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ESR in layer-substrate structures: The line shape
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The electron-spin resonance of spins in a substrate may be used as a tool for investigating the elec-

trical properties of a metallic {semiconducting) layer. This is accomplished by passing a microwave

field through the layer into the substrate and detecting the distortion of the ESR line shape caused

by the layer. This distortion depends upon the thickness and the conductivity of the layer, both of
which may be obtained if the theoretical line shape of the ESR in such a structure is known. The
theoretical line shape and the intensity of the ESR in a layer-substrate system are discussed for vari-

ous pairs of layers and substrates {metal-metal, semiconductor-insulator, etc.) in the case of localized

spins. The structure of the electromagnetic field in the sample is dependent upon the orientation of
the constant external magnetic field with respect to the surface of the sample, but magnetic losses

and the line shape do not change essentially as a function of the orientation. It is shown that the
A /8 ratio of the ESR line may be used for measuring the layer conductivity and/or layer thickness.
An experiment in which Ge layers on a ruby substrate were studied at various temperatures is

described here. Experimental data of A /8 ratios are presented and layer conductivities as deduced

from these ratios are in good agreement with the conductivities obtained by four-contact measure-

ments. Possible applications of the method are discussed.

I. INTRODUCTION

The effect of a near-surface metallic layer on the ESR
of localized spins which were spread both in the layer and
in the metallic substrate has been studied previously. ' In
the work of Raizman et al. ' the near-surface layer in the
AuEr system was formed by metallurgical treatment of
the alloy, and it was the study of the ESR line shape of Er
spins which permitted the discovery of the metallic near-
surface layer. The above-cited research' led to the inves-
tigation of the possibility of using the ESR of localized
spins of a substrate to study conductivity properties of a
layer which may be created artificially on a substrate (see
Sec. III).

The main idea of the investigation of conducting prop-
erties of layers by means of the ESR signal from the sub-
strate is based on the use of the ESR line shape as a tool
responding both to the thickness and the conductivity of
the layer. To implement this idea we suggest using either
an insulator or a metal with diluted localized spins of im-
purities as a source of the ESR signal. In the absence of
the layer, the line shape of the bulk (substrate) ESR signal
is experimentally known. In many eases also the theoreti-
cal line shape of the ESR signal of the substrate has been
treated: Either the Gaussian or the Lorentzian (or a com-
bination) for the insulating substrate and the Dysonian
form for the metallic case. When the substrate is covered
with a conducting layer and both the geometry of the cav-
ity and the special experimental arrangements (Sec. III)
permit the microwave field to penetrate into the substrate
only through the layer, the distortion of the ESR signal of

the substrate is a detectable feature. Then this distortion
is used to obtain the conductivity and/or the thickness of
the layer (the former at microwave frequencies and in a
constant magnetic field of the order of 1000—3000 Oe; re-
garding the possibility of reducing the constant magnetic
field almost to zero, see Sec. IV). Of course the thickness
of the layer cannot be very large compared to the penetra-
tion depth of the layer (the skin depth in the case of the
metallic conductivity). In this sense an insulating sub-
strate provides much more sensitivity because of its large
ESR signal. On the other hand, very thin layers will
cause a small deformation of the ESR line which would
not be detectable.

To obtain the ESR line shape one has to calculate the
magnetic losses in the system. It would be very difficult
and very cumbersome to calculate losses in the cavity due
to the layer-substrate sandwich placed in the maximum of
the rf magnetic field of the cavity. Instead we calculate
the specific surface impedance in the framework of a
model in which the sample has planar symmetry and is
wide enough to justify the use of infinite planes as boun-
daries. %e assume that the micro~ave field on the upper
surface of the layer is fixed during a sweep across the line
and the reflection mode of the ESR is used. The pro-
cedure for obtaining the surface impedance in the case of
the normal skin effect is analogous to that developed in
work previously reported ' for a homogeneous sample
and the conduction-electron-spin resonance (CESR). This
procedure uses Maxwell's equation together with the mag-
netization equation and appropriate boundary conditions.
These boundary conditions make the main difference be-
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tween our "sandwich*' case and the homogeneous case. In
addition, we investigate the influence of the dc magnetic
field orientation on the microwave field and magnetic
losses in media.

The case of the anomalous skin effect is much more
complicated and in some cases may be treated as in the
work of Lampe and Platzman. But it seems that this
case is unsuitable for obtaining simple, quantitative infor-
mation about the layer by the ESR method.

This paper is organized as follows. In Sec. II the sur-
face impedance of a layer-substrate system is obtained and
magnetic losses are presented via the superposition of the
absorption and the dispersion parts of the dynamical mag-
netic susceptibihty of the substrate. A semiconductor-
insulator and a metal-metal case are emphasized. Details
and formulas for the case when the layer resonance also
responds to the electromagnetic microwave field may be
found in the Appendixes. Section III presents the experi-
ment in which conductivity of layers on a ruby substrate
was measured by means of the 3 /8 ratio of the ESR sig-
nal of Cr +, yielding results in good agreement with
four-probe conductivity data. Discussions and con-
clusions are in Sec. IV, where various possible applica-
tions of the method are discussed.
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FIG. 1. {a) The geometry of the layer-substrate system. In-
dices 1 and 2 refer to layer and substrate, respectively. Index 3
refers to the metal plate. {b) and {c) are the two different
geometries of the rf electromagnetic fields and the dc magnetic
field with respect to the normal of the layer.

