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Pulsed NMR and susceptibility measurements were performed on dilute silver-rich Ag, Pt&,
alloys (c =0.9—1.0). The Knight shift, T~ and T2 of ' Ag and ' Pt could be observed in mag-

netic fields up to 5.2 T and at temperatures between 4.2 and 60 K. In Ag995Pt05 a SEDOR ex-

periment (spin echo double resonance) was performed. The different temperature dependencies
of the '0 Ag and the '9 Pt resonances indicate the existence of d holes on Pt sites even in

silver-rich alloys. A graphical method in terms of free-electron phase shifts gives a value of 0.33
+ 0.07 d holes which is only about 20'/o less than in pure platinum, This corresponds closely to
the results of Sang and Myers in AgPd alloys where a similar small charge transfer is found and

which thus contradicts rigid-band considerations. Kith a model of Dworin and Narath the Pt

Knight shift and the '9 Pt relaxation rate T~ could be divided into s, d, and orbital contribu-

tions. Whereas d and orbital terms approximately cancel numerically, K and T& are dominated

by s effects. It is shown why this does not contradict the observed temperature dependencies of
K, T&, and the magnetic susceptibility X.

I. INTRODUCTION

Pulsed nuclear magnetic resonance is one of the
most powerful methods to derive static and dynamic
hyperfine properties. This has led to an increased
understanding of local magnetic properties. In binary

alloys, however, a great amount' of information often
cannot be obtained, because only one constituent is

observable. In most cases quadrupole interactions
are responsible which either disturb the NMR signal

completely or produce difficulties with second-order
shifts which are hard to distinguish from Knight
shifts.

One of the very few systems where these problems
do not arise is AgPt. Both nuclei ('09Ag or '07Ag and
'"Pt) possess spin I = —and thus no quadrupole mo-

ment. The sensitivity for NMR is quite good.
Nevertheless there are only very few measurements
on this system. ' Most probably the reason for this is

the apparently complicated phase diagram which
sho~s very restricted solid solubility. But as the dif-

fusion constants in the system AgPt are extremely
slow the equilibrium phase boundaries are very diffi-
cult to determine. Klement and Luo were able to
show that fast quenching techniques from the melt
("splat cooling" ) yielded single-phase specimens for
all compositions. 2 This casts some doubt on the vali-

dity of the published phase diagrams. In our investi-
gation we used single-phase specimens up to 10 at. '/0

of Pt in Ag. Neither in x-ray spectra nor in the
NMR or susceptibility data could any precipitated
second phase be detected.

The alloy system AgPt should be very similar. to

the well-known system AgPd: a typical transition
metal with a large number of d holes alloyed with the
noble-metal silver. Whereas AgPd suffers from the
fact that only silver may be observed by NMR (palla-
dium has a small gyrornagnetic ratio y and a large
quadrupole moment) in AgPt both nuclei are detect-
able. This should give far more information about
electronic properties a's has been shown in a couple of
other alloy systems. '

Recent measurements of Dingle temperatures on
dilute silver-rich AgPd alloys and their interpretation
in terms of a phase-shift analysis showed that about
0.27 d holes remained on Pd sites even at extremely
low Pd concentrations. ' This agrees qualitatively with
coherent-potential-approximation (CPA) calculations
and photoemission measurements (where the virtual
bound state of Pd in Ag may be easily observed), but
is in disagreement with all rigid band considerations.
Difficult to understand is the composition and tem-
perature dependence of the magnetic susceptibility,
where no indication of d holes can be found. ' It
seems interesting to compare this situation with that
of AgPt.

