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Measurement of the electron-spin susceptibility oII' Li, Cu, and Ag
via transmission conduction-electron-spin resonance in metallic bilayers
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A new technique is discussed which utilizes conduction-electron-spin resonance (CESR) in metal
bilayers to determine the electron-spin susceptibility of metals. Transmission electron-spin reso-
nance measurements are performed on bilayers made from various pairs of the metals lithium, sodi-

um, potassium, copper, and silver. These measurements allow a determination of the ratio of the
electron-spin susceptibilities of the two metals constituting the bilayer. Combining previously mea-
sured values of the electron-spin susceptibility of Na and K with our bilayer data, and performing a
least-squares analysis, yields values of the electron-spin susceptibility of Li, Cu, and Ag. The result-

ing values are (2.29+0. 13))&10 cgs volume units for lithium, (1.35+0.06))&10 cgs volume
units for copper, and (0.86+0.04))&10 cgs volume units for silver. These values agree with
theoretical estimates and other experimental determinations. The self-consistency of our results also
supports the reliability of our technique. This technique is potentially applicable to all metals for
which CESR can be observed, and we discuss some possible candidates for future bilayer CESR sus-

ceptibility measurements.

I. INTRODUCTION

A subject of considerable theoretical interest in solid-
state physics is the manifestation of electron-electron in-
teractions in the physical characteristics of metals. One
property of metals for which the effects of many-body in-
teractions are amenable to calculation is the electron-spin
susceptibility X, which differs from the value deduced
from free-electron theory, Xo.' According to the Landau
theory of Fermi liquids, for an interacting electron gas,
subject to the assumption of spherical symmetry, this
difference is generally expressed as an enhancement given
by

X/Xo=(g /go) (m /rn)(1+Bo)

where g, is the electron-spin g factor of the interacting
gas, go ——2.0023, Bo is the first Landau spin-interaction
coefficient, and m /m is the ratio of the electron effective
mass to the free-electron mass. Both Bo and m'/m in-
clude electron-phonon contributions and m /m must also
include the band mass. Calculations of the enhanced sus-
ceptibility 7 can be tested by comparison with measure-
ments of the electron-spin susceptibilities of metals, there-
by testing theoretical models of many-body effects.

The most straightforward method for measuring the
enhanced susceptibility P would be to measure the dc sus-
ceptibility directly. This is difficult since the spin suscep-
tibilities in metals are weak and there are competing con-
tributions to the total susceptibility which are generally
larger than the contribution due to the electron spin.
These include the Landau diamagnetism of the electrons
and the susceptibility of the ion cores.

Another measure of X involves a determination of the
area under the conduction-electron-spin resonance (CESR)
curve. This method is difficult as it requires both mea-
surement of the absolute CESR amplitude and integration

of the CESR line shape over many linewidths to achieve
accurate results. Despite these difficulties this procedure
has been used for Li and Na, but is not readily extendable
to other metals.

Spin-wave and de Haas —van Alphen (dHvA) measure-
ments have also been interpreted to deduce the spin sus-
ceptibility of metals, but each method has drawbacks and
experimental limitations. The interpretation of the mea-
surements is dependent on the accuracy of various many-
body theories describing metals. For spin-wave measure-
ments these include the Platzman-Wolff and Wilson-
Fredkin theories, while dHvA measurements rely on the
standard one-electron theory due to Lifshitz and Kosev-
itch. '

Resolved spin-wave measurements of X have only been
possible in Na, K, and Rb (Ref. 6) by transmission-
electron-spin resonance (TESR). The reason for this is
that these measurements require cow

~
Bo/(1+Bo)

~
&&1,

where m is the applied frequency and ~ is the momentum
relaxation time. For many metals, such as Cu and Ag,

~
Bo

~
&& 1 and thus the above condition is not readily sat-

isfied at typical CESR frequencies. For lithium, although
Bo is appreciable (—0.230), the car of existing material is
less than 1 at -9 GHz and thus resolved spin waves are
not observed. However, there is a related method which
uses TESR data in the regime of completely damped spin
waves [co~

~
Bo/(1+Bo)

~
&& 1] to determine X/Xo.

This method has been applied to lithium and sodium, but
has large experimental uncertainties. The X/Xo of lithium
has also been obtained by interpretation of TESR data in
the regime of partially resolved spin waves
[cov

i
Bo/(1+Bo)

i
=1].

de Haas —van Alphen measurements of 7 have been un-
dertaken for the alkali and noble metals, 9 ' with the ex-
ception of lithium. ' However, dHvA measurements only
determine a series of possible values for X/Xo, and thus
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other experiments or reliable theoretical predictions of
X/Xa are necessary to choose the correct value. Another
limitation of the dHvA data is that each measurement is
for a single extremal orbit on the Fermi surface. Na and
K have isotropic Fermi surfaces to within 1—2% and
thus for these metals dHvA data provide reliable measure-
ments in this respect. However, Cu and Ag have Fermi
surfaces which are quite anisotropic. Thus the dHvA data
for these metals must be appropriately averaged over crys-
tal orientations to yield the spin susceptibility.

Another technique for the measurement of X involves
TESR measurements on dilute local-moment alloys. By
observing the coupled conduction-electron —local-moment
resonance properties as a function of local-moment con-
centration and temperature, a value of 7 can be obtained
for the conduction electrons of the host metal, once the
local™moment susceptibility is known. This procedure has
thus far been utilized for the local-moment alloys CuCr,
CuMn, and AgMn. ' ' However, the method of analysis
is sufficiently complex that the deduced X's cannot be re-
garded as reliable compared to the new method reported
here.