II. THEORY: THE ESR LINE SHAPE
OF LOCALIZED SPINS IN

A LAYER-SUBSTRATE SYSTEM
of the Poynting vector S on the layer side of the upper
surface. We have

A. General considerations

In ESR experiments the external dc magnetic field Hp
is kept perpendicular to the microwave rf magnetic field
H, but its orientation to the sample may be varied. Be-
cause the field Hp makes a magnetic medium anisotropic
for the microwave field, and because we are dealing here
with the inhomogeneous medium [Fig. 1(a)] where reflec-
tions from inner boundaries determine in an essential way
the shape and intensity of the ESR signal, there is a need
to investigate the influence of the orientation of the field
Hp upon magnetic losses. In what follows we assume the
planar configuration of Fig. 1 where the effective conduc-
tivity is equal to

OI, elf =«'—
4m

where u is the ohmic conductivity, e the dielectric permit-
tivity, and co the microwave-field angular frequency. In-
dices 1 and 2 correspond to the layer and the substrate,
respectively, and X;(co), is the magnetic susceptibility ten-
sor. In the case when the response of the layer spins to
tlic iilicl'owavc fllcld 18 ncgl1glbic Xl(co)=0-
tion is justified either if there is a large enough difference
between the g factor of locahzed spins in a substrate and
the g factor of spins in a layer or if the layer spin reso-
nance is a very broad one. Here we are mainly interested
in the case when X,(co)=0 (for Xl(co)&0 see Appendix C).

~e suppose that the microwave field is in the plane of
the sample and that the magnetic component of this field
on the upper boundary (Fig. 1) is fixed. The surface im-
pedance is obtained by calculating the normal component

C
'Sn Ereal~Hreal n

I p+ ~

4m

where n is the unit vector to the layer surface oriented
into the system. The bar indicates the time averaging (we
use the symbols H, E without subscript for the complex
representation of the rf fiel).

To investigate the dependence of the microwave field
upon the orientation of Hp we are looking for the solution
of Maxwell's equations for a media whose effective dielec-
tric permittivity tensor is equal to

4~
E'eff =E+ CT

and the magnetic permeability tensor p is anisotropic due
to the presence of the field Hp. Choosing the z axis along
the dc field Hp, we obtain for the mutually perpendicular
H and Hp fields

Pxx Pxy

p = pyx pyy 0 (4)

0 0 p~

with

and

+yy +xx ~ +xy +yx

In the case when the solution is in the form
~ e ' ' "",with k the complex wave vector, Maxwell*s
equations yield the expression
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kXe,g'(HXk)= p H.
2

wave vector exists in the medium. The electric field here
is transverse and equal to

p„ko+k„—k

—p yko+kxky

k, k

p„yko+k ky

p ko+ky —k

k,ky

kyk,

ko+k, —k

with

This equation determines possible vectors k. In the case
of the scalar permittivity E,ff and the tensor p from Eqs.
(4) and (5) with p =1, we obtain from Eq. (6) the follow-
ing compatibility equation

ol~efr (&,ff)

The second mode, Eq. (10), does not depend upon the
magnetic susceptibility. From Eq. (6) we find that in this
mode H is polarized along the z axis [Fig. 1(c)]. So in the
case of the ESR experiment H,

f „o——0, and this mode is
absent.

Let us compare magnetic losses in both geometries dis-
cussed above. The normal component of the Poynting
vector, Eq. (2), for the case of Fig. 1(b) may be presented
in the form

Ql
2

ko —— e,ff .
c2

(7a) S„=S,=1l Z Im fH f

—Im
+

fH+ f0 0+

p resp'nonres
k I

Pxx
(10)

The approximate expression for k, in Eq. (10) is obtained
if we put p„„„,=1,p =1+2~7„„and p, , =1+4m'„,
and use Eq. (16). For the first mode, Eq. (10), it follows
from Eq. (7) that Hy/H, =p„y/p, and this gives, with
the help of Eq. (5),

By =PyxHx +PyyHy =0 .

Therefore the condition V.8=0 and the relevant boun-
dary condition 8„ f o+ ——0 are automatically fulfilled.

Note that a small Hy component which is parallel to the

Now we discuss two solutions for the two different
orientations of the Ho field [Figs. 1(b) and 1(c)]. In the
case where Ho is parallel to n we obtain from Eq. (7} two
modes in which k, =k»=0 and k, satisfies the equation
P„ko—k2=+ll „yko. Two roots of these equations are

k =ko(1+4mX„„),

k I+ =ko'(1+4lr&---)

where X„,=X(co—coo) and +„,„„=X(co+coo)are the reso-
nance and the nonresonance parts of the susceptibility,
respectively. These parts emerge from Eq. (7) if one uses
the proper expressions for the components p;k. In the
following we put X„,„„,equal to zero. Going back to Eq.
(7), we obtain two independent solutions

BH+
H+ ——0„+i', E+ ——+

Clleeff Clz

For a positive g value, the H solution represents a field
which rotates in the counterclockwise direction and there-
fore depends upon the resonance part of the magnetiza-
tion. The other solution does not depend upon the reso-
nance part of the magnetization. In the case of a negative

g value H and H+ are interchanged, without an effect
on the final results.