II. EXPERIMENTAL

All measurements were performed with a Bruker
pulsed NMR spectrometer SXP 4-100, delivering Ht
fields up to 5 mT. For more complicated pulse se-
quences, such as saturatiog combs for T~ experi-
ments, we used a home-built pulse generator with a
quartz time base. The relatively weak sensitivity of
the ' Ag nucleus calls for low temperatures together
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with high magnetic fields. So we used a supercon-
ducting magnet (Oxford Instruments) with a max-
imum field of 5.2 T and a homogeneity of 10 in a
volume of I cm' (5 x 10 6 in 8 cm3). The linewidth
of DqO at 300 K was 4.5 Hz and the homogeneity is
thus fully sufficient for the broad lines on metallic
systems. The large 49-mm bore of the magnet great-
ly facilitated the construction of probe heads and re-
duced magneto-acoustic ringing effects. The tem-
perature of the probe could be varied between 1.2
'and 300 K. When the magnet Was run in the per-
sistent mode, the field was calibrated against the
NMR signal of pure silver metal, where the gyromag-
netic ratio of ' Ag is known rather precisely to be y~~
= 0.199150(4) MHz/T. If the magnet is driven by
its power supply a voltage of 0—70 mV (proportional
to the current) can be measured with a digital volt-
meter and calibrated against the ' Ag signal. No sig-
nificant stability problems with the power supply or
the voltmeter were found; nevertheless, this is the
main error in measuring Knight shifts.

For the probe head we used a series LC circuit with

a —A. arrangement. The essential details were a

semirigid coaxial cable and a variable capacitor (tun-
able at helium temperatures and nearly temperature
independent) mounted very close to the coil. The
signal-to-noise ratio was about twice as good as with a
simpler probe head, where the capacitor was kept at
room temperature and connected to the coil through
a long cable (e.g. , —, A.). The large bore of the mag-

1

net made it possible to use a solenoid instead of
Helmholtz coils which results in greater sensitivity.

As the spin echoes were very narrow (10—100
p, sec) we used a transient recorder (Canberry DL
905, 5 MHz) as a fast digitizer. The data were then
transferred via an interface to a PDP 11/10 computer
and displayed on a large screen. The data transfer
was done by an assembler subroutine. This had been
added to the so-called SPARTA program (signal pro-
cessing and real-time analysis, program written by Di-
gital Equipment) which performs all necessary data
manipulations such as normalizatiori, subtraction of
background spectra, display, output to plotter,
Fourier transformation, etc. When the NMR signal
was strong enough so that no averaging was neces-
sary, we used a boxcar integrator to measure the
spin-echo profiles. The large time constant of the su-
perconducting magnet makes it more difficult to mea-
sure the magnetic field exactly.

A sensitivity test of the whole arrangement was
performed by the first NMR measurement of metalhc
zinc, which had long been searched for by various
workers. 9

For SEDOR (spin echo double resonance) we used
a Matec spectrometer together with the Bruker
SXP4-100. The SEDOR coil had an inner solenoid
(for the Pt-NMR) and an outer (orthogonal) pair of
Helmholtz coils for the Ag NMR.

For susceptibility measurements we used a Faraday
balance which could detect a change of susceptibility
X of 2&10 cm'/g with an acccuracy of 1%. To
eliminate the influence of ferromagnetic impurities,
the field dependence of X was measured and Honda-
Owen extrapolations performed. Usually the samples
were only very slightly contaminated.

Besides in pure silver and pure platinum a free in-
duction decay could only be measured in Ag995PtQ5.
With increasing impurity content the inhomogeneous
distribution of Knight shifts made it necessaryo use
spin-echo techniques. Spin-lattice relaxation times T~

were measured by usual 180'-v-90' sequence or
more often by saturation combs (n 90'-90'-r-180').
The great number of pulses sometimes caused prob-
lems with pulse heating effects. T& values or
Ruderman-Kittel constants in Pt-rich AgPt alloys
were derived from 90'-v-180' sequences. As the
spin echoes were very narrow the Knight shift K had
to be derived from spin-echo profiles (which are plots
of echo intensity versus magnetic field). Here the
problem arises that in order to get correct results,
rather long pulses (equivalent to small H, fields)
have to be used, which means a small number of ex-
cited nuclei and accordingly a reduced signal-to-noise
ratio.

