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The electron-spin resonance of dilute Ag:Mn alloys is reported for samples containing Sb and Au

nonmagnetic impurities. The bottleneck is nearly broken, allowing for the extraction of the

unbottlenecked g value and linewidth, These quantities, together with the Kondo lnT coefficient as

measured by Jha and Jericho, are sufficient to determine the first three partial-wave exchange

amplitudes. The three partial-wave amplitudes combine to give a value for the exchange
Ruderman-Kittel-Kasuya-Yosida broadening of the host NMR which is only 25%%uo smaller than that

measured by Mizuno, and reanalyzed by Alloul. The d-wave amplitude is negative, and smaller in

magnitude than in Cu:Mn, implying a very much lower Kondo condensation temperature for Ag:Mn as

compared to Cu:Mn. The magnitude of the shift of the "Mn hyperfine field in Ag:Mn from the

insulating state is shown to be consistent with these exchange partial-wave amplitudes. The
conduction-electron spin-flip relaxation rate is extracted for each of the two impurities, Sb and Au.

Finally, a line-shape analysis taking into account exchange narrowing of the hyperfine splitting is shown

to partially explain the concentration dependence of the "residual width" in reflection ESR, consistent

with the behavior of 1/T« in transmission ESR.

I. INTRODUCTION

The electron-spin resonance (ESR) of Ag: Mn

and Cu: Mn has been extensively studied by many
authors' using both reflection and transmission
techniques. The properties of the resonance indi-
cate the existence of a magnetic resonance "bottle-
neck"—the spin-flip relaxation rate of the conduc-
tion electrons to the Mn' ions exceeds that to the
lattice. Previous experiments at what must now

be considered rather high Mn concentrations (ex-
cept those in transmission ESR) were only able to
partially open the bottleneck. This was accom-
plished by increasing the conduction-electron spin-
flip lattice relaxation rate upon the addition of non-

magnetic impurities. This provided an effective
technique for obtaining the impurity cross section
for conduction-electron spin relaxation. As the
bottleneck is broken, initially one finds an increase
in the ESR thermal broadening coefficient. A com-
plete break would also exhibit a shift in the field
for resonance (g shift). No report exists, how-

ever, about a change in the Ag: Mn g shift of this
origin upon impurity addition.

The purpose of the present work is to report
further details of the ESR of dilute Ag: Mn alloys.
We have been able to break the bottleneck substan-
tially by using powerful conduction-electron spin-
flip "scatterers" (Sb and Au impurities). This
provides us with conduction-electron spin-lattice
relaxation rates for the scatterers. We also ob-
tain values for the sign and magnitude of the effec-
tive local-moment —conduction-electron exchange
interaction J from the g-shift and thermal-line-

width measurements. Correlating our results
with previous resistivity measurements (especial-
ly the coefficient of the Kondo lnT term) we are
able to extract the dependence of J on the momen-
tum-transfer vector q for the first three partial
waves. The partial-wave arialysis can be checked
in a critical manner by comparison with the ex-
change RKKY (Ruderman-Kittel-Kasuya. —Yosida)
broadening of the host NMR in Ag: Mn dilute alloys.
The exchange REKY interaction as measured by
Mizuno and reanalyzed by Alloul' is only 25'/~,

larger than the value calculated using our three
partial-wave amplitudes. These differences are
attributed to the large "error bar" in the measured
experimental values.

A feature of the ESR experiments on Ag:Mn al-
loys which has so far eluded quantitative explana-
tion is the (T=0) residual linewidth, or the so-
called I/T«. It is known from transmission spin
resonance (TESR)' that this quantity is inversely
proportional to the Mn concentration (c), and was
interpreted. as falling off as —1/c at very low c,
then as 1/c for alloys of greater than 100 ppm Mn
(but see discussion in Sec. III C). In our experi-
ments (see also Ref. 3) we have found a. nearly
equivalent increase in the ESR linewidth extrapo-
lated to zero 7" as c decreases, or, equivalently,
as the bottleneck is progressively broken upon the
addition of nonmagnetic impurities. I angreth et
gl. ,

" and then in some detail Pifer and Longo, '
argued that this might be caused by exchange nar-
rowing of the hyperfine splitting of the Mn". Quan-
titative agreement eluded both sets of authors.
We are able, at least partially, to account for
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the behavior of the residual width (1/T~~) by the
use of the values for Z(q) as derived from our
measurements. We have performed a calculation
for the seven (six hyperfine, one conduction elec-
tron) exchange-coupled eciuations of motion, and

display the dependence of the full line shape both
on e and on. temperatux'e. Extraction of an "effec-
tive" residual width 1/T~~ gives values reasonably
close to our experimental (ESR) results.

Another feature of the MD5~ hyperfine interac-
tion in the dilute noble-metal alloys is the reduc-
tion of the hyperfine coupling constant A from the
insulator value. Nuclear orientati. on experi. ments'3
exhibit a marked reduction in A fox Cu as com-
pared to Ag, and for Ag as compared to Au hosts.
We attribute this reduction to d-wave admixture.
Our measurements in Ag: Mn of Z(q) allow us to
estimate the magnitude of the reduction from the
insulator value. A comparison with other experi-
ments in Cu: Mn enables us to extract a d-wave
scattering approximately twice as large for Cu:Mn
as for Ag:MD. We are able to show that thi. s
roughly accounts for the relative change in A. be-
tween Cu:MD and Ag:Mn.