In the case where the field Ho lies in the plane [Fig.
1(c}], we are interested in solutions with k„=k,=0,
k» =k&0. We obtain from Eq. (7) two modes:

(12)

According to Eq. (8}, only the first term contains the
magnetic part of losses. Therefore the relevant impedance
here is

c16' H
n =0+

(13)

which is the expression mostly cited and calculated. ' In
the case of the in-plane orientation of Ho, we obtain for
the magnetic mode (HlHo)

S„=Sy—— Re
f H„ f

'
f

x

and

Z= Re
c

8m
(15)

Ho
4m.

f
X, f

&4lrXo ((1
EH

(16)

is fulfilled [here hH is the width of the X„,(Ho H) line-
at half intensity, and Xo is the static susceptibility]. Usu-
ally Eq. (16) is a good approximation (for 1000 ppm mag-
netic impurities, vvith g =2, the susceptibility
Xo——0.6X10 ' for T =1 K; Ho/AH=10 —10 ). To
point out this similarity we note that (i) the ratios
(E /H )

f „o and (E,/H„)
f „o are determined by

identical conditions of continuity of the in-plane mi-
crowave field components (H and E in the former and
E, and H„ in the latter cases); (ii) the difference with
wlllch tllc lllagllctlc susccptllllllty Xr illflllcllccs tllc wave
vector [k in the first case, Eq. (8), and k, in the second,
Eq. (10)] is exactly compensated by the factor of 2 in

To obtain the ESR signal, we need to calculate dZ/dHo.
In the case of small X„[see Eq. (16)] it is enough to ex-
pand Z in terms of X„,and to keep only the linear terms
ln g.

Equations (13) and (15) look a bit different, but they
lead to the same expression of magnetic losses in our sys-
tem [Fig. 1(a)] if the condition
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which Eq. (13) and Eq. (15) are different —note that it is
here where we use the condition of Eq. (16):

k =k,(1+4~X„„)'"=k,(1+2m X„,) c tan(k, d i )+a tan(k2dt )Z= Im (17)
1 —«an(k id i )t»(k2di)

—LCk 1

dary conditions. The procedure is outlined in Appendix
A where the following expression is obtained:

k, =ko 1+2nX,~=ko(1+xX„,);
(iii) the appearance of Iin in Eq. (13) and Re in Eq. (15) is
due to the fact that the ratio E /H has the extra factor
of i in comparison with the ratio E, /H [compare Eq. (9)
with Eq. (11)). Also, expressions for the normal com-
ponent of the Poynting vector, [Eq. (12)] and Eq. (14) give
exactly the same result if 4m

~
X,

~
&& 1 and the

H„,i ~ o is the same linear polarized field for both

cases.
Of course the structure of the fields in our two cases is

different. For instance, in the case of the geometry in Fig.
1(c) there is a refraction of the Poynting vector on the
upper boundary plane as a result of the presence of the H»
component in the medium. This refraction is a magnetic
analogy of the well-known phenomenon of birefringence
in optics.

Because we are interested here in the ESR signal only,
the geometry of Fig. 1(b) will be used for the derivation of
the Z [Eq. (13)]. For simplicity, scalar conductivity (per-
mittivity) is assumed. For some geometries our formulas
will be valid also in the case of anisotropic conductivity,
for others the anisotropy has to be taken into account
from the beginning [Eq. (6)].

B. Specific surface impedance and the line shape
of the ESR signal

By using Eqs. (8) and (9) in each of three media of our
sandwich [Fig. 1(a)], fields E and H may be obtained.
The impedance Z, Eq. (13), is calculated using the boun-

I

k i ——(koi +2i5i )'

k2 ——(k02+2i52 )' (1+4mX„,)'»

—=k (1+4mX„„)'»

with

(19)

(20)

ko; (e;)——'—, 5;=c/(2na»r»;)'~. , i =1,2.
c

(21)

Expanding the surface impedance in X„, up to linear
terms, we obtain from Eq. (17} the magnetic part of the
impedance which determines magnetic losses. The ESR
line shape will be proportional to the derivative of Z with
respect to Ho. If we introduce Z 's ~XO, so that

Z =Z(XO=O)+ Z
16m.

we obtain the following expression:

where k;, i =1,2 is the wave vector k from Eq. (8) for
the layer and the substrate, respectively. The metallic-
holder conductivity does not appear in Eq. (17) because it
is assumed that either

~
(erg eff/cri)'»

~
&&1 in the case of

a dielectric substrate or
~

k212
~

&&1 in the case of a me-
tallic substrate. In the latter case k2 ——(1+i)/5z, where 52
is the skin depth and therefore tan(k2d2)=i In. Eq. (17)

r
1 j2

O l, eff k2 +1,eff
Q = ~ =ap, (18)