We also performed SEDOR experiments in

Ag99 5Pt0 5 and Ag99Pt~. The Pt spin-echo intensity
J(Pt) is recorded by a 90'-r-180' sequence, while

simultaneously with the 180' pulse the silver nuclei
are irradiated with a variable frequency v (Ag). If
one uses the Larmor frequency of the silver nuclei
which are neighbors to the Pt nucleus and which thus
produce the local field for the Pt echo, a strong de-
crease of J(Pt) is found. '0 So the SEDOR technique
gives valuable information, about the neighborhood of
the Pt nucleus.

III. THEORETICAL CONSIDERATIONS

All considerations from now on are restricted to di-
lute nonmagnetic substitutional binary alloys, where
the host is a simple metal. The model of a free-
electron gas is applied to the case of noble metals,
especially for silver. This seems justified because ex-
periments have shown nearly spherical Fermi sur-
faces and rather low-lying d bands (=2 eV below the
Fermi level EF for Ag, =1 eV for Cu, Au"). Apart
from this it has recently been shown that the applica-
tiqn of the free-electron gas model is reasonable for
the following considerations. " When an impurity
(platinum) is added to the noble metal (silver), the
conduction electrons which are treated as plane waves
are scattered at the impurity potential. The solution
of this problem gives a set of phase shifts for the par-
tial waves, equivalent to a new arrangement of charge
in the vicinity of the impurity atom. '
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where 51(EF) are the phase shifts at the Fermi level
and Z, ff is the extra charge introduced by the impuri-

ty (modified according to a formula by Btatt which
accounts for variation in the lattice parameter' ). Z, ff

may be divided into s, p, and d contributions

2 6 10
Z, =—50, Zp= —8(, Zg= 82

7r
'

7r 7r
(2)

Zq corresponds to the number of d holes which will

later be designated as q. The charge screening mainly
takes place within the signer-Seitz cell but also leads
to long-ranged "Friedel oscillations. "

This means that the neighbors of the impurity in

the next few shells experience different local fields
and thus give rise to different lines in the NMR spec-
trum. Normally this satellite structure cannot be
resolved and gives only a concentration-dependent
line broadening. Modern techniques were able to
resolve up to eight satellites for magnetic impuri-
ties. " The relative Knight shift of the neighbor
shells is given by

r(R) = ~~
K

= x (2i+ I) {[gl(kR) ' jI(kR)] sin—51(EF)
(

jI(kR) rtl—(kR) sin[25, (EF) ]]
(3)

where q( and j( are Neumann and Bessel functions
and R is the radius of this shell. 'o I"(R) may be
measured by satellite observation or SEDOR tech-
niques.

The mean Knight shift also changes with impurity
content and can be quantitatively related to the phase
shifts 51(EF)

r = — = x {«sin 51(EF)+p, sin[25I(EF)]]1 AK
c K

The requirement of charge neutrality is fulfilled via
the Friedel sum rule

Z,rr= —X (2'I + l)5((EF)2

well potential ~hose depth was adjusted by means of
the Friedel sum rule. ' This procedure, however,
gives bad results for transitional impurities (e.g. , the
wrong sign for AgPt alloys) where resonance scatter-
ing effects become important and perhaps dominate
potential scattering. This means that either very re-
fined calculations are necessary or semiempirical phase
shifts have to be used. These may be derived from
Dingle-temperature measurements, from optical re-
flectivity, wipe-out numbers, residual electrical resis-
tivity, Knight shift, or any other physical quantity
that can quantitatively be related to phase shifts. A
well-known example is the relation between the resi-
dual electrical resistivity d~ and the phase shifts
5I(EF) which is given by'

x i sin [5I(EF)—5I+~(EF)]
4me 2

Zan (

IV. MEASUREMENTS AND DISCUSSION

A. d holes on platinum

Figure 1 shows a spin echo of the ' Ag resonance
in Ag99Pt, (later the following convention is used:
Italic Ag or Pt means that this is the nucleus under
inspection).