In this paper we discuss an application of TESR that
allows the measurement of a ratio of susceptibilities of
two metals which comprise a bilayer sample. The method
is applicable to all metals in which CESR is observed. In
the TESR technique, microwave power is incident upon
one side of a metal sample whose thickness is much larger
than the microwave skin depth, and thus the power
transmitted through the sample is negligible for applied dc
magnetic fields far from the CESR resonant field. How-
ever, for magnetic fields near the resonant field, the
diffusing electrons can carry a significant amount of
power from the incident to the far sample surface. This
transmitted power constitutes the TESR signal. For a bi-
layer made up of two metals having different CESR g
values, a single motionally narrowed TESR signal can be
observed under appropriate conditions (see Fig. 1).

In Sec. II we show that, if CESR is observed for a metal
bilayer under complete motional-narrowing conditions,
the observed g value of the motionally narrowed reso-
nance, g, has a very simple dependence on the spin suscep-
tibilities of the two constituent metals,

~A~A /gA +~B~B/gB

~A~A /gA +~B~B/gB

Here subscripts A and 8 refer to the two constituent met-
als, g is the conduction-electron g value of the metal, and
I. is the metal thickness. If one of the constituent metals
has a known spin susceptibility, e.g., Xq, the susceptibility
of the other, Xz, is determined by the measurement of g.

The significant advantages of this method are as fol-
lows. (1) It expands the number of metals for which X
can potentially be measured to include all metals in which
CESR can be observed. (2) It simplifies the measurement
of X. With a suitable choice for the reference metal con-
stituent, the task of measuring the weak unknown spin
susceptibility of a metal (-10 cgs volume units) de-
pends only upon accurate determinations of g and the
thicknesses of both metals constituting the bilayer. (3)
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FIG. 1. (a) TESR signal in pure lithium (metal A). (b) TESR
signal in pure copper (metal 8). (c) TESR signal of a lithium-
copper bilayer sample illustrating that the g value of the bilayer
TESR line is a g„L weighting of the g values of the constituent
metals as given by Eq. (1).

l

3280 33003200

One may utilize the TESR technique, benefiting from its
corresponding advantages for making CESR measure-
ments. '7

Experimental data are presented for metal bilayers
made from various pairs of the metals lithium, sodium,
potassium, copper, and silver. Combining our bilayer data
with previous determinations of the spin susceptibilities of
sodium ' and potassium, ' values of 7 are obtained for
copper, silver, and lithium. These results are used to
deduce values of X/ga which are then compared with
values of X/Xa determined by other experimental methods
and by theoretical calculations.

As mentioned, this new method is potentially applicable
to all metals for which CESR can be observed. The possi-
bilities for further experiments to determine the electron-
spin susceptibility of these metals is discussed in Sec. V.

II. THEORY

A. Bilayer resonant frequency

The resonant g value for CESR in a bilayer under
motional-narrowing conditions depends on very few prop-
erties of the constituent metals. One of those properties is
the electron-spin susceptibility 7 of each metal. However,
for the bilayer TESR method to be used to obtain an accu-
rate susceptibility determination, the resonant g values of
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+Age + rBgB +A(~F)gA++B(EF)gB

&~+&B &~ «F )+&B«F)

since vB/r~ NB(EF)/X&(——eF), as explained above.
The volume susceptibility of metal A, X~, is given by

&~ =g~uB&~ «F )/~~2 2

(2)

and»mi»riy «r XB, where V is the volume of the metal.
Thus for a bi»yer consisting of metals A and B, having
equal areas and respective thicknesses L,z and I.z,

EB(eF) XBI-B/gB
(3)

Substituting Eq. (3) into Eq. (2) yields Eq. (1).
Equation (1) is correct for infinite time averages and

remains correct for averages over times long compared to
wz and v~. The characteristic time in 8 CESR experiment
is the transverse spin-polarization lifetime. Thus to ob-
serve 8 motionally narrowed CESR linc, the characteristic
transverse spin lifetime ln 8 bilaycr must bc long com-
p8I'cd to Tg and vg.

Now cons1dcr' 8 metal bllaycr ln which each Fcrml-
surface electron spends an equal time in each metal. IQ an
applied magnetic field Ho, the electrons in metals 2 pre-
cess at a Larmor frequency ~z, and those in metal 8 pre-
cess at coB, where co=(gpBIA)HO. We can estimate when
the difference in Larmor frequencies would cause an in-
trinsic broadening of the average precession frequency,
co=(gIJB/A)HO. We define b,co=(co& —coB)/2. When an
electron is in one material or the other for 8 time ~, its
spin dephases by +4m~ radians from B. The usual result

each metal must be sufficiently different. That is, the ac-
curacy with which g can be determined is governed by thc
ratio of the separation of the individual resonances to the
width of the resulting bilayer resonance. We now give a
physical argument for Eq. (1) (Ref. 18) which is correct
under conditions of complete motional narrowing and
negligible spin relaxation at the boundaries. %'e will then
discuss the experimental conditions under which complete
motional narrowing can be achieved for bilayer metallic
samples. For data analysis, the computer simulation
described in Sec. IIB was used in all cases to eliminate
possible error due to incomplete rnotional narrowing.
[For our samples, Eq. (1) agreed with these computer
simulations to withm -5%.j