02„eff k1 & 0 2, eff

where o;,fr, i = 1,2 is given by Eq. (1) for the layer and the
substrate, respectively. From Eq. (8) we obtain

JZmRg

d80
2=Im

4m' 2,ff

—lCk 0 0 2 0 ~&res
[tan(k212)+k2dt/cos (ktdz)]2m/

d00

where the function P is equal to

1

[cos(kidi }—aosin(kid, )tan(k2d2)]

where ao is given by Eq. (18). From Eqs. (22) and (23) it
follows that the ESR signal is a mixture of the absorption
and of the dispersion parts of the susceptibility X„„. This
mixture is determined by the function P which depends
upon the ratio of effective conductivities (permittivities)
and the ratio d, /5, of the layer. Such dependence influ-
ences the 3 /8 ratio of the ESR signal which may be used
for monitoring the layer conductivity and/or the layer
thickness. To see how this works it is better to consider
the most interesting cases of the metal-metal and
semiconductor-insulator systems. The case of a metal-
insulator pair is not good for experimental purposes be-

C. Metal-metal pair, ( k2d2 ( »1
In this case ao = (c»i /r»i) ', t (aknod q )=i, and

1/2
0'1

cos(k id i ) —l sin(kidi)0'

(24)

From Eq. (22) we obtain

cause of the very large differences in the microwave re-
flectivity of these materials: The parameter ao for a met-
al and a dielectric is equal to (4moi/air)'~; for a good
metal (o -3X 10' sec ') and co =2m X 10' sec, we obtain
ao-(4/v e)10, and a crude estimation of Eq. (23) sug-
gests that the metallic layer will diminish the ESR signal
from the dielectric by about

~
ao

~
( —10 ).
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dz Illa,g d&res=—m.co5z (RQ+Img)
dHo c 0

tr

+ (RQ —Img) (25)

When the layer thickness di ~0, $~1 and Eq. (25) gives
the usual Dysonian; when

~
k, d,

~
&&1, /=0 and the sig-

nal disappears due to the screening of the substrate by the
layer.

The interesting qualitative feature of the line shape, Eq.
(25), is the so-called phase reversal of the ESR signal.
The normal signal produces the low-field maximum A

and the main high-field minimum with its absolute value
8 [see Fig. 2(a)]. When the mixture coefficient of the ab-
sorption part goes through zero [in the case of Eq. (25) it
happens when R&=lm())] the signal goes through the
symmetrical form (with the maximum 3/8 ratio) to the
phase-reversal form in which the main minimum appears
at the low-field side and the maximum A at the high-field
side. For 0.2 & 0 i/crz & 5 this change of the form occurs
at 0.1&di/5z&1. Figure 2 shows the typical signal
form, A/8 ratio, mixture coefficients from Eq. (25) and
intensity parameter ( A +8)(EH) for the case of a
Lorentzian form of X„,(H —Ho).

In the case of cylindrical geometry of the cavity, the
symmetrical layer-substrate-layer sandwich is the most
natural form of the layer-substrate system. If the sub-
strate thickness is larger than the skin depth the line
shape of the substrate ESR signal does not differ from the

case described above. But in the case where the thickness
is of the order of (or less than) the skin depth 5z, finite
thickness of the substrate has to be taken into account.
Appendix 8 deals with the line shape in this case which is
relevant to measurements of the diffusion coefficient of
the fluorine intercalant in graphite.

If the layer also contains localized spins which respond
to the microwave field, Eqs. (17) and (18) are still valid,
but instead of Eq. (19), k i now is equal to

k, =(k, +2i5, )' ( I+4irXi,~)' (25a)

The ESR signal will now be a superposition of the layer
signal and the substrate signal. This is the case reported
by Raizman et al., ' and Appendix C presents the explicit
formula for the line shape [Eq. (Cl)]. In the case where
substrate spins are out of resonance, this formula gives the
deformation of the layer signal due to the conductive
properties of the substrate.

D. Semiconductor-dielectric pair

This case of the dielectric substrate has an advantage of
a simple substrate line shape (absorption only) and the
possibility of obtaining very large ESR signals. It is also
relatively easy to vary the g factor by choosing appropri-
ate paramagnetic impurities.

To obtain the line shape for the configuration in Fig.
l(a) we substitute 5z

' —0 in Eq. (20) and preserve the koi
in Eq. (19). The koi may be important in semiconductors
when cubi-cri From E.q. (22) we obtain

dZ 'I 2m
, iz [tan(kozdz)+kozdz/cos (kozdz)]dH,

(a)

l
RQ.0—

X[(RoIt)X," +(Imp)X„' ]

=8rr [(RQ)I,"„+(Im(t )g,
' ], (26)

6
8-

CD 6
~4

.2

0

0
(H-Ho) /AH

0
0

(c) '

0

Ref-rm]