Among the very few NMR exp'eriments on AgPt
alloys, Snodgrass measured temperature variations of
linewidth and Knight shift in very dilute silver-rich al-

loys. ' He found a nearly constant Knight shift, but
a marked variation of the linewidth. This led him to
the assumption that d holes on Pt sites should exist.

In our pulse measurements we used higher Pt con-
centrations (from 0.5 to 10 at. '/o) and detected more
pronounced effects. The spin-spin-relaxation time T2
was considerably temperature dependent at high Pt
concentrations (a decrease of about 25% from 4.2 to
60 K). This is far more than can be explained by the
influence of spin-lattice relaxation. Towards the very
dilute alloys, the temperature dependence of T2 be-
comes smaller and can no longer be precisely mea-
sured within the error bars. Measurements at much
higher temperatures would be useful. The behavior

where nl and Pl are constants. '

If the energies involved (E ~ EF) are small in

comparison to the depth of the scattering potential,
only the lowest-order phase shifts (usually 5o, 5~, 52)
have to be regarded. "

There are some attempts to calculate the phase
shifts from first principles which were quite success-
ful in the case of nontransitional impurities (like Mg
in AI, Ge in Cu, Sn in Li) but failed for transitional
impurities (tike Cr in At). 's In any case the imt)urity
potential has to be calculated self-consistently.
Daniel tried to calculate Knight shifts with a square-

100'.s

FIG. 1. 90'-~-180 spin echo in Ag99pt] (= ' Ag res-
onance): 4 scans at T =4.2 K, 2 p,sec per point, 1024
points.
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FIG. 2. Temperature dependence of the ' Ag Knight shift in (a) Ag995Pto5, (b) Ag99Pt~, (c) Ag95Pt5, and (d) Ag9OPt&o. All

points result from spin-echo profiles.

of T2 corresponds to Snodgrass's results concerning
the linewidth in cw experiments. The ' Ag Knight
shift also shows a temperature dependence which in-
creases with Pt concentration [(Figs. 2a—2d)]. In
Figs. 2(a) and 2(b) (the concentration range investi-
gated by Snodgrass) no effect can be seen due to the
large error bars, whereas Figs. 2(c) and 2(d) show a
concentration-dependent decrease of the Knight shift.
This may be attributed to the increased number of
silver atoms which are nearest neighbors to a plati-
num atom and feel a temperature-dependent pertur-
bation caused by the Pt atom. As the effect in

Ag95Pt5 and in Ag9oPt~o is different, a loosely defined
"perturbation radius X" of about one lattice constant
may. be derived. This Neans a rather good charge
screening of the Pt impurities and confirms that even
Ag9OPt~o may be regarded as "dilute. " (The defini-
tion "dilute" depends on screening considerations
and far less on absolute concentrations. )

The values of the Knight shift, extrapolated to
T =0 K, as a function of impurity concentrations
give

I = — = —0.2+0.2 .1 hK
c K

This value does not contradict the measurements of
Snodgrass in AgPt (I' =0) and happens to have the
same value as in AgPd alloys. '

The measurements of the ' 'Pt Knight shift and re-
laxation rates in dilute AgPt alloys was more difficult
because of limited signal-to-noise ratios. Apart from
rather constant T~ T values we found an extremely
strong temperature dependence of T2 which cannot
be attributed to spin-lattice relaxation effects alone
(Fig. 3). The platinum Knight shift also showed a
strong temperature variation (about 1% change per
10 K) which does nor change with platinum concen-
tration [Figs. 4(a) —(d)].

T (m ecj

1.2-

QJ-

15 T(K I

FIG. 3. T2 of ' Pt in Ag95Pt& measured by a 90'-r-180'
sequence.