The Kondo temperatuxe' TE of the Cu: Mn sys-
tem has been estimated by Hirschkoff ef gl. '4 to be
-2 mK, while no detectable Kondo condensation has
been observed in Ag: Mn by Doran and Symko"
using a similar method. These numbers axe much
less than that derived from nucleax orientation stud-
ies'3 (25-60 and 40 mK respectively). The inter-
pretation of our results for Ag: Mn, when com-
pared to the interpretation of NMH and transport
experiments Gn Cu:]gn, supports the susceptibility
estimates of &E, as compared to the nuclear ori-
entation estimates.

In Sec. II we present our experimental results.
In 3ec. III we divide the analysis of these results
into three parts: (a) the wave-vector dependence
of the exchange in Ag: Mn; (b) the magnitude of
the decrease of A upon going from insulating to
metallic host; and (c) the line-shape analysis.
Section IV compares the results of this paper with
previous (some of which are very recent) measure-
ments on Cu: Mn, including the Kondo temperature.
Finally, in Sec. V we discuss the differences (and
contradictions) between apparently related experi-
ments, and present some suggestions for future
research.
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dered form or as single crystals. The experimen-
tal results exhi. bit the following features.

(i) The EPR spectra are a single line, with a
linewidth of the form a+ 5T; a and b (residual width
and thermal broadening coefficient) depend appre-
clRbly OD Mn concentrRtioD, Rs well Rs on other
impurities (Sb, Au).

(ii) For small Mn concentrations the g shift is
temperature independent. For higher concentra-
tions (cM, ~ 250 ppm), the spectra exhibit ordering
effects in that the g shift is slightly positive and

temperature dependent.
(iii) Adding Sb impurities increases the g shift

and the thermal broadening coefficient. Figure 1
exhibits the effect of Sb addition on g, 5 = &H/&T,
and the A./B ratio (in the notation of Feher and

II. EXPERIMENTAL RESULTS AND ANALYSIS

The EPH measurements on. Ag: Mn were per-
formed at X band, and as a function of tempera-
ture in the liquid-helium range (1.4 ~ T ~ 4.2 K).
The Mn coDceDtx'RtloIl wRs vRx'led fx'onl 50 to 1500
ppm. The samples were prepared by are-furnace
or induction melting, and were examined in pow-

l000 l500
Sb concentration (pprn)

FIG. l. (a) Thermal broadening, Q) g value, and {c)
A/B ratio of the dilute alloy Ag: Mn as a function of an-
tirnony (Sb) concentration. The horizontal broken line
in @) represents the Mn g value in insulators, The
A/S ratio is defined after Feher and Kip (Hef. 16).
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ls cllRI'Rc'teI'ized ill Gill' experimental data by IBRxl-
mum values for both 4g and b which we shall de-
note Ago and bo. These maximum values are not
changed by further addition of nonmagnetic impuri-
ties. According to Figs. 1 and 2, the following
values for Ago and bo are found:

4g() = —0.035+0.01,

bc=45+10 G/K .
Ao is related to the exchange spin-flip scattering
of the Mn ions, I/T~„given by'

b)
2.0l

Il
2.00= ~

il
I,99-

O

O l.88-

L97-

4go can be expressed as

Here tI is the electron-electron Coulomb interac-
tion responsible for the exchange enhancement of
the conduction-electron susceptibility; Z(g) is the
q-dependent exchange interaction; Z(0) is the @=0
component; y(q) is the tl-dependent static suscep-
tibility; y(0) is the @=0 component. The symbol
( ) means the normalized sum from 0 ~

1 q 1
~ 2Ez

and N(E~) is the density of states of the conduction
electrons per one spin direction at the Fermi ener-
gy.
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FIG. 2. (a) Thermal broadening, (b) g value, and (c)
A/8 ratio for the dilute alloy Ag: Mn as a function of
Au concentration. Xo D

0

Kip' ) and Fig. 2 the same for Au addition.
(iv) The g/8 ratio and the residual width vary

appreciably with Mn concentration. The latter de-
cl'eRses wltll lllcl'eRslllg Mll collcelltI'R'tion (Flg. 3)
while the former exhibits a peak around 500 ppm
[Fig. 4(R)]. The residual width will be discuesed
in Sec. IIIC. The A/B ratio cannot now be ex-
plained.

Features (i) and (iii) of our results are indicative
of the presence of a magnetic-resonance bottle-
neck ln the relaxatlon mechan1sm The=' effect of
the 3b or Au is to increase the spin-flip relaxation
rate of the conduction electrons via spin-orbit scat-
tering. This process leads to a nearly -complete .

unbottlenecking of the resonance (see Figs:. 1 and

2). The bottleneck-broken or "isothermal" limit

I
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FIG. 3. ESB linewidth of the dilute alloy Ag: Mn as a
function of Mn concentration at T= 1.4 K. The dashed
line represents the theoretical fit (at T=1.4 K) using the
method described in the text, with the same exchange
and relaxation parameter as extracted from ESH mea-
surements. W'e assumed g,1,=3&&10 + 9X10 cM, where
,cM~ is the Mn concentration in ppm. The hyperfine split-
ting is 40Gwithanenhancementfactorof 0. =0.5. Below
100ppm a distortion or even a partial resolution (at T=1 K)

of the line shape was observed in our theoretical line
shape and we were not able to extract any linewidth.
The solid line represents Shanabarger's (Qef. 5) "re-
sidual width" for very dilute Ag: Mn.
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Ag. Mn
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FIG. 4. (a) A/B ratio and @) the g value as a function
of Mn concentration. Both A/B and g were measured at
T=1.4 K.