0

1

[cos(kid, ) —aosin(kid, )tan(kozdz)]
(27)

with ao from Eq. (18) and az,fr= iroEz/4' —If di~0.
the usual ESR absorption signal in a dielectric host is
recovered from Eqs. (26) and (27). By introducing
u =(1 u)cos(k, d—, ) and u =aotan(kidi)tan(kzdz), the
function P may be written as

where the approximate expression in Eq. (26) is for the
case kozdz «1, with kpz fi'oiii Eq. (21) (typically dz 0. 1

cm, A,o- 1—3 cm). The function P is now defined by the
expression

FIG. 2. The theoretical simulation of the ESR of localized
spins in the substrate of a metal-metal system. The conductivity
ratio o.l/o2 ——0.2 and the line shape of the g, (0 —Ho) function
is a Lorentzian. (a) The line shape of the ESR signal for
1]/62 ——0.2; (b) The hne shape mtth d[/52 ——1.5; (c) The 3 /8
ratio as a function of the dl/52 ratio. The region on the left of
the maximum of the curve corresponds to the normal line shape
[Fig. 2(a)] and that on its right —to the phase reversal hne shape
[Fig. 2(b)]. (d) The mixture coefficients from Eq. (25); (e) The
intensity parameter ( A +8)(AH)~ as a function of d] /52.

P = [(Reu ) —( Imu )

2i Reu Imu—]/~ cos(k, d, )
~

X [( 1 —Reu ) + ( Imu) ]

Equation (28) shows that the overall behavior of the ratio
A/8 in the case of a semiconductor-dielectric pair is
analogous to the above-discussed metal-metal case: VA'th

an increase of d& the ratio starts to rise to a maxi&num
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which occurs when Imu =Reu in Eq. (28); after this the
phase-reversal form appears and the ratio A f8 decreases
with further increase of the layer thickness. This behavior
is not changed if dI is fixed and the conductivity of the
layer cr, is varied [the A/8 ratio depends upon d&(o&)'~ ].
Unlike the metal-metal case, the A f8 ratio here is equal
to 1 for d&(o&)'~ =0. Another difference between these
two cases may be connected with the function

X„,(HO H).—For localized spins in a dielectric, the line
shape of the X„,susceptibility is usually not a Lorentzian
(see, e.g., our case, Sec. III). Examples of the A /8 depen-
dence upon d, (n, )' are given in the next section in con-
nection with experiments on the Ge-ruby layer-substrate
system.

III. EXPERIMENT

A. Selection of materials for the layer-substrate system

The main purpose of this experiment was (i) to demon-
strate the possibility of measuring the layer conductivity
at microwave frequencies by means of the 3 /8 ratio of
the ESR line due to the localized spins in the dielectric
substrate and (ii) to develop convenient experimental
methods for such measurements.

The dielectric substrate was used because of its simple
(a pure absorption form) and high-intensity ESR signal.
For the dielectric we chose a ruby crystal (A1203.Cr +).
The ESR spectrum of Cr + in this crystal is well known
and has been studied extensively in the past. ' The first
derivative of the —,~—, fine-structure transition centered,
at approximately 2000 G, is a strong symmetrical line, as
shown in Fig. 3. %e used this line to monitor the changes
in line shape due to a semiconductor layer in a
semiconductor-insulator two-layer system.

For the semiconductor layer, n-type Ge (electron con-
centration of 2.6X10'" cm at 80 K) was chosen. The
Sb doping level in our samples was approximately 10'
cm . The electrical conductivity of the semiconductor
samples was measured using the four-contact method" in
the temperature range between 290 and 80 K and in mag-

Lad

I-
0'

UJ
Cl

netic fields relevant to the ESR experiment. The
resistivity-temperature relationship at T ~ 100 K is
characterized by a T law with a approximately 1.5.
This behavior is typical of lattice scattering. ' Due to the
changes in its conductivity with variation of temperature,
this semiconductor presents a convenient material in
which, by varying the skin depth, one can obtain varia-
tions in the line shape (A/8 ratio) in the Ge-ruby layer-
substrate system. Indeed, the spin depth 5& for the
relevant angular frequency co=5.73X10' sec ' changes
between S40 and 1460 pm in the temperature range
80—290 K. Thus, by varying the temperature, layers of
fixed thicknesses up to -550 p, m will cover the mast sen-
sitive region of the A/8 ratios. The —', ~—,

' ESR transi-

tion of Cr + is not sensitive to the temperature variation
within the range mentioned above. So all the
temperature-dependent changes of the ESR signal may be
ascribed to the Ge conductivity. The Ge permittivity also
does not change essentially in this temperature range, but
influences k& [mostly at room temperature where the ra-
tio 4m.o~/me&-1. 37 for e, =16, cr~

——0. 127 (Qcm) ', and
a)=5.73)&10' sec '].

The other advantage of the material used here (n-type
Ge) is the small magnetoresistance' and the small fre-
quency dependence of the conductivity in the microwave
region. ' After taking into account the small correction
of magnetoresistance, a direct comparison between the ac
conductivity in the magnetic field of about 2000 G, as ob-
tained from the 3/8 ratio of the ESR signal, and the dc
conductivity measured with the four-contact method is
possible. Further we use for permittivities of n-type Ge
and ruby the values reported for microwave frequencies
e~

——16 (Ref. 15) and e2 ——10 (Ref. 16), respectively. Their
dispersion in the microwave region may be neglected here.