All these observations are consistent if, in agree-
ment with Snodgrass, d holes on Pt sites are assumed
which produce the temperature effects. The number
of d holes seems to be rather constant up to 10 at. %
Pt which is reflected in the same temperature depen-
dence for all four alloys (Fig. 4). This corresponds,
at least in part, to the short screening radius A: of
about one lattice constant.

This model of d holes on Pt sites even in very
silver-rich AgPt alloys clearly contradicts any rigid-
band considerations which postulate a filled, common
(and rigid) d band for alloys with more than about 60
at. % Ag.

There are a couple of experiments and calculations
that further support this view (not for AgPt, but for
similar virtual-bound-state alloys): (a) Sang and
Myers recently measured anisotropies of Dingle tem-
peratures in very dilute silver-rich AgPd single crys-
tals and derived a number of 0.27 d holes. ' This fig-
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FIG. 4. Temperature dependence of the ' Pt Knight shift in (a) Ag995Pto&, (b) Ag99Pt&, (c) Ag95Pt5, and (d) Ag90P(io. All
points result from spin-echo profiles.

ure has to be compared to 0.36 d holes in pure palla-
dium metal. " (b) Ertl and Wandelt detected d holes
in copper-rich CuNi alloys by appearance-potential
spectroscopy (APS).~' (c) Beal-Monod caiculated
semiempirical phase shifts for the systems CuPt,
CuRh, and CuNi from wipe-out numbers, residual
electrical resistivity, and the Friedel sum rule. This
leads to a 5d configuration and not to a filled d
shell. 23 (d) CPA calculations for silver-rich AgPd al-

loys seem to indicate 0.1—0.2 d holes on Pt sites.
As accurate ab initio calculations are not yet avail-

able we now try to derive the number of d holes in

AgPt alloys by a semiempirical phase-shift analysis.
For this purpose we adopt the Eqs. (1), (4), and (5)
for the unknown phase shifts 50, 5I, 52 in terms of
Z ff and the measured quantities L~ and I . The ef-
fective charge Z,ff is determined from the Blatt
correction formula' and gives Z, ff = —0.85. The
value of silver was measured to be I = —0.2+0.2. I'

and Z,ff for AgPt happen to have the same value as
for AgPd. The published value of hp in AgPt is 1.59
p, O cm and in AgPd 0.44 p, O cm. Recent investi-
gations of Barber and Caplin in the low-temperature
region on extremely dilute alloys showed considerable
difficulties in measuring b,p.25 Nevertheless an ap-
proximate value of hp(AgPt) = 1.32 p, Q cm may be
derived from these experiments. It remains to be
sho~n how these discrepancies influence the follow-

ing analysis. As it is necessary to see how small vari-
ations in all parameters of Eqs. (1), (4), and (5)

change the solutions, it seems appropriate to use a

graphical method to solve Eqs. (1), (4), and (5).
First, 50 is eliminated to get two transcendental

equations with two unknowns 5i and 52. Figures 5
and 6 show the contour line diagrams of these equa-
tions for different values of 4p and 1 . As these di-

agrams are periodic in m, only the range ——,m ~ 51,
1

52 ~~
2

7T 1s shown.

As the temperature dependencies of K and T2 for
the ' ~Ag and the ' 'Pt NMR had indicated the ex-

„62

0,5-

O.r-

0,6 Op' 61

FIG. 5. Contour line diagrams for Ap as a function of the
phase shifts 8& and 82. The Ap values were 0.24, 0.4, 0.56,
0.72, 0.88, 1.6, 3.0 0 cm, beginning from the inner ellipses.
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2

1
0.4
0.2

-6
1

FIG. 6. Contour line diagrams for I' as a function of 5&

and 82 starting from the innermost curve, the parameters
are I" =+2.9, +2, +0,2, 0, —0,2, —0.4, —1.0, —2.0.

