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Detailed measurements of the transmission spin resonance in dilute Cu-Mn and pre-
liminary measurements in dilute Ag-Mn alloys have been made over the range 1.4-35'K.
While many of the features of the conduction-electron —local-moment system are ac-
counted for by an extended Hasegawa model, some significant anomalies remain. The
first observation of conduction-electron spin resonance in pure silver is reported.

Recently there has been a great deal of in-
terest in the properties of dilute magnetic mo-
ments in metals. Inasmuch as anomalies in
this system are expected to depend on electron-
impurity spin-flip cross sections and related
properties, ' it seems natural to expect that
magnetic resonance experiments might provide
direction information about the details of the
system. Electron-spin-resonance measure-
ments in the Cu-Mn system have been made

by reflection' &' and transmission techniques. '
We have measured the temperature and con-
centration dependence of the g values, linewidths,
and line shapes of transmission signals in thin
slabs of dilute Cu-Mn and Ag-Mn single-crys-
tal alloys. We have been able to explain much
of these data using a simple phenomenological
theory similar to that proposed by Hasegawa'
which has been extended to include the effects
of electron diffusion, direct Mn relaxation,
differences in the local-moment and conduc-

tion-electron g values, and the finite thickness
of the sample. While the theory does account
for most of the data, it is unable to predict
certain striking anomalies. From linewidth
data, where the theory does satisfactorily de-
scribe the experiments we have been able to
determine the intrinsic Mn relaxation time to
the lattice (Tdl), the spin susceptibility of the
conduction electrons in copper (~), and the
spin-flip scattering rate of the conduction elec-
trons in copper by the Mn impurities. It is
possible that an accurate value for the effec-
tive s-d exchange coupling (J) may be deter-
mined from further analysis of the data, and
at present we infer that J is negative and 0.1
&0.4 eV for Mn in Cu. We also report the first
observation of the conduction-electron spin
resonance (cesr) in pure silver with the g val-
ue 1.983 + 0.001.'

The experimental technique is the same as
that recently employed to discover cesr in sev-
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eral new metals. ' Namely, a transmission
experiment is performed in which microwave
power is selectively transmitted through the
metal sample when the cesr condition is sat-
isfied. Since there are relatively few mecha-
nisms for transmitting power through metal
samples many times thicker than a skin depth,
this technique allows one to make unambiguous
identification of pure cesr and the related sig-
nals reported here. ' The quantity which we
measure is the component of the transmitted
field projected onto a larger reference field at
the same frequency. The samples were thinned
to =0.003 cm from slices cut from single-crys-
tal boules. The alloy crystals were grown un-

der vacuum (=—10 ' Torr) in carbon crucibles.
The pure Cu and Ag used for alloying typical-
ly had resistivity ratios p300~/p40K of =—1000.
Single crystals used for the g-value determi-
nations of the pure metals have been special. -
ly treated resulting in resistivity ratios of 5000
to 15 000.

Theory. —The model we adopt to interpret
the data is similar to that of Hasegawa. ' The
local moment and electron spins are cross
relaxing with rates I/Tds and 1/Tsd, respec-
tively. ' Both sets of spins can relax to the lat-
tice with rates 1/Tdf and 1/Tsf. The macro-
scopic magnetization in the specimen satisfies
a pair of coupled, Bloch-like equations mod-
if ied for exchange and dif fusion:

M =y [M xH]+y A(M xM )-(T ) M +(T ) M -(T ) '(M -M ')+DW'M
s s s s s d sd s ds d sl s s s'

M =y [M &&H]+yg(M xM ) +(T ) 'M -(T ) 'M -(M -M )/T

Here Ms and Md are the magnetization vectors
for the conduction electrons and local moments,
respectively, and ys and yd are their gyromag-
netic ratios. The parameter X characterizes
the strength of Bn effective field coupling the
two systems. In a s-d exchange model ~ is
related to the exchange integral J by A. = 2JQK2/

ysyd, where 0 is an appropriate atomic volume
characterizing the range of the exchange inter-
action. The quantity D is the diffusion constant
for the conduction electrons, D= 3VF'7, where
r is a phenomenological momentum collision
time. The addition of the diffusion term to
the Bloch equations correctly takes into account
the motion of the electrons in cesr."

