. Modulation amplitude set to give maxi-
mum signal without broadening. Phase contains small
amount of g' to give optimum baseline. Trace shown is
the signal averager output of 33 sweeps with a i-sec
lock-in time constant.

B are two features of the powder pattern of a single
shell of neighbors, the first or the second, and
correspond to axial symmetry as best we can tell.
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+0.01.
Second-order patterns also have singularities on

their low-field side, with a splitting from the pat-
tern center -,—', that of the high-field singularities
for an axially symmetric field gradient. The low-
field singularities are of comparable intensity and
should also be detectable. Satellite 8 meets all of
these requirements and is taken to be part of the
same pattern as A. . It is seen only below 7 MHz;
above 7 MHz it is obscured by resonances D and C
and the main line. At sufficiently high po satellite
8 should merge with A. It should have the same
magnetic coupling term avo as A and —,—', the c/v,
term, and hence should fit the relation

~s = 0.468vo —239/vo. (3)

This curve is also shown in Fig. 3 and clearly fits
the data well, Observe that for p, '&0.12, 8 is
lost under the main line. Figures 3(b) and 3(c)
(voddX vs vo) compare the data in a straight-line
plot.

For nonzero asymmetry parameter (q), the high-
field singularity splits into two singularities whose
distances from the main line are proportional to
1-g and 1+@. Since we see no splitting, q must
be approximately zero (see below). We have
searched mith adequate sensitivity to observe a
second resonance on the high-field side, but are
unable to find one.

Note that we can reject the alterna. te interpretation
that the high-field singularity is u idely split and
that me missed one of the lines, requiring q&0.32,
since for such a large q the lom-field singularity
splits also, contrary to observation, and the A to
B splitting ratio would not be —',6.

We are led to the concIusion that if the powder
pattern has q c0, the splitting of the high-field
singularities must be less than the midth of the
observed dipolar -broadened resonance. The low-
frequency data provide the most stringent require-

ments on g. At 7.0 MHz, the linewidth and signal-
to-noise ratio give the requirement q «0.08. Fit-
ting the quadrupole term of the observed splitting
to the singularity position for an g =0 powder pat-
tern gives p =1.20+0.01 MHz, or q =4.39+0.04
x 10~3 cm '.

B. Identification of the shell pmducing the satellites

We wish to deduce which shell of copper nuclei
around the titanium impurity ls produclllg the pow-
der pattern resonances, A and B. For our pow-
der samples we can make use of the observed
parameters vo, 7i, and ~/K, together with data
on the magnetic susceptlblllty g, and their com-
parison with values in other Cu-based alloys for
which single-crystal studies give unambiguous
identification of which shell is involved. Such com-
parisons give only two possibilities for the shell;
the first or the second neighbor. Let us give the
l easonlng.

Table I lists the known pz's and q's for Cu-based
alloys for first- and second-neighbor shells.

The size of our quadrupole coupling (vo =1.20
+0.01 MHz) is comparable to those determined for
first or second neighbors to other impurities in
copper. Since vz is thought to decrease roughly
with distance from the impurity x as the product
of x ' times an oscillatory function of x, the pow-
der pattern is less likely to be due to more dis-
tant neighboring shells. The value would fit nicely
among the first-neighbor p's. If the second-
neighbor assignment is correct, only two other
impurities" (Sn: vo = 1.16 MHz; Sb: vo = 1.74 MHz)
have couplings as large at second-neighbor sites.
For no other impurity does the first-neighbor p+
exceed that of the second. The absence of third-
neighbor observations shows that such distant

TABI.F, I. &~ {MHZ) and q for Cu-based alloys.

First neighbor
Reference

Second neighbor
Reference

Fourth neighbor
v& q Reference

Mn

Go 0.376
Ni 1.120
Zn 1.960
Ge 1.940
Ag 0.570
Cd 1,520
In 2 ~ 200
Sn 2.300
Sb 2.600
Au. 2.650

0.44
0.20
0.265
0.905
0.75
0.036
0.32
0.64
0.75
0.05

9
9, 15, 24

24
15

24
15
15
15
24

0.280 0

0.090 0

0.475 0
0.410 0

&0.800 0
1.160 0
1.740 0
0.823 0

0.188 0.65
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couplings do not yroduee large enough second-
order shifts to be observed.