istence of d holes, 52 must be negative. Figure 7
shows that region of the 5~52 plane where 82 & 0 and
the contour line diagrams for the appropriate I' and

hp values cross one another. The three I curves be. -

long to the experimental value with its error bars:
I = —0.2+ 0.2 and are thus valid for AgPt as well as
for AgPd. The two hp ellipses (for AgPt and AgPd,
respectively) are drawn without error bars, as none are
quoted in the work of Barber and Caplin'. " Figures 5
and 7 show, ho~ever, that small changes in 4p up to
10 or 20% do not influence the value of 52. So the
range of possibile solutions for AgPt is somewhere
between A and C or between D and F. It should be
mentioned that this already means a restricted range
of 52 values

—0.08 ~ 52 ~ —0.2

Points x and y and the inner ellipse refer to the case

of AgPd. y is a solution derived by Beal-Monod by
semiempirical methods, ' x has been derived by Sang
and Meyers from Dingle-temperature anisotropies. It
is quite encouraging that for AgPd both points x and

y lie within the error range of the graphical solution
of Eqs. (1), (4), and (5).

There are three arguments which support the view
, that for AgPt alloys the correct solution has to be
found between D and F and not between A and C:
(a) The range A —C would mean a larger number of
d holes on Pt sites than in pure platinum which
seems rather unlikely. (b) Heal-Monod derived
semiempirical phase shifts SI in CuPd and CuPt. "
This analysis gave more negative So and 52 values
and a less negative 8~ value in CuPt compared to
CuPd. If these trends are attributed to the different
impurity potential, independent of the host, and thus
applicable to the case of- AgPd and AgPt, the range
D Fresults —as the correct solution. (c) We per-
formed a SEDOR experiment in Ag995Pt{) 5 where the
result is shown in Fig. 8.

The long vertical bar, designated as vo, gives the
bulk NMR frequency of the Ag nuclei, as detected in

a separate experiment in the same probe head. vo

could be measured with an accuracy of +200 Hz
which means a negligible error in Fig. 8. The
minimum of the SEDOR line v cannot be determined
precisely, but differs from vo. The relative change of
Knight shift is

I's = = (—4.3+1.3)%hK
K

If the value is tentatively attributed to second-nearest
neighbors and the range of So, S~, and 82 as taken
from Fig. 7 is inserted in Eq. (2), no solution can be
found. If I'q is attributed to nearest neighbors, a con-
tour line in this 61 range may be drawn (dashed lines
in Fig. 9). No coincidence of the I's contour lines to

62
01'=6,

r= 0
l =-0.2
I =-Qr

3ntensity
(arb. units )

'

$93 /$5 Agt MHz)

FIG. 7. Crossing of the hp and I contour lines: three I
curves for the experimental value —0.2+ 0.2 with its error
bars. The outer ellipse belongs to b, p(AgPt), the other to
d pjAgPd).

FIG. 8. SEDOR spectrum: the intensity of the ' 5Pt echo
as a function of ' Ag frequency. Each data point is an
average of 1000 scans.
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-0,5 0,4 0,1': 61

tions

Ke pt Ks +Kd + K

T1 expt Tls + Tld + Torb

(6)

h = -4,3o/o~
= -5,6%

- -03

-0;4

where K,„„and T~,'„pt stands for the experimental
values. As has been done successfully for the case of
pure Pt it is assumed that no s-d mixing occurs. 3 "

Kith a slightly modified Anderson operator Dworin
and Narath derived two Korringa relations for the d
and orbital parts of K and T~ (Ref. 32)

FIG. 9. Crossing of the b, p, I', and I, contour line di-

agrams. The shaded area shows I' with its error bars, the
dashed lines belong to I, = —4.3+ 1.3%.