B. Measurements

E1ectron-spin resonance measurements were made with
a Varian type EC-365 X-band spectrometer, equipped
with a Varian E-257 variable-temperature accessory. The
temperature was manitored with a copper-Constantan
thermocouple connected to a Doric 410A trendicator. A
rectangular TEO&2 cavity was used.

A simple sample holder was made from a spectrosil
rod, 4 mm in diameter. A flat area was produced at the
end of the rad by cutting off part of it with a diamond
saw, to accommodate the sample, as shown in Fig. 4. The

CTROSIL ROD

I 1 I I

l900 2000
H(gauss )

CRYSTAL

FIG. 3. First derivative of the ESR absorption line of Cr'+ in

A1203 (2~2 fine-structure transition) at room temperature;

f=9.1 CxHz.

FIG. 4. Spectrosil sample holder with schematic presentation
of the mounting of the sample.
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Expyrim
m

ma'am

QQQ$QQ

&0 ———Lorentz
~ 75'Y Gauss

-30—0

l970 l990 20l0
H (gauss )

1

2030

FIG. 5. Approximation of the first derivative of the ESR line
of Cr + in A1203, by superposition of a Gaussian and Lorentzi-
an. The solid line was plotted from a digitalized form of the ex-
perimental trace. The Gaussian, Lorentzian, and their combina-
tion, were computed using the saine peak-to-peak linewidth as
measured in the experiment.

ruby crystal was cut to the required size, -8/3. 8)&0.8
mm', with a diamond saw. One flat side of the ruby sam-

ple was polished using Diamix diamond polishing com-
pound. The semiconductor crystals were cut to the re-
quired size with a wire saw with silicon carbide abrasive;
thereafter the samples were polished to the required layer
thickness.

The mounting of the sample is shown schematically in

Fig. 4. The semiconductor layer was attached to the ruby
crystal with wax (LOC-WAX-10). The thickness of the
wax layer was between 5 and 25 pm. The ruby was pasted
first on a 0.125-mm-thick gold plate which was then past-
ed on the spectrosil sample holder using Pliobond cement.
The gold plate and a cover of silver paint on the exposed
edges of the ruby crystal and on the narrow edges of the
Ge layer assured that the microwaves would penetrate
into the ruby through the semiconductor layer only.

%'e used n-type Ge layers with d =250, 360, and 550
tMm. The study of these layers showed the expected
overall change in the A/8 ratio from values slightly
larger than 1 for a thin layer at room temperature (almost
insulator type lineshape}, through a maximum at some
temperature below 100 K (dispersionlike line shape) to a
decreasing 2/8 (reversed-phase line shape; see Secs. II B
and II D). An analysis of the ESR line shape of the Cr +

line in ruby showed that it is not a pure Gaussian. To
simplify the theoretical calculations we approximated this
line shape by a superposition of a Gaussian and Lorentzi-
an, with the same peak-to-peak linewidth of the first
derivative of the absorption line. We found that a super-
position of 75% Gaussian and 25% Lorentzian gives a
good approximation of the experimental lineshape, as
shown in Fig. 5. This approximation has to be regarded
only as a numerical procedure. (The theoretical line shape
should probably be represented by a convolution of a
Gaussian and Lorentzian; however, it would have been
cumbersome in our case to use this form for numerical
calculations. ) The maximum 3/8 ratio is 3.5 for a pure
Gaussian and 8 for a pure Lorentzian. For the above su-

perposition we obtained the maximum A/8 ratio of ap-
proximately 4.5.

C. Experimental results and layer conductivities

Experimental results were obtained for three n-type Ge
layers of various thicknesses. Figures 6(a), 6(b), and 6(c)
show the variation of the ESR signal with temperature for
the three samples. Clear mixed dispersion-absorption sig-
nal line shapes are seen in qualitative agreement with
theory.

Figures 7(a), 7(b), and 7(c) give a comparison of the ex-
perimental A/8 ratios, as a function of di/5i, with the
theoretical curve for the appropriate layer thickness. The
theoretical curves of the 2/8 ratios were computed using
Eqs. (26), (18)—(21), and (27) with the parameters pointed
out in the figures. The theoretical P curve of Eq. (27) is
presented in Fig. 8. For each point d i/5i, the conductivi-
ty crt was calculated and substituted into Eqs. (18)—(21).
The X, (H —Ho} is approximated by a superposition of a
Gaussian and Lorentzian (see Fig. 5):

res = f &Osuss( ) + &i.orentz(

where C is a constant proportional to the static suscepti-
bility of the localized spins Xo and Xo,„„(x)(Ref. 17), and
~Lorentz(&) are

lt t/2 —x 2/2Jo,„„(x)=e e

Los~(x) =e e1/2 2 —x 2/2 ue 8Q
0

(29)8, 8 x
~Lorentz(X ) = i ~ ~Lorentz(&) =

3+x2 &3 3+x
x = (H —Ho)/ —,

'
hH~ ~ . bJV„& is the peak-to-peak

linewidth of the first derivative of the absorption line tak-
en to be the same for the Gaussian and the Lorentzian.
The expression for Xos„ss(x) is valid for bH~ ~ /Ho && 1.'