Equations (1) provide a phenomenological
description of the "electron bottleneck" phe-
nomenon. ' From equilibrium considerations,
Tds/Tsd = ~/~ —= y~.

' Equations (1) along with
Maxwell's equations and an appropriate boun-
dary condition on the magnetization at both fac-
es of the slab provide a complete set of phe-
nomenological equations which may be solved
for the transmitted field. " Assuming that the
sample thickness (L) is large compared with
the microwave skin depth and y « ~ y && 1, we
find that the transmitted field may be expressed
as"

of the applied dc field, ~=—g+iR'with ~ '= Tsd
x Xd~s & = ~-~d(1+x}fs) +i/Tdf and

( i
DR ' =2i

I (g)-cu
2 ( s Tsl

(w ~ z/r (lzgdI-s
(3)

When A. = 0, i.e., no coupling between the spin
systems, the solution given by Eqs. (2) and
(3) reduces to the standard Dysonian transmis-
sion formula for a thick slab. '~ For any value
of A. the resonance is principally due to a near
vanishing of E,. In general there are two val-
ues of the magnetic field, corresponding to the
two spin degrees of freedom, where A', has
such a minimum. In practice one resonance
mode is strongly damped, i.e., its width is
of the order of 1/Tds, whereas the other root,
the observed root, has a width which is of or-
der 1/Tsr.

The solution for the transmitted field given
in Eqs. (2) and (3) is sufficiently complicated
so that it is convenient to consider a limiting
case which fits the principal features of the
data. If the coupling is large, i.e., ~&us-ud )/

and cu =~d =~, Eqs. (2) and (3) re-
duce to

=(q/Z )(1-~ ~ y/a)'(sinhls L) (2) H =(Q/E )(1+y )'(sinhK L) (4)

Q is a constant which, for the range of concen-
trations considered, is essentially independent D*K '=2[1+i((u-(u )T ],
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where

((d -(d ) gS
=co +

ppl s 1+X
y

(6)

2,030—

PURE Cu

2

and

1 (1/T )[1+(T /T )X ]

eff

2.025—

2.020—

Equations (4) and (5) are mathematically iden-
tical to the pure cesr transmission problem. '

Comparison with experiments. —The most
striking feature of these observations is the
variation of the position of the resonance max-
imum with temperature. These data are pre-
sented in Fig. 1. In the limit of strong exchange
coupling, Eq. (5) would predict the measured

g value (g ) to be g =g +(gd-g )g /(1+g ).
Experimentally g~ is known for both copper
and silver from the observed pure cesr and
we take gd to be the low-temperature g value
as seen in reflection at higher concentrations. '4

The model predicts that at low temperatures
there will be a line centered at the local-mo-
ment resonance which will shift as (1+aT)
asymptotically reaching the pure cesr host
g value at higher temperatures. Qualitative-
ly, the data presented in Fig. 1 have the pre-
dicted behavior. However, the measured g
values reach a plateau value quite far from
that for the pure copper or silver resonance.
For copper (including other data not present-
ed in Fig. 1) we have found that at low concen-
trations the plateau is proportional to the lo-
cal moment concentration (Cd). An attempt
was made to fit the Cu-Mn data to an expres-
sion like Eq. (5) but with the assumption that
the high-temperature g value of the host is Cd
dependent. %e find that the data cannot then be
fitted to the observed g values in the low-tem-
perature region where the measurements are
most accurate. Indeed, using a value for y~
as determined from the linewidth data (as dis-
cussed later), and reformulating Eq. (6) so
as to allow g to appear as an intercept in a
linear relation, invariably yields values very
close to the g value for pure copper, and the
slope yields values close to gd. %e are left
with the conclusion that initially, and until tem-
peratures close to where the plateau sets in,

2 OI5r
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the g shifts do obey the relation predicted by
the model. " This implies that near the plateau
onset some other mechanism with a sharp tem-
pe rature dependence become s dominant.