Consider the effect of adding an additional electron to a
metal bilayer. It resides at the common Fermi level of the
two metals, and thus by randomly diffusing throughout
the bilayer, the average amount of time it spends in one of
the metals is proportional to the number of states at the
Fermi level X(eF) of that metal (for infinite time aver-
ages). The same is true for all electrons in the bilayer at
(or near) the Fermi level, and it is these electrons that con-
tribute to the resonance properties of the metals. Consider
a bilayer consisting of metals A and B. Let these electrons
spend an average time rz in metal A before returning to
metal 8, and ~& in metal 8 before returning to metal A.
Under motlonal-narrowing condltlons, thc average g value
g of the contributing electrons is the time-weighted aver-
age of the g values of the separate metals,

for a random walk applies: It takes n steps to move a dis-
tance XVn, where 2, is the step size. Thus the random
hopping between the two metals results in a dephasing of
one radian (v n Ecole= 1) from co in a time T, =nr S.olv-
ing for n yields n = I/(b, cow) . The observed linewidth is
characterized by 1/T, =hco(hco~) 1./T, is less than bco
by the factor A~~. This is the motiona1-narrowing result:
The observed line is narrower than the spread in frequen-
cies (or, equivalently, g values) of the constituent spin sys-
tems. The requirement for obtaining a motionally nar-
rowed line is that the transit time between metals be suffi-
ciently short so that Aa)~ ~ 1.

Now consider the influence of the CESR linewidths of
each pure metal constituting the bilayer. Those linewidths
arc characterized by tI'RQsvclsc spin-polarization lifetimes
(T2)g and (T2)B, respectively. If these lifetimes are long
compared to the times ~z and w~, an average transverse
spin-polarized electron traverses the bilayer many times
before it loses resonant spin energy to the lattice. Under
these conditions the linewidth of the bilayer CESR is a
weighted average of the linewidths of the constituents. It
can be shown that the weighting factor is the same X,l.
product as given in Eq. (3).

If, on the other hand, the spin lifetimes (T2)q and (T2)B
arc short COInpalcd to thc Ts, thc CESR avcI'aglQg over
the two spin systems wiH be incomplete. That is, the
long-time average g 111 Eq. (1) ls not attallled 1I1 the CESR
averaging time. Under these conditions the CESR line
shape is broadened and distorted, and interpretation of a
g,l. ratio is difficult. In practice, avoiding this condition
imposes restrictions on the thicknesses of the metals.

To summarize, under comp/etc motiona1-narrowing con-
ditions (Ecole«1), with spin lifetimes much longer than
the average time a spin spends in each metal before cross-
ing the interface, the position of a bilayer CESR line is
given by Eq. (1). In this case g has a particularly simple
dcpcndcncc on thc splQ susccptlbllltlcs and th1ckncsscs of
the metals which constitute the bilayer.

The previous simple model provides physical insight as
to the dependence of g on the susceptibilities of the con-
stituent metals. However, a computer simulation must be
used for accurate data analysis, primarily because it can
extract line-shape parameters under sample conditions for
which motional narrowing is incomplete.

The computer simulation of CESR in a metal follows
the phenomenological model proposed by Kaplan. ' The
diffusion-modified Bloch equations for the transverse

components of magnetization,

=y(M X H) — +D V'(M —XH),
dt '

T2

and two of Maxwell's equations,

I dH dM
V XE=—— +4~

e dt dt
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are solved simultaneously for each metal. H is the total
instantaneous magnetic field (dc and rf), y is the
gyromagnetic ratio, D is the diffusion constant, cr is the
conductivity, and T2 is the transverse spin-relaxation
time.

The self-consistent solution of these equations results in
two inodes of propagation for transverse circularly polar-
ized microwave fields in the metal: a normal skin-depth
mode ki, slightly modified by the magnetization carried
by the electrons, and a spin-diffusion mode k2. The k2
mode is resonant at the CESR g value where it has a
characteristic attenuation length 5,rr=(2DT2)', which is
the mean distance a spin-polarized electron will diffuse in
the transverse-spin relaxation time T2. Under experimen-
tal conditions, k~ corresponds to the anomalous skin-
depth regime. However, this only introduces a phase shift
in the TESR signal. '

To complete the simulation of CESR in bilayers, the k-
vector solutions are solved exactly in both metals. These
solutions are subject to the boundary conditions for the
electromagnetic fields and the magnetization at the free
surfaces and at the interface. At the free surfaces these

boundary conditions are just the continuity of tangential E
and tangential H and the requirement that the spin
current j be 0 (assuming negligible surface relaxation).
The spin current is related to the nonequilibrium magneti-

zation, 5M=M —XH, by j = (D/y)V—5M.n. (n is the
inward-pointing unit normal vector. ) At the interface the

continuity of tangential E and H still applies, but the
boundary conditions for the spin current in each metal are
more complicated. We employ the general linear relations
between the nonequilibrium spin currents and spin densi-
ties first proposed by Flesner, Fredkin, and Schultz. We
have

pling between the two metals, bi2 describes the coupling,
but b~~+b22 is a single parameter characterizing the re-
laxation of spins. This is the motional-narrowing case. It
does not matter from which direction a spin strikes the in-
terface when the spin lifetime is sufficiently long to
achieve motional narrowing. In this case the system is
characterized by two independent parameters. For the
strongly coupled case, Fredkin' has suggested a simple
kinetic model to express the b coefficients in terms of two
more physically meaningful parameters, P and Q. Q is
the probability that an electron's spin relaxes when strik-
ing the interface, and P is the probability that it crosses
the interface.

Combining the boundary conditions with the Kaplan
solutions yields 10 coupled equations. The transmitted
microwave field, corresponding to the TESR signal, is
then determined by solving the 10&& 10 matrix equations.