This condition holds in our case; see Fig. 3.
The experimental values of A/8 were extracted from

ESR traces and the corresponding d, /5i values were cal-
culated using the resistivity p measured by the four-
contact method, also taking into account the small magne-
toresistance. ' The errors in the measurements of the
3/8 ratios are larger in the vicinity of the peak of the
A/8 versus di/5i curve and beyond it, in the region
characterized by phase-reversed line shape. The max-
imum error detects for A/8 in our experiments was
—15%. The resistivity measurements exhibited a spread
of p values between its minimum and maximum of ap-
proximately + 18%.

It can be seen in Figs. 7(a), 7(b), and 7(c) that a good fit
was obtained between the experimental 3 /8 values versus
d i /5i I =const[d t (o t )

' ] ) and the theoretically calculat-
ed ones. In view of the idealized geometry used for the
theoretical calculations and the spread of the experimental
points, one can consider the agreement very good.

IV. DISCUSSION AND CONCLUSION

The method suggested here may have various possible
applications.

(i) A layer-substrate system may occur naturally either
as a result of some treatment of samples' or because of
the slow diffusion of some atoms in a substrate or be
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FIG 6 V
' ' of the ESR line shape {A/8 ratio) of Cr + in A1203 with temperature, in a two-layer Ge-ruby structure, for van-

ous thicknesses d~ of the Ge layer. The thickness of the ruby substrate was d2 ——690 pm in the case (b) and 675 pm in the two other
cases (a) and (c). (a) d~ ——250 pm, f =9.11 GHz, (b) d~ ——360 pm, f =9.12 GHz, (c) d~ ——550 pm, f =9.12 GHz.

prepared artificially in the course of building an electronic
device. In these cases ESR of localized spins of the sub-

strate and/or the layer may be used to study the process
of the layer formation and its conductivity properties. In
particular, the diffusion coefficient may be measured by
means of the A/8 ratio of the ESR signal because the
thickness of the layer in the diffusion process will change
with time, resulting in a corresponding time dependence
of the ESR line shape. If the ESR signal is due to sub-
strate spins only, formulas of Sec. II or Appendix B are

valid. If the ESR is due to layer spins or both layer and
substrate spins, formulas of Appendix C could be used.
Of course, the latter treatment is much more cumbersome.

(ii) The main aim of this study was to develop a new

way of measuring the ac conductivity and/or the thick-
ness of conductivity layers by means of the deformation
of the substrate ESR signal. At first sight it is very in-
direct and roundabout way to measure conductivity. This
is true when the usual electrical (contact) method is avail-
able. However, there are cases when measurement of elec-

d, =250 p.m
f

d (
= 550 tu. m

2

0
0 G2 0.4

d(/81

I I I

G2 G4 Q6 Qa 0
d) /81

I

04
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FIG. 7. The 3 /8 ratio vs dl/6I. The solid lines were theoretically calculated. The experimental points, represented by circles,
were extracted from the traces shown in Fig. 6, as well as from other traces (not shown) obtained from these two-layer structures. (a)
d )

——250 pm, (b) d )
——360 pm, (c) d I

——550 pm.
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electron g factors in different metals. ' On the other
hand, the transition mode of the CESR is a very useful
tool for the study of other aspects of two-layer sys-
tems.

In summary, in this paper we suggest a new method
monitoring the conductivity and/or the thickness of a
semiconducting or conducting layer by means of ESR of
local spins of the substrate; in particular, the semicon-
ducting layer on the dielectric substrate system was stud-
ied theoretically and experimentally. The experiments on
the Ge-ruby system are described here, and the validity of
the method is shown. Another example of the usefulness
of the method is demonstrated in Ref. 8. The possible ap-
plications of the method are discussed.
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APPENDIX A: CALCULATION
OF SURFACE IMPEDANCE

where ki =—k i from Eq. (8). In the case where the reso-
nance magnetization of the layer is absent

k i
=—«i, .fr)'"c

(A2)

where e,ii and o,rr are defined in Eq. (3) and Eq. (1),
respectively.

For the substrate (metal, semiconductor, dielectric),

ik2(z —di )

h
—ik2(z —di )

ck ik~(z —d] ) —ik2(z —d] )(he ' ' —he ' ')e2

4%02 eff

where k, =k, from Eq. (8).—
For the thick metal,

ik3(z —d2)

Ck3 ik3(Z —d~) ~

3 2 e
—lcd'

4mcr3
(A4)

Here we present details of the calculations of the sur-
face impedance, Eq. (17). The geometry of Fig. 1(b) is as-
sumed. All general formulas and definitions are in Sec.
II.

For the layer (metal, semiconductor),

8 =(h, e ' +hie ' )e
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1+i3=

where 53 is the skin depth of the thick metal.
For the boundary conditions [Fig. 1(a)], the upper

boundary plane is

hi+hz ——H
i „=H„,

Ckl
(hi —hz)=E

4~~1,eff

the rniddle boundary plane is
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FIG. 9. The layer-substrate-layer geometry.