Kg T)gT =5S

KorbT) orbT = 10S

yet

(8)

A —C occurs, but a good agreement within the range
D F. So we—conclude that the solution of Eqs. (1),
(4), and (5) lies near point E which corresponds to
the following phase shifts

7 ~ ~0~ 0 6 0.07 ~ ~i ~ —0.03,

—0.12 ~ S2 ~ —0.08

According to Eq. (2) the number of d holes is given

by 16

q =0.33+0.07

This means that the number of d holes on Pt sites in

dilute AgPt alloys has not changed very much as
compared to pure platinum (q =0.43). The decrease
of q of about 20% is comparable to the case of AgPd.
A nonzero value of q in silver-rich alloys shows a
breakdown of rigid-band considerations (also for the
modified version of Dugdale and Guenault). '6 The
minimum polarity model of Lang and Ehrenreich
would predict the same number of d holes per Pt
atom as in pure platinum. So the reality is some-
where between these two extremes and quite obvi-

ously far more similar to the "neutral-atom" config-
uration of the minimum polarity model. The charge
transfer from Ag to Pt seems to be rather small, but
nonzero. This conclusion compares favorably to the
results of Kleiman et al. " in CuPt alloys.

These formulas have often been applied to the case
of 3d impurities in simple hosts, where it can be
shown that s effects are negligible. ' Then the result-
ing four Eqs. (6)—(9) are easy to solve. For AgPt al-

loys, however, we cannot neglect s effects. Thus we

introduce a third Korringa relation for the s parts
with an unknown, variable enhancement factor 0, '.

Ks TtsT =OtS (10)

(o/o l

Korb

3,0—
2.5-

1.5-

cx =1 corresponds to free, noninteracting s electrons
and is thus a lower limit for 0.. For pure silver a
value of 0, = 2.0+0.2 has been found which most
probably contains not only s effects. So we regard a
value of n =2.2 as an upper bound for our following
estimates. The delocalization of the s electrons
should mean that the enhancement properties of the
silver host are responsible for Eq. (10).

To solve Eqs. (6) and (10) (five equations, but
seven unknowns) we adopt the following sign con-
ventions which have been extensively discussed in

B. Origin of K(Pt} and T~(Pt) 0

- 05.
Ks l/o)

As already shown in Fig. 4, the platinum Knight
shift in silver-rich alloys is rather large and positive
(K =+1.58% for c 0, T 0). The relaxation rate

T~
' has about t~ice the value of pure Pt. To get

some feeling for the origin of these values, one can
break down K and T~ into s, d, and orbital contribu-

-1,5-

Kd lo/oj

FIG. 10. Graphical solution of Eqs. (6) to (10), see text.
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the literature: range of possible solutions in Fig. 10

E, &0, E, (0, E.„b&0 .

Figure 10 shows E„b and Eq as a function of K, with
n as a paramete. r. All lines below the slightly inclined
line L ~ represent K~ curves, the. curves above L~
represent E„b curves. The small region between the
E, axis and L~ shows solutions which contradict Eq.
(11) and are thus discarded. To find some more re-
strictions we first tried to analyze the different tem-
perature dependencies of K(Pt) and T~(Pt). Howev-
er, the experimental error bars in the T I measure-
ments were too big to allow any further analysis.

Therefore the following assumptions were made:
(a) The orbital hyperfine field on Pt sites has not

changed compared to pure Pt metal. This assumption
is not very restrictive, as the same physical conclu-
sions (with only minor numerical changes) resulted if
a slightly different hyperfine field was assumed. (b)
The d hyperfine field has the same value as in Pt
metal. (c) A formula for the local orbital susceptibil-
ity (postulated by Clogston er al. '0) may be applied

E.,b
—x.,b

—q (10—q) (12)

2@a pd(EF)Xg=—
1——( U+41)pg(EF)

4va pa(EF)
Xorb i

1—
—, (U—I) p~(EF)

(13)

(14)

Assumption (a) seems to be supported by photoemis-
sion measurements in AgPt which showed a spin-
orbit coupling constant g (closely related to H„b) of
about the same size as in pure Pt metal. '4 Assump-
tion (c) leads to a "scaling" of E„b in AgPt relative
to pure Pt:

/

K„b(AgPr) = E„,(Pt),q)(10—q))
q2 10-q2

q&=q(AgPt) =0.33, q2
——q(pt) =0.43

The resulting value of K,„,(AgPt) =+0.30% inserted
in Fig. 10 gives the horizontal dashed line L2. For
each 0, value the corresponding Kq may now be ex-
tracted.