Using IV(E~) =0.121 states/eV atom spin, we

find

)
= —0.25+0.1 eV,Z(0)

1 —Ux o

(5)

Qur "success" in the observation of the isother-
mal limit as well as the "failure" of previous at-
tempts performed by others' ' on Ag: Mn can be
explained partially on the basis of choice of the
spin-flip scatterer. Usually, the increase of the
spin-flip scattering 1Rte upon the addition of ln1-
purities is accompanied by an increase in the
"residual width. " This is probably associated with
inhomogeneities in the charge distribution intro-
duced by these impurities. An example of this be-
havior is provided by a comparison of the effect
of Au and Sb impurities on Ag: Mn alloys. Experi-
mentally, the Mn residual width broaden, s upon the
addition of Au much faster than upon the addition
of Sb. This also manifests itself by larger error
bars in Fig. 2 than in Fig. 1. It should be stressed
that the cross section for relaxation by Au impuri-
ties (see below) is relatively large, and the bottle-
neck is expected to be fully broken. However,
the accompanying large incx'ease in residual width
interferes with the extraction of resonance param-
eters. Qnly after breaking the bottleneck using
Sb as a scatterer were we able to interpret the Au
data. Thus a scatterer is needed which will ex-
hibit the following properties: (a) sufficiently large
cross section for conduction-electron-lattice-spin-
flip relaxation so that extremely small quantities
can open the bottleneck, and (b) only —at worst—

a modest increase in the residual width. Informa-
tion provided by Schultz and Oseroff' ' indicated that
Sb satisfied both criteria. The extraordinary spin-
flip efficiency of the Sb scatterer is probably as-
sociated either with a p-wave resonance or with
the large charge contrast between the Sb (probably
Sb') and the Ag. The latter results in a substan-
tial attractive potential for the conducti. on elec-
trons, resulting in a large localized screening charge
density. The small ionic radius (0.62 A) of Sb, as
compared to Au, may be the cause of appreciably
smaller broadening of the resonance line, but the
precise reason is not clear.

It is interesting to compare the spin-flip scatter-
ing rates for Sb and Au in Ag. This requires, how-

ever, an estimate of the value of the conduction-
electron exchange spin-flip scattexing rate caused
by the Mn ions, 1/P„. This scattering rate can
be expressed as'6

(1/&.~) = (1/&~.)(x~/x. ) = (1/T..)(x /x!")I.l —Ux(0)1

(6)
whele ~ Rnd g~ R1"6 the spin susceptibilities of
the Mn ions and the unenhanced conduction elec-
trons, respectively. y~ can be estimated using
the Curie-%siss law with effective spin S =2 (rath-
er than S = 2).' X,

'0' can be calculated using the
free-electron model. There is, however, some
disagreement in the literature concerning the val-
ue of UX(0). The original estimate of Narath~~

yielded UX(0) =0.47 for Ag. Later this value was
corrected by Narath and cleaver. ao They found

UX(0) = 0.76 for the 5-function range and UX(0)
=0.33 for a, spatially constant interaction. These
cRlculRtlons Rx'6 in dl.sagreement with the conduc-
tion-electron spin resonance (CESR) of Shanabar-
ger. 5 Shanabargex was able to extract the suscep-
tibility ratio, X~ /X„ from both the g-shift and
linewidth behavior in the extreme bottleneck re-
gime, using a Hasegawa-like analysis. ~ He found
that y, can be vexy well approxima, ted by a free-
electron value without any enhancement. A com-
plication exists, however, in the an.alysis of Shana-
baxger. This is caused by the six hyperfine lines
arising from the nuclear spin I = -', of the 100%
abundant Mn isotope. The line- shape analysis
to be given '-in Sec. III C indicates that these lines
are not completely narrowed in Shanabarger's ex-
periment. This could slightly change his conclu-
sion. Qther evidence for the nonexistence of a
large. enhancement factor in Ag is provided by
correlating reflection and transmission ESR in
Ag: Er dilute alloys. A large g shift in the CESR
line was observed ' and attributed ' to the q = 0
coxnponent of the exchange. This generates an ex-
change parameter J'(0) equal to 0.5 eV for Er in Ag.
The Er g shift a,s measured with respect to the theo-
retical g value, g = 6.VV, was found to be 4g = O. 0'7.
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This g shift can be expressed theoretically by an
expression equivalent to (3). We find an enhance-
ment factor very close to zero. Our arguments,
however, should be considered with caution. This
is because the theoretical value, @=6.'77, is actual-
ly the Er g value originating with the ground-state
orbital momentum of Er'3 and corrected for the
breakdown of the Russel-Saunders coupling in the
free atom. No contribution from covalency was
taken into account. Such contributions could
change our arguments„

In our analysis we shall therefore consider two
extreme cases, (2 = Uy(0) = 0 and (2 = 0.5.

Using (6) and (5), the conduction-electron ex-
change spin-flip scattering rate caused by the Mn
ions (1/ T,2) is found to be

8 (1 r,„ = (3+1)x102 sec '/ppm Mn (n =0)
ec

= (1.5+ 0.5) x 102 sec '/ppm Mn (n = 0.5) .
(~)

Using these values, the initial slope of the line-
width versus concentration in Figs. 1 and 2 to-
gether with the Hasegawa theory'7 yields for the
lattice-spin-flip scattering rate

= (2.4 + 0.7) x 102 sec 1/ppm Sb ((2 = 0)ec T~ b
= (1.2+0.4)x 102 sec 1/ppm Sb ((2=0.5).