For the systems seen in Table I, a and c [Eq.
(1)] are larger for the first-neighbor shell than
the corresponding a and c of the second shell.
Thus in some instances (e.g. , Cu¹)only the first
neighbor is split enough either at low ox' high
fields to be seen. Vfe may thus ask if this is the
second neighbor, where is the first neighbor'P

There are two possibilities. The first is that
the oscillatory natuxe of both magnetic Rnd elec-
tric couplings with distance from the impurity has
a phase which overcomes the roughly 1/rs effect,
making the fixst-Qelghbox g Rnd c smaller than
the corresponding g and c of the second neighbor.

The other alternative is that the first-shell quad-
rupole coupling smears the low-frequency reso-
nance too broadly to be detected, Rnd that at high-
frequency the magnetic anisotropy smears the line
too broadly to be seen. We think this altexnative
unlikely, however, since we have seen the high-
field magnetic splittings of Mn, Fe, and Co first
and second neighbors, atoms which ax e seen to be
much more magnetic that Ti from the susceptibility
measurements. Thus we are obsex ving either a
first neighbor or a second neighbor which has big-
ger magnetic and quadrupole splittings than the
first.

For the second shell, symmetry requires q =0,
since the Cu- Ti axis yossesses fourfold symmetry.
For first neighbors the twofold axis pexmits qw0.
%e see from Table I on Cu-based alloys that of
the ten first neighbors studied only Cd (q =0.036)
and Au (q =0.05) have q less than our upper limit
of 0.08, whereas eight (Co, Ni, Zn, Ge, Ag, In,
Sn, and Sb) have substantially larger 'g. 1hls sug-
gests that an q as small as we requix'e probaMy
does not come from a first neighbor.

Thus either the satellites represent a second
neighbor with q = 0 or thex'e is some factor which
makes q much smaller thanit is in —,

' of the other
Cu-based alloys which have been studied.

l I

Fe Co

FIG. 5. DE/Kg for various iron group magnetic atoms
in copper, summarizing the results on AE/E found by
the authors and their colleagues at the University of Illi-
nois. The symbols i-5 refer to the shell (first neighbor,
second neighbor, etc. , of the magnetic atom) where posi-
tive identification has bien possible. One Sc satellite
has been seen but is not plotted, since g is not known for
CuSc. Since the AE/X values are usually more reliable
than the values of X, the precision of comparisons be-
tween different magnetic atoms is limited by the data on

X ~

tional to yj, where the exchange eouyling constant
Z depends on the ion. ] Since y varies by nearly
two orders of magnitude across the iron gx'oup,
we have plotted LK/Ky in Fig. 5 using the sus-
ceptibilities given in Table II.

Fox' ¹i,Co, Fe, and Mn the satellites arising

C. Susceptibility X and hE/E TABLE II. Susceptibility of Cu-based alloys.

One method of identifying the satellite is to look
for systematic variation of nK/K across the iron
group for identified satellites of copper neighbors
of ix'on-gx'ouy impurities. Most theories of the
spin density make nK/K proportional to the sus-
ceptibility y. [We here assume y arises largely
from the spin of the magnetic ion, with a propor-
tionality factor which depends on the ion. For
example, the Buderman-Kittel-Kasuya- Yosida
(HKKY) expressions give a polarization propor-

Impur ity

Ti
V
Cr
Mn

Fe
Co
Ni

0.5
1.5

10.6
16.6
7.28
4.0
0.24
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from the first shell of neighbors have been posi-
tively identified. The data clearly suggest which
satellites are the first neighbors for V and Cr,
because of the smooth variation of b,K/Kx which
that assignment mould imply. The identified first-
neighbor shifts mould naturally lead one to assign-
ing the Ti satellite to the first-neighbor position.
However, examination of the second neighbor of
Co, Fe, and Mn shoms there is the possibility
that the second-neighbor ZZ/K has become nega-
tive at Ti. This trend would be consistent with
the Cr data for which the most positive nK/Ky is
0.0679&&1027. Moreover, Follstaedt'0 ~' gives argu-
ments to support assignment of the V satellite to
the second shell, which mould then favor a second-
shell assignment for Ti. We therefore conclude
from AK/Ky that the satellite may be either the
first or second neighbor.

D. Conclusions

The data are easily reconciled with the satellite
arising from the first shell, except for the anom-
ously small asymmetry parameter g. The satel-
lite could be a second neighbor, in which case the
second-neighbor b.K/Ã has a sign change relative
to its value on the right-hand side of the iron group.