As the d and orbital hyperfine field in Pt metal are
known from Jaccarino plots, ' the local susceptibili-
ties X~ and X„b can be calculated. The model of
Dworin and Narath gives two relations for Xq and

X„b in terms of the Anderson parameters U and J
and the d-electron density of states pq(EF) (Ref. 29)

1.5~~~2.2,
1.4% ~E, ~ 1.66%

—0.44% ~E„~—0.21%

22.0 ~ ( T~, T) ' ~ 22.6 sec K '

0.12 ~ ( T~,„bT) ' ~ 0.17 sec K '

0.01~ (T&zT) '~0.55 sec K '

We found that the physical meaning of these results
was rather independent of the exact value of K„b
(which is equivalent to the number of d holes). Fi-
nally the following conclusions can be drawn: (i) The
Knight shift E(Pt) has a dominating s contribution
E, . The nonzero d and orbital contributions Kd and
E,„b approximately cancel numerically but neverthe-
less produce the tern'perature effects. (ii) The relaxa-
tion rate is almost completely due to s effects; d and
orbital terms are very small. (iii) The enhancement
factor n has about the same value as in pure Ag met-
al.

The smaller value of Kd compared to pure Pt metal
presumably results from a strong decrease in d-

enhancement factors, according to smaller Pt-Pt in-
teractions (because of a short-range screening). The
smaller number of d holes (0.33 instead of 0.43) also
indicates a reduced density of states pq(EF) which
furthermore reduces the small Eq value. The in-
creased E, value as compared to pure Pt metal might
be attributed to a larger s-electron density arising
from the Ag matrix. Possibly Korringa-Kohn-
Rostoker (KKR) calculations could give detailed in-
formation on these points. If the electron density of
states pz(EF) were known, the Sd Anderson parame-
ters U and J could be calculated. To our knowledge
no measurements of pq(EF) (e.g. , via specific elec-
tronic heat) for the system AgPt are yet available.

C. Susceptibility

To check the consistency of the considerations
above it seems appropriate to discuss susceptibility
measurements of the AgPt system. Unfortunately
for our discussion the theoretical work about the rela-
tion between Xq and X,„b and the bulk susceptibility is
not sufficient. Yet in a paper of Klein and Heeger a
simple formula is derived under some restricted as-
sumptions"

Equations (13) and (14) lead to a useful inequality Xexp = Xhost+ & XrI (16)

Xorb ~~ 2Xg

Equation (11) together with Eq. (15) restrict the

(1S) Figure 11 shows the concentration dependence of
X,„,, extrapolated to T = 0, H = m (Honda-Owen ex-
trapolation).
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FIG. 11. Magnetic susceptibility X~ in silver-rich AgPt al-

loys extrapolated to T =0, 8 =co from temperature- and
field-dependent measurements.

cm /g, and together with the d hyperfine field of pure
platinum Kd = —0.45%. This value should be com-
pared to —0.40 ~ Kd ~ —0.21%. All these figures
show that bulk susceptibility experiments are con-
sistent with the given interpretation of the NMR
data.

The susceptibility X,„p ought to show a temperature
dependence (like the Knight shift does) but no effect
could be seen. This is due to the fact that X is a bulk
property which in Ag-rich alloys contains only a very
small temperature-dependent part (too small to be
detectable), whereas NMR measures local properties
where Kq is an appreciable fraction of the measured
Knight shift.

If we use a somewhat generalized form of Eq. (16)

Xexp = Xbost + ~ (Xd + Xorb )

which seems appropriate as a first approximation, we
find Xq+X,„b=0.3 x 10 cm'/g. For the case of
small enhancement factors the inequality Eq. (15)
reduces to Xd = —, X„b. This gives Xd =0.1 x 10
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