(8)
These values are only tw ice as large as that ob-

served for Au impurities

8(1 r„ =(1.2+0.4)x102 sec '/ppm Au (o(=0)
Au

= (0.8+ 0.2) x102 sec '/ppm Au ((2=0.5).
(9)

Comparing (8) and (9) we see that requirement
(a) was in fact satisfied in previous experiments
using Au as an impurity. Failure to satisfy (b) was
the only reason why clear evidence of a g shift was
absent from previous experiments in which the
bottleneck was partially broken.

III. ANALYSIS

A. Rave-vector dependence of the exchange

According to Davidov et a/. , 2 we can write (see
also Blandin")

g(q) =g (2I.+1)Z( )P (cos8), (10

where lql = 0~[2(l —cos8)]'~ and cos8 = (k ~ k /
Ikl!k I). The expression (10) is correct only if

the Fermi surface is spherical, and only for ~k~,

~k (=k~, i. e. , for scattering on the Fermi sur-
face. Our principal aim is to use the g-shift [Eq.
(4)] and linewidth [Eq. (5)] results to obtain the par-
tial-wave amplitudes O' '. In thepresence of ex-
change enhancement (4) and (5) can be expressed,
using a partial-wave analysis, as

1 —Uq0 1 —Uyi0,

(11)

= ~..(2L+1)(2I'+ l)(~"&)(~"')

O (coo 9)p , (coco))
[1—Ug(cos 8)]

In the absence of enhancement the cross terms
(I.t I. ) in (12) vanish, and results identical to
those in Ref. 8 are obtained. Equations (ll) and

(12) give two relations between J'(~&. From our
previous works we expect only L, =0, 1, and 2 terms
to be significant for transition-metal impurities
(see below). We therefore need at least one further
relation to obtain a set of explicit values for the
J''~'. We turn to transport measurements, where
we have previously shown that, in the absence of
potential scattering (Fischer gives the complete ex-
pression~), the electrical resistivity can be written
as

p= ~, —([J„,(q)]2(1 —cos8))+4f(((E~) 1n( 2 ([Z„,(q)]2(1 —cos8))
2N, e28

(13)

((gtst gttt)s s(gill gtst)s 3(Jt ) ] 4ts(c )) )](g to g l )(st gl t)l

~2(g(1) + g(2&)(g (1& ~(2) )2 3(g(2&)2]

Here N(Zz) is the one-spin conduction-electron
density of states at the Fermi energy, $ the spin
of the paramagnetic impurity, z the number of
conduction electrons per atomic cell, D the band-

width, and No the number of atomic cells per unit
volume.

The three expressions (ll), (12), and (13) in

principle over~'etermine the g-, p-, and d-partial-
wave contributions to J(q). However, the avail-
able electrical resistivity data on Ag: Mn are not
reliable for the normal, or 8', term in (13).
Magnetoresistance measurements, which could
yield reliable values for this term by virtue of
their ability to separate potential from spin-flip
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scattering contributions to p, have only been car-
ried out for Cu: MD by Monod. This limits us to
use only of the lnT term, but we are able to deter-
mine the s-, p-, and d-wave contributions. Using
the value of Jha and Jerichoe for the coefficient of
the lnT term, and neglecting potential scattering, ~

%6 flQd

&[g„,(q)]'(I —cose) ) = 0.0098 8V' . (14)

Our analysi. s proceeds as follows. We note that
Z'~' =ZA'~t) +pc(~„', where ZA'~t) &0 for Rll I.under our
conditions, and J c(~M'&O. The subscripts At and Cm
represeQt the atomic ( oulomb Rnd covalent mixing
contributi. ons, respectively. A ccording to Watson,

~At ~At ~At
(O& &l) &2~ (i5)

though the last may be somewhat enhanceds by vir-
tue of the Clebsch-Gordan coefficients. Also, for
3d transition-metal ions~

with 67 cM Rnd J cM completely Degllglbl. These
conditions are a consequence of the nearly spheri-
cal character of the Hartree-Foek mixing potential.
J coM depends on its quadrupolar character, which
ls expected to be smallq Rnd (JcM ~ L odd) depends
on the odd-parity compolleDts of the mixing poten-
tial, and these are known to be negligible.

We therefore expect J'{o) to be positive, though
perhaps reduced because of the partial cancella-
tloll of J I(( (positive) by tile (Ilegative) J cM. eT

must be positive (this will be important below) and
J@' can be of either sign. For transition-metal
ions it is now generally accepted that the intrin-
sicaHy small value of J A'~&, coupled with the full
force of the interband mixing, expressed through
J C2M, is sufficient to result in a negative value of

Indeed, if such were not the case, the Kondo
anomaly mould not be present.

As demonstrated above, the exact enhancement
fRctor ln Ag 1.S Ilot known, Rlthough it ls believed
to be small. ln addition, the error bars" in
the exchange interactions (4) and (5) are ap-
pl'oxlnlRtely 30/g. I Rrge 61'1'ol' l3ars exist Rlso ill
the exchange parameter (14) extracted from re-
sistivity. This is because the coefficient in the
lQT terID in the electrical resistivity appears to
vary with concentration. It increases upon de-
creasing solute concentration by 20/q from 70 to
50 ppm. fn the presence of such large error
bars in the measured values we shall neglect en-
hancement altogether. When we carry out our fit-
ting procedure, using (4), (5), and (14) in (11),
(12), and (13), respectively, the most satisfactory
set of partial-wave amplitudes is found to be

Z RKKY — -'{
[1 —(I/2) U~(0)]' (19)

where the enhancement factor in (19) was first
discussed ln prlnclple by Blandin, Rnd then ln-de-
tail independently by Walker and Walstedt. 34

Using (17), we evaluate (19) [again assuming
U&((0) = 0] to find

Z.„(RKKY)= —0.79 6V . {20)

This value is Rl3out 25% slllR1181 tllRll the expel 1-
mental result (18). In view of the uncertainties in
the various measured values, as mell as the ap-
proximate nature of the theory, we are not overly
concerned by this difference. The main point is
how one can correlate the exchange parameters
as extracted by different experimental techniques
using a partial-wave analysis. %6 were partially
successful [assuming U3((0) = 0] as demonstrated
above. For the case of Uy(0) =0. 5 the agreement
ls much worse. The q dependence of tIle exchange
using (10) and (17) is exhibited in Fig. 5.