III. EXPERIMENT

A. Technique

TESR experiments were performed with the use of an
X-band superheterodyne spectrometer. A block diagram
of this spectrometer is shown in Fig. 2. In the spectrome-
ter microwave power is amplitude modulated at an audio
frequency and coupled into one of a pair of cavities, the
transmit cavity (TC). A sainple forms the common wall
between the two cavities, which are filled with the dielec-
tric material Lucalox (polycrystalline A1203), and operate
lil tile TEioi mode near 9.2 GHz. If the cavities are sealed
sufficiently well, any power detected in the receive cavity
(RC) is power that has been transmitted through the sam-

VB
V(5M' n)=bii 5Mg+bi2 5M',

7A Xg Xg

Da- —+~(™B@ b21 ™A+b22 5MB
78 Xg Xg

(4)

In general the b coefficients may be complex. The On-

sager relations give bi2(HO) =b2i( —Hp). In addition, our
samples are polycrystalline, so there exists a plane of re-

flection symmetry parallel to Ho. Under reflection, Ho

changes direction, so b2i( —Hp) =b2i(HO), and thus
b i2

——b2i. Finally, positive entropy production requires
Re(bii)Re(b22) —Re (bi2) &0, where Re(x) means the real

part of x. Flesner, Fredkin, and Schultz have also
shown experimentally that interfaces can be characterized
with real b coefficients. Thus we take the interface boun-

dary conditions to be given by Eq. (4) with real b,j,
and b]]~22 —~]2 &0.

The b s have simple physical interpretations in two lim-
its. (I) In the limit of very weak coupling between the two
metals, b~2 describes the coupling, b&& characterizes the
relaxation of spins striking the interface from metal A,
and b22 characterizes the corresponding relaxation from
metal 8. In this case the system is characterized by three
independent parameters. (2) In the limit of strong cou-
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FIG. 2. Block diagram of the TESR technique. TC and RC
are the transmit cavity and receive cavity, respectively. TESR
line-shape parameters, for a symmetrical line are also depicted
in the figure, with AH being defined as the full linewidth at half
the positive-going amplitude (A /2). All bilayer samples studied
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pie. This power is coupled out of the RC and into a su-
perheterodyne receiver. In the receiver, strong microwave
reference power (unmodulated) is added to the weak
transmitted power (modulated) to (i) bias the intermediate
frequency (if) detector at an optimum level and (ii) pro-
vide a reference microwave field that is much larger than
the microwave field coupled out of the receive cavity.
This allows one to observe either the in-phase or out-of-
phase components of the transmitted field by an appropri-
ate choice of the phase of the reference field. The audio-
frequency output of the if detector is fed into a lock-in
detector whose output is recorded as a function of applied
dc magnetic field. We refer to this output as the signal.

According to our model, g is independent of the orien-
tation of the dc magnetic field. Further, at sufficiently
low temperatures, where conductivity and linewidth are
temperature independent, g should be independent of tem-
perature. Data were taken for all samples at several low
temperatures, typically 5, 10, and 15 K, and at various
magnetic field angles to ensure other properties of the
metals had not influenced the observed signal characteris-
tics. For each temperature and magnet angle, the phase of
the reference field was adjusted so the TESR signal was
symmetrical (tuning to X"). This allowed accurate mea-
surements of the g value, linewidth (AH), and A/8 ratio
of the bilayer TESR signal (see Fig. 2 for an illustration).
NMR field markers were used to calibrate the magnetic
field sweep. The magnetic field at the sample was deter-
mined by reflection CESR on a neutron-irradiated
lithium-fluoride g marker located inside the RC. With
this procedure we determined the g value for most sam-
ples to within three parts in 20000, or +0.5 G.

B. Sample preparation and properties

Two types of bilayer samples were prepared: (i) eva-
porated alkali films on Cu or Ag foils, and (ii) electroplat-
ed Cu on Ag foils.

All of the Cu and Ag foils used for the bilayers were
99.9999%-pure material supplied by Cominco, rolled to
nominal thicknesses of 0.7 and 1.0 mil, and subsequently
oxygen-annealed. Oxygen annealing decreases the low-
temperature resistivity and narrows the CESR linewidth.
The resistivity ratio of the Cu and Ag foils, p300 K/p4. 2
K, was —1500 and the residual linewidth (b,H below 10
K) was —10 G. The average thickness of each foil was
determined to an accuracy of -2%%uo from its known mass
density (see Table I), and its measured weight and area.
The g values of the metals used in our bilayers are also
presented in Table I. We determined the g value of our
silver foils to be g=1.9831+0.0002. The g values of the
other metals (except I.i) are known from previous mea-
surements in our laboratory. ' We used VanderVen's g
value for lithium.

The alkali-metal films were deposited on the Cu or Ag
foils by electron-beam evaporation at a pressure of about
2 && 10 Torr. Typical evaporation rates were 500—1000
A/sec. Thicknesses were determined to an accuracy of
roughly 5% by a quartz-crystal oscillator placed in a posi-
tion symmetric with the bilayer sample above a crucible
containing the alkali metal. After deposition of the
alkali-metal film, a -5-pm-thick coating of wax was eva-
porated to protect the alkali metal during its subsequent
brief exposure to the atmosphere. In addition to evapora-
tion onto the Cu or Ag foil, alkali metal was simultane-

TABLE I. Important parameters characterizing the bulk properties of the metals used in our bilayer studies.

Na K Cu Ag

Bulk contraction to 5 K (%)
Contraction of film constrained

in two dimensions (%)
Contraction used to calculate

final thicknesses (%)
Room-temperature mass density {g/cm')
Free electron g at 5 K

(10 cgs volume units)

g value

Effective mass, m*/m

—0.8'

—2.32+0.20

—1.56+0.76
0.534

0.801
2.002 26'

+0.000 002
2.21"

+0.07

—1.43'

—4.15+0.36

—2.79+1.36
0.971

0.660
2.00140'

+0.00005
1.24'

+0.02

—1.72'

—4.99*0.43

—3.36+1.64
0.862

0.533
2.00005'

+0.000 05
1.21'

+0.02

—0.326

—0.95+0. 1

—0.64+0.31
8.93

0.975
2.03250

+0.0005
1.383'

+0.002

—0.413

—1.20+0. 1

—0.80+0.40
10.50

0.863
1.9831

+0.0002
1.004'

+0.002

'Reference 31.
Reference 30.