E. Evidence for a magnetic structure change

Aton" has called our attention to the smooth
variation of nK/Ky between V and Fe, with the
large jump between Fe and Co. He suggests that
this may indicate a change in magnetic structure.
As a possibility he suggests that Co is nonmag-
netic in the Anderson sense (no permanent mo-
ment, no splitting of the spin-up spin-domn reso-
nance in the absence of an applied static field).
Qf course, there may be other explanations. Prob-
ably the precision with which susceptibilities are
known, together mith the uncertain identification,
do not permit a similar conclusion concerning Ti.

IV. DISCUSSION OF THE VfING RESONANCES

A. General considerations

In the Cu-0. 14-at.%-Ti sample we observed
field-independent wings at ~ = +16 G. In the
Cu-0. 84-at. %-Ti sample field-independent wings
were observed at+45 G. Similar field-indepen-
dent but concentration-dependent lines have been
observed in Cg¹1alloys as well. The field inde-
pendence suggests they represent first-order
quadrupole splittings. The concentration depen-
dence, however, is a mystery. We turn now to a
possible explanation.

If we could observe the NMR of the Cu neighbors
of a single isolated Ti atom, we would expect to

get first-order satellites from each shell of neigh-
bors. Roughly speaking, the farther the neighbors,
the smaller the splitting. The near neighbors would
thus have lines far from the main line. These
resonances would exist as a smear in a powder.

In a sample of concentration c, each impurity
has about 1/c atoms which are nearer to it than
any other impurity. We can approximate this by say-
ing that those atoms lie within a sphere of radius ~, .
Clearly r', ~ 1/c. Hence as the concentration is in-
creased r, decreases. The observation of a neigh-
bor resonance implies that the radius &,. of the
shell producing it satisfies ~, «, . If the reso-
nance disappears with increasing concentration,
we presume that &, has decreased until &,&r, , or
that it is no longer meaningful to discuss the jth-
neighboring shell at this higher concentration.
Knowing the concentration at which the resonance
disappears then gives an indication of which neigh-
boring shell produced it at dilute concentrations.

Only those neighbor resonances which have suf-
ficient nuclei to be seen at a concentration low
enough to satisfy the r,. &r, criterion are observed.
Thus more distant shells, which can satisfy r, & r,
only at low concentration, require many atoms to
be seen.

Moreover, since these lines have first-order
quadrupole splittings, they are subject to first-
order wipeout. Their intensity thus peaks at a concen-
tration c - I/n, where n is the first-order wipeout
number. Since n~-1000 and we are using c&0.1
at.%, wipeout effects are definitely affecting wing
intensities.

B. Application to Cu-Ti wings

The wings at +16 G were seen in the 0.14-at.+-
Ti sample, giving n =c ' =714. The neighborhood
sphere thus includes shells through the twenty-
third. (Reference IV lists the number of nuclei
in the nearest fifty shells. ) These wings have
disappeared at a concentration of 0,84-at. k Ti,
or n, =119, with a. neighborhood extending to ap-
proximately the seventh shell. Presumably any
shell between these could be considered to have
produced the wings. Some will be more probable
than others due to their increased number of shell
members (n, ). It is also possible that more than
one shell contributes to the wings. In the asymp-
totic limit, quadrupole couplings are expected to
be approximately

vq icos(2krr+y)/r'.
If two (or more) shells differ an amountar such that
Ar& (2k+) ", their guadrupole shifts maybe approxi-
mately equal, so that they contribute to the same
wing. Without a more detailed concentration analy-
sis, we cannot more accurately specify which shell
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produces the wings.
The wings at +45 G in the 0.84-at. %-Ti sample

are not observed in the 0.14-at.%-Ti sample,
evidently due to weaker intensity. They come from
a shell which is closer than the seventh.

C. APPllC8tloA fo CU-Nl WlllgS

Similar concentration-dependent mings mere
also observed in CuNi. In a Cu-0. 10-at.%-Ni
sample, first-order quadrupole mings were ob-
served at +30 G." The concentration shows that
they are within approximately the tmenty-eighth
shell. When the ¹iconcentration is increased to
0.54 at.g, they disappear. ' Hence they must be
more distant than approximately the tenth shell.
With this large number of possible shells, it is
again too difficult to speculate which shells pro-
duced the wings.

In samples with 0.54- and 0.71-at. /g Ni, wings
were observed at +15 G.' The higher concentra-
tion places the outermost; neighborhood shell at
-8. When the concentration mas increased to
1.5-at. % Ni, these wings disappeared, "which
places the shell producing them beyond about the
fourth shell. The shell with the most members
in this range is the seventh (48 members), and is
perhaps the most likely to be producing the mings.