The results (1V) have an immediate conse(luence
for the hyperfine field and Kondo temperature for
Ag: Mn, and mill be discussed further in 3ecs.
III B and IV, respectively.

8. Hyperfine fieM

The MQ hyperflne field lD the dilute Rlloy
Ag: Mn is nearly half that found in insulators 3

(0& (ey) J (1& (ey) g(2& (ey)
Ag: Mn + 0.13 + 0.09 —0.13 . (1 f)

We ean check the consistency of these partial
waves usl. ng the host NMH llDe broRdeniDg cRused
by RKKY conduction-electron polarization induced
by the magnetic impurity. The host NMR broadening
of Ag in Ag: Mn dilute alloys was measured by
Mizuno. However, he used an incorrect value of
the hyperfine constant for Ag, and therefore ex-
tracted too large a value for Z,«(RKKY). Alloul, 10

using the value derived by Hennett et aE. ,~' ex-
tracted [Z.„(RKKY)N(E ) [=0.14V+0.013, where
K(Ey) is tile 0116-spill conduction-electron density
of states at the Fermi level. Using N(E~) = 0.131
states/6V, we would find

~Z.„{RKKY)~= i.i2~0.10 6V . (18)

The problem with this value is that the raw data
from which it was extracted exhibit a curious
curvature for large values of ((&') which Mizuno
was unable to explain (this was pointed out to us
by Walstedt). Thus, some uncertainty enters i.nto
(18), and one should regard it as only an upper
llml. t

As shown in Refs. 8 and 24 (see also Appendix
8), the effective exchange has the form
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FIG. 5. q dependence (q=& -P') of the exchange in-
teraction t J(q)] for Mn in Ag as calculated from (10) us-
ing (17).

(- 330 and —460 kG, respectively). In the latter,
its origin is now known to result from polarization
of the occupied s-electron cores by the unpaired
d-electron spin. The sign is negative, arising
from the attractive exchange potential between the
inner s shells and the d spins. The large reduction
in metals is believed to be caused by a positive dy-
namic conduction-electron polarization in the vi-
cinity of the localized moment. Yosida~~ was the
first to calculate this polarization and its contribu-
tion to the hyperfine field at the nucleus of the mag-
netic impurity. Extending (very slightly) the work
of Hirst, ~s the change in the EPR hyperfine coupling
constant can be shown to equal

g j(k, k )A(k, k)+c. c.f (1 f ) (21)
g p &y' 6g

where we have allowed for a hyperfine field form
factor, as is surely the case for core polarization.
The conduction electron's contribution to the hy-
perfine field at the nucleus is obtained from (21)
by multiplication by the factor ( S')/g, i1, Only if
both Z(k, k ) and A(k, k ) are independent of k and

k can (21) be reduced to the familiar form20

) (A(0&g (0) + 3A(1)g (1) + 6A(2&g (2&)iV(E )

(22)
where A' ' is the hyperfine coupling constant ap-
propriate to the L, th partial wave. Conduction
electrons with s-wave character contribute to the
hyperfine interaction via the (positive) contact
term; while those of p- or d-wave character con-
tribute via the (negative) core polarization mech-
anism. From (17) we see that the s- and p-wave
exchange is positive, while the d wave is negative
for Ag: Mn. Allowing for the degeneracy factors,
one can safely ignore the p-wave contribution to
A. The combination of positive hyperfine interac-
tion and exchange for s waves, and negative hyper-
fine interaction and exchange for d waves, leads
therefore to a positive increase in the polarization-
induced hyperfine interaction from both sources.

D for some reason our analysis were in error,
and J' ' were predominant and negative, the
change in hyperfine interaction from s waves would
have been negative. This would lead to a negative
conduction-electron contribution to the hyperf ine
field because the magnitude of g' ' is much larger
than that of any A' ' (I- ~ 1). This would be in dis-
agreement with the experimental hyperf inc fields
quoted above.

To get a feeling for the relative contributions to
DA in (22), we use the measured difference (+130
kOe) between the insulator and alloy (Ag: Mn) value
for H», =AS/g~p„. Using H(~) =6)&10' kOe for 4s-
like electrons, we find that the s wave's contribu-
tion is approximately 40/& of the measured &A for
Ag: Mn. We would then extract a value for the d-
spin-polarization hyperfine contribution, which,
after allowing for degeneracy, would have to cor-
respond to one-third of the s-spin-polarization
hyperfine field. This is much too large, and one
must use such values with great caution. This is
a consequence of k and k in (21) not being restrict-
ed to the Fermi surface. The partial-wave analy-
sis is no longer reliable; J' ' is no longer con-
stant but varies with eg and ep, not to mention the
variation of A(k, k ). Applying values obtained for
the exchangeparameter from magnetic resonance or
transport measurements (where k and k are re-
stricted to the Fermi surface) and using these
values to obtain changes in the hyperfine constant
(where h and h vary over all h space, subject only
to the exclusion-principle restrictions) should not
be taken too seriously.