O l, eff

ik&d& —ik2d&(he '' —he '')=
O2, eff

Hrssi Brssi Iill(H'B)reR re8

and the lower boundary plane is

ik2d2 —ik2d2
hze +h~e =hs,

ik2d2 —ik2d2
h 3e —h4e =a23h 5,

' 1/2

and analogically for the electrical component. Using

I res~ —~ ~+ Pnonres++ & D+ +effE+ ~

(Al), one finds

Q =Qi+Qz

&23 = 02,eff 02
Qi —— X, H„

8

We find

hi ———,
' [(1+a)(1+azz)e

ik2d2 —ik) d )+(1—a)(l —azz)e ]e h5,

hz ———,
' [(1—a)(1+azz )e

+(1+a)(1—azz)e ' ']e ' 'h5, (A5)

(A8)

where Qi and Qz are the first and second terms in Eq.
(A6), respectively.

Magnetic losses are equal to

02

16
(~res+~res)Hx

O l, eff k20= 7

02,eff k 1

usually either
~

azz
~

~~1 (metal-dielectric boundary) or
dz &&5z. For both cases we obtain from Eq. (A5),
neglecting az&, the surface impedance for our mode:

c
16m H

( i)cki ta—n(kid, )+a tan(kzdz)
Im

16sr 4nrri, ft 1 —a tan(kid i )tan(kzdz)
'

which we use in Sec. II [Eq. (17)].
The magnetic losses which are proportional to the sus-

ceptibility may also be calculated directly from the expres-
sion

and give rise to the Dysonian line shape. However, these
magnetic losses are composed of the direct magnetic
losses -X,", Eq. (A7), and the electrical losses
rr- —,

' (X,'„—X,"~), Eq. (A8). The last is obvious because the
skin depth depends upon the magnetic permeability.

APPENDIX 8: THE CASE OF THE
LAYER-SUBSTRATE-LAYER SANDWICH

In the case of the cylindrical cavity a sample with a
symmetrical plane geometry is more suitable. For this
case we consider a layer-substrate system, as shown in
Fig. 9, with symmetrical upper and lower boundaries.
The microwave magnetic field in the sample now is sym-
metric and the electric field is antisymmetric relative to
the middle plane. By means of boundary conditions out-
lined in Appendix A, we obtain instead of Eq. (17) the fol-
lowing expression:

Q= f dVH, i.8,~1+ f dVE,~.D,~i
1 1

4m. rea rea (A6)
—cki tan(kidi)+a tan[kz(L —d, }]Z= Im

16ir 4iro, ,«1—a tan(k, d, )tan[k, (L —d, )]
'

after expending Q from Eq. (A6) in X. This way of calcu-
lating is much more laborious than surface impedance cal-
culations, however it gives an interesting energetical in-
sight into the ESR line shape. %'e will demonstrate this
point for the ease of the thick metal only (localized spins
ESR iil 11lctals). It is easy to scc tllat

(B1)

with the same meaning of parameters. For the meaning
of L, see Fig. 9. Also Eq. (25) for a metal-metal ease
preserves its form, but instead of the function P in Eq.
(24},we obtain a new function
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02—l
0']

]/2

X(L,d, ) I 1+2k z(L —dz )/sin[2k z(L —d
~ )] I

[cos(ktd t ) —X(L,dt )sin(kid i )]

with

X(L,d, )=

APPENDIX C: THE CASE%HERE
BOTH THE LAYER AND SUBSTRATE

CONTAIN LOCALIZED SPINS

In Ref. 1 we discussed the line shape of the ESR signal
in the case where both the metallic layer and the metallic
substrate possess localized spins. The geometry of Fig.

I

' 1/2 1/2

tan[kz(L —dt)] ~ i . (83)
' 02 L~ oo 0'2

From Eqs. (82) and (83}, the function (b in the limit

L ~ ao becomes the function P from Eq. (24). The ESR
line shape of this geometry will not be quantitatively dif-

ferent from the line shape discussed in Sec. IIC if
(L —d{} will be of the order of the skin depth 5z. Quali-

tatively the A/8 ratio as a function of d
& /5z behaves the

same as discussed in Sec. II C.

I

1(a) is assumed. In this case Eq. (17) is still valid (with
tan(kzdz)=i) but k, is given now by Eq. (25a). Expand-
ing both k2 and k& up to linear terms in their susceptibili-
ties, we obtain that the ESR signal is a superposition of
the layer and substrate signals

~& =Ref{, Cz ——Imf&,

where

(C2)

dZ dX{(Ho ) dXI(Ho )
+Czda, ' ' d~, +

dX,'(H, )+ z 3 de +Ca dH, (Cl)
0 0

where indices 1 and 2 are for the layer and the substrate
respectively The substrate signal is defined by Eq. (25),

g., 3
——RQ —Imp, C4 ——RQ+Imp, with p from Eq.

(24). The explicit form of the layer signal is

f, =2x [(cosh x'+ tanhx'/x')] tanhx'+ 1

' 1/2
0'2

tanhx'+ 1 (cosh x' —tanhx'/x')
02

' ]/2

tanhx'+ 1 (C3)

where x'=(&+i)x, x =d ~ /5z. These results were used in Refs. 1 and 2.
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