'Reference 32
"Reference 25.
'Reference 26.
Reference 27.

gReference 28.
"Reference 43.
'Reference 42.
'Reference 41.
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ously dcpo81tcd on Rn adjacent IMCR substrate. This al-
lowed subsequent measurement of the CESR g value and
linewidth, and the resistivity ratio of the evaporated
alkali-metal film. All evaporated alkali-metal films had
resistivity ratios of -400 (Li) or —1000 (Na and K), and
low-temperature (& 10-K) linewidths XH of =1 G. Sam-
ples were electrically sealed between the cavities with a 3-
mil Rnncalcd coppc1 w11c Q-ring. This plcvcntcd IM-
crowavc lcRkagc bctwccn thc cavlt1cs Rnd avoided squccz-
ing of the alkali-metal film exposed to the microwaves.

We found that the best interface between the alkali-
metal film and copper or silver foil, from the standpoint
of a motionally narrowed CESR line, was obtained by
argon-ion-milling the foil surface for about 5 min at an
ion-beam current of 0.1 mA/cm and a voltage of 6 kV.
This process removed roughly 1000 A of material. Eva-
poration of the alkali metal was begun with a shutter
shielding the sample while the ion milling continued. The
shutter was removed immediately before the ion beam was
turned off. We found this sequence to be important for
pI oduc1ng bllaycI' samples w1th stI'oQg spin coUpllng bc"
tween the two metals. The spin-relaxation probability Q
at the bilayer interface was typically —1.5 X 10

Bilayers consisting of copper on silver were made by
electroplating Cu onto one side of a clean silver foil using
a high-purity copper sulfate bath. Visual inspection sug-
gests that the deposition of copper on the silver foil oc-
curred cpltRxlally, producing Rll illtcIfacc Rnd coppcl fllfn
with most desirable properties. The spin-relaxation proba-
bility Q at the Cu-Ag interface was very small
(~2X10 ), and a narrow CESR linewidth was obtained.
Preferentially etching the silver from the copper enabled
Us to measure thc rcslstlvlty I'Rt1O Rnd 11ncwldth of thc
electroplated Cu. A resistivity ratio of -300 and a
linewidth hH of =20 G was typical. The sample and
anode geometry we used provided a uniform-plated Cu
film. For the plated Cu films we determined the average
copper thickness to an accuracy of -5% (by the ratio of
IIlaSS to Rl'Ca).

C. DctcrHlilla. t1011 Of ssmp1c thlckjncss

In Sec. IIIB we indicated the methods used for the
determination of sample thicknesses and the uncertainty
involved with each method. Since an accurate measure of
thickness is essential for obtaining accurate susceptibili-
t1cs, wc now d1scuss thc thickness dctcrm1natlons 1Q

greater detail.
As mentioned previously, the thicknesses of the copper

and silver foils and of the electroplated copper films were
determined from precise mass and area measurements.
This measured the average thickness of each sample.
Using a precision micrometex', which gives x'eading to an
accuracy of 0.5 pm, we determined that thickness varia™
tions over the sample dimensions (1.4 cmX1.2 cm) were
no more than 10%. Since conduction electrons sample
the average thickness of each metal in the bilayer, the
average thickness is the quantity we needed for our experi-
ments.

Thicknesses of the evaporated alkali metals were mea-

sured with a quartz-crystal oscillator arranged as
described in Sec. IIIB. Fox' evaporations onto copper

foils, gold-coated crystals subsequently plated with copper
were used; for evaporations onto silver foils, silver-coated
crystals were used. This %as done to ensure the same
sticking coefficient for the alkali to both the crystal and
thc sample.

Calibration checks mere made to determine the accura-
cy of the crystal oscillator and the uniformity of the
evaporation pattern from the hearth. For calibration,
81lvcr, coppc1, Rnd llth1UIIl %'cI'c each cvapoI'Rtcd onto
clean, dry glass covcl 811ps Rnd thc osc111ator 81multanc-
ously. The mass of the film on a cover slip was deter-
mined (a) by dissolving the metal into solution and
rrlcasur1ng its conccQtlatloIl with atomic Rbsofpt1on spec-
troscopy (lithium}, (b) by measuring the mass of the cover
slip before and after the evaporation of the metal (copper),
or (c) by both methods (silver). With the use of the known
area of coverage on the cover slips and the bulk mass den-
sities listed in Table I, room-temperature thicknesses were
then determined. These calibrations indicated thai the
thicknesses were uniform to within +5% over an area ap-
pr'oxirnately twice that used to make the bilayers and
monitor thc th1ckncsscs. Thc crystal osc111atoI' agreed
with the calibration measurements to within +5%.

We corrected our measured room-temperature sample
thicknesses for thermal contraction to the low temperature
of the experiment. Bulk thermal contractions were ob-
tained from the literature (Table I). However, we
kllow fl'orIl IllcRsUI'clllcllts on sodiulll, potassillnl, Rnd Iu-
bidiurn in this laboratory that metal films constrained to
contract in one dimension contract much more than bulk
metals. From these measurements we inferred a general
relation from room temperature to 77 K between the con-
traction of bulk materials and the contraction of materials
constrained to shrink in one dimension. The ratio of the
constrained contx action to the bulk contraction is
2.9+0.25. Th1s ratio %as RssuIIlcd to bc valid do%Q to 5
K and to be coxx'ect for all the metals we used. %C do not
know how constrained each constituent of the bilayer was
since each bilayer was mounted between a pair of massive
brass CRvltlcs wh1ch also contracted Rs thc tern pcratuI'c
was lowered. So we used the avex'age between bulk con-
traction and that for a film constrained to contract in one
dimension, with an assigned exror spanning these lirmts.
These data are summarized in Table I. %'e note that only
an error in the thickness ratio of the two constituents of a
bilayer affects the measured susceptibility ratio. Thus, if
we had neglected thermal contractions, the largest error
we would have introduced into the susceptibility ratio
would be -2.7% (for the potassium-copper bilayers, since
potassium and copper have the largest differential con-
traction among the metals used in these experiments}.