C. Line-shape analysis

In this section we analyze the expected ESB
line shape for Ag: Mn in the presence of exchange
(Sec. IIIA) and hyperfine interaction (Sec. III B).
Two anomalous features are observed for dilute
Ag: lVln alloys. First, the residual width decreases
with increasing Mn concentration (Fig. 3). This is
in marked contrast to observations in most other
dilute alloys. Second, the Mn A/B lineshape ratio
decreases upon addition of other nonmagnetic im-
purities (Fig. 1, Sb; Fig. 2, Au) but exhibits a
clear maximum as a function of Mn concentration
[Fig. 4(a)j. The first feature has been observed
in transmission electron spin resonance in both

Ag: Mn and Cu: Mn. No satisfactory explanation
has been given, however.

In an attempt to interpret these features we

have performed a line-shape analysis similar to
that of Pifer and Longo. ' This analysis is neces-
sary because the six hyperfine lines (I = —,

' for Mn")
are presumably almost completely exchanged nar-
rowed in our experiment.

We start with seven Hasegawa-type equations
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of motion: six for the magnetizations, M„, asso-
ciated with the six hyperfine lines (a = 1, 2, . . ., 2j
+1), and the seventh associated with the conduc-
tion electron's magnetization, M, . These equa-
tions can be written as

enhancement, the conduction-electron spin suscep-
tibility X, can be expressed as

(0)
Xs

Xs 1 UX (0)
s

" = y[M„x(H+H„"'+ &M,)]+ 6
6

x M, —i),
' )

~ H + A. g M„.
v'=1

(
+ IM„- ~'(8+~M, ) i,

T~s
(23)

A Curie law was taken for ~ (with S =2) in which
both Mn concentration and temperature are explic-
it parameters depending on the experimental con-
ditions. The parameter A. is related to the ex-
change interaction and can be written as'7

(27)

6

' =y M, xlH+~gM„+ '
7ds

6
1 1x M„—y~(H + i).M,

i

——+ —
iel ') z;„v;,)

( 6

x'(&) =I,Ex'.)H))+x'. )H), (26)

was determined by a solution of the matrix equa-
tion (see Appendix A). The actual line shape is
given by plotting Reit'(H) as a function of H. The
line shape depends explicitly on the parameters

I/T„, I/T~~, I/T~, and H„"'.
The unenhanced electron spin susceptibility,

y,"), was estimated to be y,
'o) = 0.7x10 ' emu/mole.

We used a Ag density of states N(Ez) =-0.131-
states/eV atom spin. In the presence of electron-
electron Coulomb interaction responsible for the

6

, —X, H+& M„&=1,2, . . . , 6,
x= 1

(24)

where I/Z'„and I/Z'~ are the exchange spin-flip
relaxation rates of the paramagnetic impurities to
the conduction electrons, and vice versa, respec-
tively; X, and X„are the spin susceptibilities of the
conduction electrons and the paramagnetic i.mpuri-
ties, respectively; H is the external magnetic field,

y the gyromagnetic ratio (assumed to be the same
for both spin species); 1/T, ~ and I/T, ~ the spin-
flip relaxation rates of the paramagnetic impurities
and conduction electrons to the lattice, respective-
ly; 0„"' is the hyperfine field acting on the magne-
tization associated with the vth hyperfine line; and
i). is the exchange coupling constant related to J (0)
(see below for the explicit form). The equations
of motion (23) and (24) are similar to those sug-
gested previously by Cottet et al. , ' where relaxa-
tion is toward the instantaneous local field.

The line shape was generated by calculating the
transverse susceptibilities if'„(H), v = 1, 2, . . . , 6,
and i),(H). The total transverse susceptibility
i)'(H), defined as

The parameter I/T~~ is assumed to be equal to
the "residual width" for each hyperfine line. To
estimate I/T, z we assumed that the ESR spectra
were almost completely exchange narrowed, such
that the standard Hasegawa expression'7 (in the
absence of hyperfine interaction) was a, reasonable
approximation. The value of I/T, ~ was taken
from our results or, where appropriate, from
Shanabarger. s Finally, the hyperfine field B„"'for
different a values was extracted from a hyperfine
constant of 40 G. A similar value was observed
for Ag: Mn alloys by Okuda and Date. The hyper-
fine constant for Cu: Mn would be slightly smaller
(-30 G), as exhibited in nuclear orientation mea-
surements. "

Figure 6 exhibits the theoretical line shape for
(a) zero exchange interaction, (b) negative exchange
interaction but in the bottleneck regime, and (c)
the same exchange but without a bottleneck (i.e. ,
I/T, ~ »1/T, „). The various parameters used for
these plots are quoted in the caption of Fig. 6. It
is clearly seen that "turning on" the exchange in-
teraction completely narrows the six hyperfine
lines into a single line for the Mn concentration
range appropriate to our experiments. The Mn
concentration used for these plots is sufficiently
large that the oscillator strength associated with
the conduction-electron spin-resonance line can
be neglected. The effect of increasing I/T, ~ is
to shift and broaden the line [Fig. 6(c)].

Several physical mechanisms for exchange nar-
rowing, two of which are contained implicitly in
(23), may be of i.mportance.