A detailed fit of the linewidth data yields sev-
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IO l5 20 25 30 35 40 45
T'K

FIG. 1. Plot of the g value of the peak of the trans-
mission resonance signals versus T for three CuMn

samples and one Ag-Mn sample. The pure Cu and Ag

g values as a functionof temperature are also presented.
The theoretical curves were obtained as explained in
the text using gCu=2. 033, gMn=2. 013, and the suscep-
tibility ratio as shown. A susceptibility ratio of 3
corresponds to =13 ppm of Mn in Cu. For Ag a ratio
of 84 corresponds to =110 ppm of Mn. The approxi-
mate error in the data is indicated by the scatter of
the points.
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FIG. 2. Plot of 1/T ff obtained from linewidth data
versus the temperature. The theoretical curve is ob-
ta, ined from Eq. (8) using the values 1/Tdf = 2.58
x108sec, and 1/Ts/ =2.18x10~sec i and 4.0x10~
sec ~ for the higher and lower concentration samples,
respectively, and the susceptibility ratios as indicated
on the figure. The error is =5% for T & 20'K and -10%
for T &20'K.

eral new experimental numbers. Within the
framework of this model the observed linewidths
can be converted into the relaxation time Teff
given in Eq. (8). In Fig. 2 we present typical
data for 1/Tef f versus sample temperature
for two values of Cd. The solid line is a the-
oretical fit to the data using parameters obtained
as follows: The intercept at T= 0'K yields 1/Tdf.
Once Td~ is known, one can reformulate Eq.
(8) as a linear relation where the intercept at
T=0'K now yields T~E, and the slope yields
X~ at 1'K. For Mn in Cu we find Tdf = (3.9 + 0.5)
&10 ' sec independent of Cd. A preliminary
value for Mn in Ag is Td~ = 2.9 &10 ' sec.

Since the local-moment susceptibility of the
sample can be directly mea, sured or calculat-
ed from the known susceptibility/ppm and the
"effective" Cd, we can use X~ at 1'K to deter-
mine the electronic susceptibility yz of the
host metal Our current best value for XCU
=(1.6+0.4) x10 '. Since y~= Tds/Tsd is pro-
portional to the density of states' at the Fer-
mi surface n(eF), we find that n(eF) =0.18+ 0.004
eV ' atom ' spin '. This is consistent with-
in the error with the density of states deter-
mined from specific heat measurements. "

The quantity T~&
' when plotted against Cd

is linear, with a finite intercept (Tsf )
' at

THEORY ———

I

50

&~~' is a measure of the spin-flip scat-
tering rate for Cu electrons from the residu-
al impurities in the "pure" material and is
in good agreement with direct measurements
(Tsf' —=5x10 ' sec). From the sloPe of the
plot we find that the spin-flip scattering rate
is Tsf = (0.7 a 0.2) x10 " sec (at.%)." The ex-
perimental uncertainty in T~E, as is the case
for X, is mainly due to the uncertainty in the
"effective" Cd."

Cesr transmission line shapes are simply
characterized by a location (g value), linewidth
(~), and peak to lobe (A/B) ratio (refer to
insert in Fig. 3). In our current problem the
resulting temperature behavior of the A/B ra-
tio is quite different from the simple dependence
found in cesr. In Fig. 3 we have presented the
observed A/B ratio as a function of tempera-
ture for the same two Cu-Mn samples shown
in Fig. 2. The solid line is the result of the
theory, obtained from computer evaluations
of Eqs. (4)-(8) using the parameters as deter-
mined from the linewidth data. The over-all
behavior is qua. litatively reasonable except
for the resonancelike structure around 7 K.
%e have observed this behavior in other sam-
ples but have not been able to correlate this
dramatic change with any of the other measured

I I I I

l0 20 40
T ('K)

FIG. 2. Plot of A/B ratio versus the temperature
for the same two samples as in Fig. 2. The insert rep-
resents a typical transmission signal as a function of
magnetic field.
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quantities, such as the relative signal inten-
sity and dc resistivity. In fact, the observed
relative intensity is in good agreement with
the predictions of the model.