IV. RESUI.TS

The computer simulation of the bilayer TESR signal
was discussed 1Q Scc. II. To summar1zc~ thc computer
solves Kaplan'8 equations in both metals, subject to the
boundary conditions at the free surfaces and the interface.
For a unit-amphtude Incident-microwave field, the com-
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puter calculates the transmitted-field amplitude as a func-
tion of the dc field Ho. The computer-simulated bilayer
TESR signal is characterized by a g value, lincwidth, and
3/8 ratio (Fig. 2) whose values depend on three indepen-
dent parameters. These are the interface parameters I' and

Q from Fredkin s kinetic model, and the spin susceptibili-
ty ratio of the metals constituting the bilayer, Xii/X„. Q
primarily affects the linewidth, while P affects the A/8
ratio, and, under conditions of incomplete motional nar-
rowing, the g value. Xz/Xq directly affects the g value as
evidenced by Eq. (1). These three parameters were varied
to fit the computer-generated line to the experimental
TESR data. A unique value of Xii/Xz was thus obtained
with an uncertainty dependent upon the expcrimentaI er-
rors associated with the 2/8 ratio and quantities con-
tained in Eq. (1). The advantage of the computer simula-
t1on 1s that 1t coffcctIy IDodeIS sRITlplc cond1tlons w1th 1n-

complete notional narrowing, in which case an analysis
with Eq. (1) would be inappropriate.

B. Systematic checks

Sample conditions were varied to check for systematic
errors. For some samples, the thicknesses of the alkali
and copper were varied holding their ratio fixed. This is a
check of motional narrowing and more generally a check
of unanticipated geometric effects. The ratio of the X,L
product was also varied. This changes the bilayer g value.
These tests confirmed invariance of the measured X ratio
under different averaging conditions. In addition, data
were taken at three temperatures and three magnet angles.
The former allowed a determination of the upper limit of
thc susccptlb111ty contr1butlon of Rny locaI-moIIlcnt 1ITl-

purity in the sample, while the latter checked for unantici-
pated effects of spin relaxation at the sample boundaries.
These spin-relaxation effects can occur when the spin-
diffusion length 5,ir is comparable to the size of the cavity
or when 80~~- I. Under these conditions, the g values
and linewidths observed with CESR can vary as the direc-
tion of Ho is changed with respect to the sample normal
These effects are minimized when Ho is perpendicular to
the sample surface. The bilayer TESR data taken versus
magnet angle showed no shift in g even though there was
a slllall angular dependence to the linewidth.

Copper readily accepts local-moment impurities which
could significantly affect the observed g at very low im-
purity concentrations. One consequence is that the effec-
tive X of the Cu would be the sum of Xc„and X of the lo-
cal moment. A second consequence is that the g value of
the observed resonance in copper would shift in a manner
very similar to the frequency-averaging in Eq. (1) weight-
ed by the g's and g's of copper and the local-rnornent im-
purity. " The local-moment susceptibility has a 1/T tem-
perature dependence, and thus the effective Cu g value
would bc tcIIlpcI'atUfc dependent. FfoIIl thc known fcsls"
tivity increments of local moments in Cu and Ag and the
measured resistivity ratio of the bulk copper, we deter-
mined the maximum concentration of local-moment im-
purities in our Cu and Ag foils. We used these maximum
impurity concentrations to estimate the maximum shifts
1Il thc values of thc g s fof CU and Ag that could bc CQIl-

Errors in calculating X result from uncertainties in the
1nput parameters Used to Dlodcl thc b11aycr on thc coIH-
puter. The use of Eq. (1) for the resonant g value allows a
simple first-order analysis of errors. All errors quoted in
this paper are standard deviations from the mean.

"%II%)t'e define

Equation (1) then becomes

gw +Zga

I+Z
Let Ag =gii —gg. It can be shown that

2 2

(1+Z) cr(g )
2

cr(L~ )

I' i2 ,
2

o(Lli) i o(gii)+ + (1+Z)
Lg j Ag

(1+Z) o(g~)
'

Z dg

where o.(F) is the standard-deviation error in K The va-
hdity of these expressions was verified with the computer
simulation for the maximum errors in the sample-
dcpcndent and Hlatcr181-dependent parameters. In Rdd1-

tion, the simulation was used to verify that Xx was insen-
sitive to uncertainties in resistivity ratios and linewidths of
the constituent metals.

The effects of all experimental uncertainties mentioned
have been included in the gz s listed in Table II. The list-

TABLE II. Final bilayer susceptibihty ratio results.