(a) The "bottleneck mechanism" previously pro-
posed by Barnes et al.s' This mechanism makes
use of the fact that in the bottleneck regime the
transverse magnetization associated with the Mn
hyperfine lines and the conduction electrons are
locked together in phase. Thus, a coherent mag-
netization transfer (at a rate of I/T~, ) takes place
between the various hyperfine lines, leading to a
narrowing. This mechanism is almost independent
of Mn concentration in the extreme bottleneck re-
gime.
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FIG. 6. Theoretical line shape calculated for gM, =500
ppm in the cases (a) zero exchange paraIneter J,ff=0,
(J,fz(q)) =0, (b) the exchange as extracted from our ESH,
measurements but using a value of 1/T I much smal. 'er
than 1/T~ (bottleneck regime, 1/T~~= 0.34 &10 sec"~,
1/T~-—0.15&&10 sec" ), (c) using a value of 1/T~I appro-
priate to the unbottleneck regime (1/T, I » 1/T,„, 1/T, l,
=0.1&10 3 sec ', 1/T~=0. 15&&10 .sec"'), (d) represent-
ing the experimental observed line shape for eM, —-500
ppm at T= 1.4 K. The individual hyperfine line shape
Was assumed to be ~sonian %Kith A/8 rRtlo equRl to 6

(b) The second term in the equations of motion,
(23), shows that the transverse magnetization, M'„,
can be transferred to any other magnetization M„', ,
at a rate XX,(l/6T~) (see also Appendix A). This
occurs even in the absence of bottleneck effect and

provides an important narrowing mechanism that
cannot be neglected. It originates with the require-
ment that the relaxation i.s toward the instantaneous
local field. Such a requirement creates some co-
herence (or memory) between transverse magne-
tizati. ons associated with different hyperf inc lines.
This mechanism is tempexature independent but
collcelltl'Rtloll dependent (opposite 'to tllR't of tile
bottleneck mechanism) and depends on the sign of
the exchange.

(c) The effect of a Ruderman-Kittel spin-spin
exchange interaction between the Mn ions on the
hyperfine splitting has been treated by Barnes. '
This narrowing mechanism behaves si.milarly to
that described in (b) in the sense that it is tem-
perature i.ndependent but proportional to the Mn
concentration. Hesistivitye measurements, as well
Rs oui' g-shift results IFig. 4(b)]~ indicate lllterRc-
tion effects only for concentrations in excess of 250
ppm. At lower concentrations, interacti. ons can-
not be responsible for the narrowing of the hyper-
fine spectrum, and we can therefore look for

"single impurity" effects. The physics contained
in (23) and (24) is just of this type.

The calculated line shapes wex'e analyzed by the
method of Peter eg gl. M This was possible, how-
ever, only close to the extreme narrowing regime
where the line shape could be approximated rough-
ly by a I orentzian line shape. The experimental
line shapes which led to Pigs. 1-4 were analyzed
in the same manner. The analysis yielded the fol-
lowing features.

(i) It was found that the linewidth does not al-
ways increase linearly with increasing tempera-
ture, but frequently exhibits different slopes at
high (T~ 5 K) and low temperatures (the calcula. -
tions were carried out in the temperature range
0.5& T~ 30 K}. Thus, a complication exists in

the extraction of the "residual width" from the
calculated line shape. Our experiments, however,
were performed only in the temperature range 1.4
«T «4.2 K and linearity of the theoretical line-
width versus temperature was always found in thi. s
limited range.

(ii} Because of the complication mentioned ln

(i), rather than comparing the experimental "re-
sidual width" with the theoretical one, we prefer
to compare the full linewidths themselves at a
given temperature. This was caxried out in Fig.
3, where the experimental linewidth of Ag: Mn at
T= l.4 K is plotted as a functi. on of Mn concentra-
tion. For comparison, the "residual width" of
Ag: Mn dilute alloys as extracted by Shanabarger~
is also exhibited in the same figure. The theoreti-
cal line shape is xepresented by the dashed line.
The exchange parameters used are those found in
Sec. III A. The value of "I/7«" is assumed to be
3&10' sec ' (corresponding to an individual residu-
a.l width of -15 G), with the value of I/T, z as ex-
tracted by Shanabarger for low Mn concentration
and modified by us to our experimental conditions.
%'e were not able to extract any meaningful line-
width from the theoretical spectra for low Mn con-
centrations (less than 100 ppm). This is because
of partial resolution of the spectra or very large
deviation from a Lorentzian line shape.

(iii) The partial resolution observed for low
concentration (lower than 50 ppm Rnd at a temper-
ature of 0.5 K) (see Fig. V) confirms the predic-
tion of Baxnes eg g$.32 These authors predict the
possibility of partial resolved hyperfine structure
even in the presence of bottleneck effect. It should
be stressed, however, that signal-to-noise and
temperature considerations make the experiment
difficult, and so far we have not been successful in
observing these effects.

Unfortunately, the theory is incapable of ex-
plaining the behavior of the A/B ratio in Fig. 4.
It shouM be menti. oned that in our line-shape analy-
sis, no second-ox'der hyperfine corrections were
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interaction) is only 2.5 times larger in Cu: Mn
than it is in Ag: Mn for the same Mn concentration.
Since the paramagnetic Curie temperature i.s pro-
portional to the square of the effective Mn conduc-
tion-electron exchange interaction, and the impuri-
ty NMR J'' ' is 3.7 times our value for J' ' in
Ag: Mn, we have further evidence that the impuri. -
ty NMR value may be too great.