So far we have limited our discussion and
comparison with the data to the limit of strong
exchange coupling. In this limit the transmit-
ted line shapes when adjusted to have equal
lobes (B =8') are symmetric about the peak
value corresponding to the resonance condition.
We actually find that when the lobes are made
equal, there is a definite asymmetry in the
line. Attempts to account for this asymmetry
have been made by studying the nature of the
solutions of Eqs. (2) and (3) for smaller val-
ues of J. For values of 4& )0.5) eV a definite
asymmetry is predicted. From the sign of the
asymmetry we are able to conclude that J&0.
Preliminary attempts to fit the magnitude of
the asymmetry lead us to conclude that 0.1 & -J
& 0.4. However, it may be necessary to have
the explanation for the plateau g shift and the
A/B anomaly before one will be able to decide
definitely how far this model can be pushed
to account for all the observed effects.

We feel that the spin transmission technique
is a powerful new tool for studying the gener-
al problem of electrons interacting with dilute
magnetic impurities. Although much of the
data presented here seems to be quantitative-
ly accounted for by a "simple" phenomenolog-
ical model, there are still a number of impor-
tant unresolved pieces of data. An understand-
ing of these puzzles must ultimately rest on
a detailed microscopic picture of the electron-
local-moment (or moments) interaction.
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The (He, d) stripping reaction, which is sim-
ilar to the (d, n) reaction, is now extensively
used because of the advantage in observing
an outgoing charged particle. The (He', d) re-
action at medium energy is known to be direct
and to strongly excite isobaric analog states.
These states, when proton-unstable, have re-
cently been investigated by the observation of
their decay protons. ' This method has also
been used for the study of the (d, n) reaction. '
It is natural to expect that the advantages of
the (He', d) reaction and the proton-decay meth-
od can be combined in studying the following
sequential reaction:

Z +He -(Z+ I) +d; (Z+1) -z +p,
A 3 A+1 A+1

where the notation p emphasizes the fact that
the proton results from the decay of the inter-
mediate-product nucleus. Information on the
excitation of the intermediate nucleus (Z+I)
is gotten in the usual way by observing the deu-
teron spectrum, while decay properties of the
intermediate states, as well as properties of
states of the final nucleus, can be studied by
observing the spectrum of coincidences between
the deuterons and the decay protons. We pre-
sent here the results of an experimental study
of such a sequential reaction on Zr". Data,
based on brief (Hes, dp) experiments on Zr"
and Zr", as well as C" and 0", will also be
discussed.

The zirconium targets were self-supported
and isotopically enriched, while Mylar was
used for the study of C and 0 . An 18.7-MeV
He beam was used in the experiments, with
beam currents limited to about 40 nA to pre-
vent excessive counting rates due to elastic
scattering. 55- and 1000- p, silicon detectors
were used in two E-~ mass-discrimination
systems for the detection of coincident protons

and deuterons. The proton telescope included
a third detector to discriminate against trans-
mitted particles. Both systems were adjust-
ed to have identical gain. The data were dis-
played on a 64 x 64-channel analyzer with a
channel width of 182 keV. The energy stabil-
ity was better than +0.5% per day. Scattering
angles were selected at 90' and 270' for pro-
tons and deuterons, respectively, and each
solid angle was 5.5 x10 3 sr. Observed count-
ing rates were 60 counts per hour, with acci-
dentals accounting for less than 5% of the to-
tal counts. The Zr'0(He', dp) Zr" data were
accumulated for 33 h. Channels were some-
times added in order to get statistically mean-
ingful re suits.

The energy dependence of the Nb" excitation
in the one-step reaction Zr"(He', d)Nb" is shown
in Fig. 1(a). A similar structure is seen in
Fig. 1(b), which displays deuterons in coinci-
dence with decay protons and is free from con-
tribution from C" and 0" contaminants. The
cutoff at the lower energy side of Fig. 1(b) is
apparently due to the opening of neutron chan-
nels, while the cutoff at the higher energy side
is due to the coincidence requirement on the
protons. The cutoff at the neutron threshold
suggests that the direct break-up of He3 into
a deuteron and a proton is very small and that
the proton width is much smaller than the neu-
tron width above the neutron threshold, in agree-
ment with a recent (p, np) study. ~ Similar con-
clusions are derived from the observed small
magnitude of the (Hes, dp) cross section for
Zr" and Zr", for which the isobaric analog
states (IAS) of the ground states are already
neutron-unstable.

The prominent (starred) peaks of Fig. 1 cor-
respond to the excitation in Nb" of the ground
IAS of Zr ', while the structure at lower chan-
nels corresponds to excitation of excited IAS.

754