BIla/el Number of b1lagcrs
Metal A Metal 8 gg ——gg/gg measured

0.590+0.021
1.30 +0.06
1.45 +0.09
0.857+0.039
0.942+0.059
0.616+0.036

3
3
3
2

sistent with our bilayer measurements. As an example of
this analysis~ rcslstlvlty-1 Rt1Q mcasurcIDcnts QIl annealed
10-rnil copper foils of the same material used for the bi-
layers are consistent with a maximum of 0.77 ppm of
manganese impurities. For 1 ppm of manganese in copper
at 5 K, the effective electron-spin susceptibility is approxi-
mately 6% greater than the X of pure copper. At 15 K,
however, the susceptibility is enhanced by only about 2%
and the effective g value for Cu reduced by 0.5%. Taking
into account both of these effects, we determined that 1

ppm of Mn in Cu would have resulted in a 2% change in
the value of X of Cu deduced from bilayer measurements.



ed XII for a given type of bilayer is a weighted average of
two or more measurements, where the result of each mea-
surement was weighted inversely by its own variance o;.
The final error was calculated on both an externally con-
sistent (given by the standard deviation spread of the mea-
surements), and an internally consistent [(go,. ) ']
basis. For each XII the listed error is the larger of the
t%'O.

D. I east-squares determination
of absolute spin susceptibilities

Since they are measurements of susceptibility ratios, the
results listed in Table II are not sufficient to determine the
absolute spin susceptibilities of the metals studied. To
dctcITDinc absolute sp1n susceptibilities, at least Qnc abso-
lute measurement must be taken from other experimental
data (e.g., spin-wave or dHvA data). A least-squares pro-
ccdUlc can then bc Used to dctcfmlnc thc absolute suscep-
tibilities which best fit the combined experimental data.

Each experimental 7 r'atio listed in Table II can be re-
garded as an experimental equation relating five indepen-
dent variables (the absolute susceptibilities of Li, Na, K,
Cu, and Ag). Absolute measurements(s) obtained from
othcI' experiments become add1t1onal equations. This I'c-

sults in a minimum of seven equations for five unknowns,
8 mcasufcmcnt cII'OI' bc1ng assoclatcd with each equation.
Thus we have an overdetermined system of equations. We
obtained a least-squares solution to these equations follow-
ing the methods of Taylor et al. Briefly, the equations
were linearized around initial values of the dependent
var1ablcs. Thc 1nlt181 valUcs %'cfc chosen to bc ncal ly
equal to the expected final values. A least-squares solu-
tloll was then obtained by mlnlmlzlng tllc sUII1 of squalcs
of the normalized residuals, which are defined in the usual
way, bUt wc1ghtcd lnvcfsely by thc Rssoc1atcd IIlcasUI c-
ITlCnt Cl"1Or.

Table III lists the susceptibilities resulting from the
least-squares analysis of the six measurements listed in
Table II with the use of various combinations of absolute
susceptibility measurements of Na and/or K obtained
from either spin-wave or dHvA measurements. The re-
sults listed in column (a) of Table III used the spin-wave
results of Dunifer et al. as input. For this case the sus-

ceptibilities of Na and K were treated as dependent vari-
ables. The major reasons for taking the Na and K values
to be adjustable are (1) there is significant experimental
uncertainty associated with the spin-wave values, and (2)
it allowed us to check the consistency of our data with the
spin-wave data (by analyzing the final residuals). The re-
sults listed in column (b) are from the use of the best
dHvA susceptibility values of Na (Ref. 10) and K (Ref. 9)
which, due to their relatively small measur'ement errors,
were held fixed in the analysis. (Allowing the values to
vary would have produced essentially the same results. )
Tllc results llstcd ill colulllll (c) Used oilly tllc susceptibility
of K, sillcc spill-wave alld dHVA 11Masurcmcnts agl'cc so
well for K, but differ somewhat for Na. Here again the
susceptibilities of Na and K were treated as dependent
variables. Since the dHvA and spin-wave measurements
of K so closely agree, we conclude from the resulting
value for Na that the spin-wave susceptibility measure-
ment of Na is more compatible with our data than is the
dHvA value.

The susceptibilities and associated errors listed in the
last, column of Table III are our final results. They are a
simple average of the results in columns (a)—(c). In all
cases, our analysis of the resulting residuals indicates that
each measurement listed in Table II is compatible with the
other five measurements and with the spin-wave and
dHvA measurements, indicating the reliability of our
IIlCthod.

It 1s 1ITlportant to Icallzc thRt srncc QUI' method IIlca-
sul cs spin-susccptlblllty ratios~ 8 systcDlat1c cfI'QI 1n thc
thickness or g-value measurement of a given metal whose
7 wc %'1sh to determine %'QUld not bccoIIlc appafcnt 1n QUI'

least-squares analysis. However, such an error would af-
fect only the resulting X of the given metal; it would have
no effect on the susceptibility determinations of the other
metals. But, if such an error occurred for a metal used as
an absolute standard (i.e., Na or K), it would affect the
susceptibihty determination of all the remaining metals,
including other standards. Thus, if more than one stan-
dard were used in the least-squares analysis (as we have
done), such a systematic error would become apparent.
Our results indicate that no systematic error occurred for
the NR oI K metals we used as standards.

TABI.E III. Final results for g (10 cgs units) obtained by combining our bilayer data. listed in Table II with various suscepti
tf IDcasureIIlcnts of Na, and K, rcfcrrcd to as additional input data.

(d)
Final Icsults

1.042+0.044
0.900+0.031

1.350+0.059
0.861+0.037
2.289+0.130
1.028+0.036
0.908+0.028

1.388+0.047
0.885+0.029
2.354+0.118

1.322+0.070
0.843 +0.044
2.240+0.143
0.999+0.059

1.35+0.06
0.86+0.04
2.29+0.13
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V. DISCUSSION

A. Comparison with theory and other experiments

The results of these experiments for the susceptibilities
of copper, silver, and lithium are compared with other
measurements and theoretical predictions in Table IV.
The data have been reexpressed in terms of susceptibility
enhancements X/Xo. The free-electron susceptibilities at 5
K are listed in Table I.