With a concentration of 1.5-at. jq Ni, mings be-
come present at - +25 G." At this concentration,
wipeout is severest (~,«r ); also, the data taken
by Lo et al. ' were at -7 kG, and the splittings are
comparable to those of the second-order pomder
pattern of the first neighbors. The data at this con-
centration are hence the least likely to be ade-
quately treated by our model, mhich places t:he
origin of the wings stemming from neighbors no
more distant than about the fourth shell.

We can also compare the first-order wing split-
tings with quadrupole resonances observed in

CuNi by Whalley and Slichter. ' Their resonance
with t/~ =40 kHz predicts a powder pattern edge at
--,'vo(2v/y) =18 G. This is close to the wing in the
0.54- and 0.71-st. 'g&-Ni samples thought to stem
from about the seventh shell.

V. WIDTH OF THE Cu MAIN LINE

We have observed the broadening of the "Cu
main line at high fields and 300 K for the Cu-0. 14-
at. jg-Ti sample. The linewidth is 9.3 +0.5 G at
60.4 MHz (53.4 kG), decreasing monotonically to
the pure-copper width (6.7 G) at low fields.

For a comparison with other transition-metal
impurities we use RKKY theory, following the
procedure previously used for' CuCo and'o Cug.
The work of Sugamara is used to deconvolute the
magnetic broadening due to RKKY-like conduction-

electron magnetization oscillations around distant
impurities from the nuclear dipole broadening.
At 53.4 kG, the magnetic width is the same as the
dipolar width; assuming a Lorentzian magnetic-
broadening function, the half-width is 4 =3.3 G.

We use the theory of Walstedt and Walker' to
compute A in the assumed RKKY broadening func-
tion

r H(r) =(A./r') cos(2&~r+y).

They find

where c is the impurity concentration and a is the
bcc lattice constant (3.61 A for Cu). In the RKKY
theory A is proportional to g4, mhere 4 is the s-d
exchange coupling. At 53.4 kG me have A. =6600
G A'.

This value is the same as that estimated by Lang
et aE.' for isolated Co impurities and slightly
larger than that obtained for CuV (5000 G A~) "'20
Several factors hinder the comparison of Ti„V,
and Co impurities. While Co is soluble in molten
Cu up to several percent, "the analysis of Lang
et al.' depends upon the separation of the magnetic
broadening into contributions froID isolated Co
atoms and other clusters of Co atoms, which they
show must exist. V is barely soluble (-0.1 at.%)."
Its dissolved concentration can be estimated, '~'0
but some evidence is also found for clustering.
Finally, the actual broadening of the Ti and V
samples is only slightly greater than the pure-
copper width and the above numbers must be ac-
cepted as estimates. Hence we do not believe the
above data are accurate enough to make detailed
comparison betmeen such close values.

We have also examined the main-line width ob-
tained by Lo et al.3'2' on a Cu-0. 71-at.%-Ni sam-
ple. At 66 MHz (58.4 kG) the width is 8.6+1.0 G,
giving 6 = 2.25 G and A = 900 G A'. Since Ni forms
a random solid solution in Cu and Ti is soluble
in Cu at our concentration (0.14 at.g),i the ana-
lyzed impurity concentrations are indicative of the
isolated impurity concentrations. Even with the
small broadening widths, it is acceptable to as-
sume that Ti impurities are more effective mag-
netic broadeners than ¹i,by perhaps as much as a
factor of -6. Since the susceptibility of Ti is only
twice that of Ni, me conclude the s-d exchange is
larger in Ti than Ni.

Regardless of exact neighbor identification, me
note that satellite shift, susceptibility, and mag-
netic linewidth broadening comparison. s suggest
that Ti impurities are more magnetic than¹.
However, as free atoms, both have tmo unpaired
electrons. These impurities have two 4s electrons,
versus one 4s electron for copper. A possible
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explanation of the above magnetic comparison is
that the 3d virtual bound state acquires part or all
of the second 4s electron, giving Ti more than two
Sd electrons and Ni less than two 3d holes. Analy-
sis of residual resistivity, quadrupole wipeout,
magnetic susceptibility, and thermoelectric power

in Cuwi Ntefs. 21 and 22) give nine M electrons
(one M hole), in agreement with optical-absorp-
tion measurements. Similar bulk measurements
of conduction electron scattering" in CuTi yield
three 3d electrons. Thus analysis of these mea-
surements supports our conjecture.
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