It is of interest to use the value for J'~' in (17)
to estimate T» for Ag: Mn. We take7 T»= D(exp 1/
fJ' 'N(Z»)]), where D is the bandwidth. If one
takes D to be the same for Cu and Ag doped with
Mn, then using the smallest limit on

~

J'2'
~

from
(31), and taking 8'~' = —0.13 eV for Ag: Mn from
(17), one finds

T»(Ag: Mn) =- T» (Cu: Mn) x10 '~

-2&&10-"K (32)

The ratio (32) was calculated assuming (31b) and

(17). It should be stressed, however, that the
error bar in (31b) and (17) is relatively large. A
change in Z' ' of 40% canchange our value of T»
by several orders of magnitude. Equation (32)
should be therefore considered with caution. It is
certainly clear, however, why Doran and Symko'
failed to observe the effect of the Kondo condensa-
tion in Ag: Mn magnetic susceptibility measure-
ments.

It is also worthwhile to point out that the reduc-
tion in hyperfine coupling from Ag: Mn to Cu: Mn
is very roughly given by the smaller of the exchange
values in (27). While the insulator value is - —460
kOe, the value for Cu: Mn is —280 kOe and for
Ag: Mn —330 kOe. We have already shown that
s-wave contributions cause -40% of the reduction
in II», between the insulator value and that found
in Ag: Mn. If we keep the absolute magnitude of
the s-wave contribution the same in Cu: Mn as we
used for Ag: Mn, and (with great doubt) make use
of (22) keeping A"' fixed, we would calculate from
the change in hyperfine field J' ' = —0.2 eV. This
value actually agrees with the magnetoresistance
value of Monod as analyzed by Beal-Monod and
Weiner' with the 8 terms included.

V. DISCUSSION

In summation, we have broken the bottleneck in

Ag: Mn and used the g shift and thermal linew idth
to obtain the spin-orbit spin-flip scattering rates
for Sb and Au impurities, and the related values
of the exchange coupling. The transport 'measure-
ments of Jha and Jericho, taken together with the
latter, lead to a set of partial-wave amplitudes,
positive for s and p waves, and negative for d waves.
The impact of these amplitudes on the change in
hyperfine field upon going from the insulator to the

metal, and the shape of the ESR line in the pres-
ence of hyperfine splitting, were examined. Com-
parison was made with the results of related ex-
periments in Cu: Mn, and it was argued that, at
most, J' ' could exceed the value in Ag: Mn by a
factor of 2-3. This was sufficient, however (work-
ing backwards), to show that T» was negligibly
small for Ag: Mn.

The prospects appear dim for breaking the bot-
tleneck in Cu: Mn as 1/T~, is four to five times
that of Ag: Mn (putting it in the vicinity of 200 G/K).
Thus, only at He temperatures could one hope to
observe the bottleneck-broken line. However,
things are actually even worse (see Rei'. 39). Be-
cause I/T~, is larger, so also is the bottleneck
controlling I/T, ~. Thus, the concentration of the
second impurity ("spin-flip scatterer") needed to
break the bottleneck is much larger in Cu: Mn as
compared to Ag: Mn. At such a large impurity
concentration, appreciable inhomogeneous broad-
ening of the Mn signal would occur. This would
add to the thermal exchange broadening, and make
the extraction of meaningful parameters almost
impossible.

Finally, there is an interesting complementarity
between the ESR of Mn in Cu: Mn and Ag: Mn, and
the NMR of Mn" by Walstedt and Warren. ' These
authors were able to observe the NMR of Cu: Mn"
in the paramagnetic state at high temperatures.
They "failed, " however, to detect the resonance
in Ag: Mn dilute alloys. The reason is probably
associated with the magnitude of (4',«(q)). NMR
detection is favorable in dilute alloys exhibiting
large exchange. The opposite is true for the ESR
experiments, where the unbottlenecked linewidth
is directly proportional to (Z„,(q)). Breaking the
bottleneck is more favorable for alloys having
small values of this parameter. Thus ESR and
high-temperature NMR are complementary tech-
niques.
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APPENDIX A

The transverse part of X'(R) yields the following
matrix equation:

(d- Ey

(d —E4 X4

(8 —f6

where (v= 1, 2, ... , 6)

i 1 . 1 1~„=y(ago+a~+XM', ) --X—X, -i —+
sd ds dL

i 1
A.X, ,

sd

i 1 i
g, =yX ' —— ———+ ~Xd y6 6 Tsd 6 Tds Tdr.

f~ = yXM —i ( +—Xx~ —i
sd sL ds

.t'1 1 t . 1
e, =y(H+xM„') —i( +

[
—i A.g

yM", i 1 i(1 1
6 6 T ' 6L,T~, T~~

~'

. t' 1 1 1
q, =yM,' —ij + X, + T

—g .
sd sL ds

All the quantities are defined in the text except
M,' and M„', which are given by the "molecular
field" formulas

x.(1+~xg) ~ M. xg(1+ xx.) H

APPENDIX B

The spatially dependent exchange interaction
J (R), neglecting enhancement, has been calculat-
ed by Davidov et aE. by taking the Fourier trans-
form of J(q). Their expressionis, however,
slightly in error and should be written as

J(R) =—
4

J' '[sin(2k+) —2kzRcos2k~R]+ 3J'" 2k~R — cos2k~R — 15 —
2 ~ s'n(2k~R)g4 4'

84 '?20 t' 234 V20+5J' ' —2k R+ —
~ ~

cos2k 8+~10-
~ ~

+ +~ sin2k R I,
The exchange appropriate to the long-range part, J,«(HKKY), is given by

J (RKKY) = (- J i+ 3J —5J )
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