Prior to our work, the only experimental measurements
of the susceptibility enhancements in copper and silver
were the dHvA measurements of Bibby and Shoenberg"
and Randles. They measured the absolute amplitude of
the dHvA oscillations for several orbits on the Fermi sur-
face. Bibby and Shoenberg took simple arithmatic aver-
ages over the (100) and (111) orientations in obtaining
their results for copper and silver, while Randles took an
average over the whole Fermi surface in obtaining his re-
sult for copper.

For lithium, direct measurements of the susceptibility
have been obtained by "area under the curve" CESR mea-
surements and by the determination of transport coeffi-
cients in the completely damped spin-wave regime
(

~

BottÃ
~

&& 1). The area under the curve measurement is
an extremely difficult one requiring integration of a
Lorentzian line over 6—, linewidths to include 90% of the
area. Only the most recent measurement, by Whiting,
VanderVen, and Shumacher, is listed in Table IV. This
procedure is unlikely to be applicable to metals other than
lithium and sodium. Flesner and Schultz and Witt and
VanderVen have determined the many-body-enhanced
diffusion constant for lithium and sodium from line-shape
analysis in the case of completely damped spin waves.
However, uncertainties of this method are considerable.
Witt and VanderVen mention that their measurement for
sodium is suspect. For lithium, the Witt and VanderVen
result is listed in Table IV along with a measurement by

Flesner and Schultz obtained in the partially damped
spin-wave regime. The latter measurement required
effective-mass data to determine a susceptibility enhance-
ment.

All theoretical predictions were adjusted to include
the factor (g, /go) which enters into the susceptibility
enhancement. The theoretical values of X/Xo were ob-
tained from the relation

g/go (g,——/go ) [n (ep)/7l o(EF)]'[1 n—(eF )I]

where n (ez) is the density of states at the Fermi energy in
the metal, no(ep) is the free-electron density of states, and
I is an exchange-correlation parameter. Values of n(ez)
and I were taken directly from the authors's tabulated
values, ' while no(ez) was calculated from their quoted
lattice constants. For lithium, the value of X/Xo was tak-
en directly as quoted.

Within the errors of the measurements there is very
satisfactory agreement between our TESR bilayer results
for Ag and Li, those obtained by the other methods listed
in Table IV, and the most recent theoretical predictions of
MacDonald et al. ' For Cu, although our value is
somewhat lower than the dHvA results and the referenced
theoretical values ' we believe the discrepancies are
within the uncertainties.

Using the relation

X/Xo=(g. /go) (m*/m)(1+Bo)

and the effective masses ' listed in Table I, we have
determined the many-body parameter Bo for Cu, Ag, and
Li from our measured susceptibility enhancements. For
copper we obtain Bo——0.025+0.04 and for silver

Bo=—0.015+0.04. These results compare favorably with

the results obtained by Lubzens et al. of
~
Bo

~

& 0.06 for
Cu and Ag. For Li we obtain 80 ———0.23+0.05, which

agrees with the partially damped spin-wave result by Fles-

TABLE IV. P/P results: Comparison with other experiments and theory.

Li

Our bilayer results
dHvA Bibby et al.'
Randles
CESR area'

Spin waves
completely damped"
partially damped'

Theory
Mcoonald et al.
Janak~

'Reference 11.
Reference 37.

'Reference 2.
"Reference 8.
'Reference 7.
References 38 and 39.

gReference 40.

1.39%0.06
1.50%0.02

1.49

1.55
1.55

1.00+0.04
1.0S+0.07

1.02
1.12

2.86+0.16

2.74+0.05

2.86+0.7
2.84+0.1

2.91
3.36
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ner etal. 7 of Bo= —02.3+003 (analyzed taking
m*/m =2.21).

B. Future applications

In this work we have used the measured susceptibilities
of Na and K as standards to self-consistently determine
the susceptibilities of Cu, Ag, and Li. Consistency of our
results suggests that this is a reliable measurement tech-
nique, which may be expanded to include other metals for
which CESR can be observed. In addition, copper and
silver can now be used as susceptibility standards for fu-
ture bilayer measurements. They are superior elements
for bilayer susceptibility measurements since their g values
differ significantly from those of most other metals of in-
terest, allowing more sensitive measurements of the X's of
these metals. Also, Cu and Ag are much less reactive
than the alkali metals, and thus compatible with more ma-
terials as a constituent in a bilayer.

Elements which are interesting candidates for future bi-
layer CESR susceptibility determinations include alumi-
num and niobium, both of which are superconductors,
palladium, whose susceptibility enhancement is believed to
be quite large [(I'/m)/(I+So)-25], and magnesium,
for which theoretical calculations of the susceptibility
have been made. Measurement of the susceptibility of
beryllium would also be of interest, since recent theoretical
predictions disagree with available experimental
data by roughly a factor of 2.5. But, to our
knowledge, no beryllium foil has been prepared with a suf-

ficiently high purity to enable the observation of a
transmission CESR signal. We also note that making
measurements on these elements for as many different bi-
layer combinations as possible (e.g., CuA1, AgA1, etc.),
would not only determine the susceptibilities of these ele-
ments but would also reduce the errors in the susceptibili-
ties of Cu, Ag, and Li by the use of the self-consistent
least-squares analysis for all bilayer experimental data.

Finally, we mention the possibility of observing CESR
in a bilayer consisting of one element in which a CESR
signal has been observed, and one in which it has not. We
have tried this for 15-pm-thick 99.9999%-purity gold
foils, which exhibit no observable CESR signal by them-
selves, but when plated with roughly 15-pm of copper
produce a broad (bH-200 G) bilayer TESR signal. In
principle, one could determine both the g value and sus-
ceptibility of a metal of interest by varying the relative
thicknesses of the two metals constituting the bilayer, al-
though the errors might be substantial.
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