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The magnetic resonance of thin (<1 um) Ag:Er films, epitaxially grown on cleaved NaCl (001) faces, is
reported. An anisotropy associated with the thermal strain is observed. The magnitude of the anisotropy
allows for the extraction of the orbit-lattice coupling constant. The angular variation of the linewidth is
ascribed to a spatial dependence of the internal strain. It is shown that systematic linewidth studies as a
function of film thickness will allow for the extraction of the internal strain distribution for an epitaxially

grown film.

I. INTRODUCTION

The remarkable sensitivity of electron-spin
resonance (ESR) in metals allows one to use ESR
as a spin label. In this paper we demonstrate how
one can use ESR to probe the internal strain field,
its overall magnitude, direction, and spatial dis-
tribution, in an epitaxially grown thin single-crys-
tal film.

We have chosen the system Ag:Er because of its
well-characterized magnetic resonance spectrum,’
and the relatively good epitaxial growth of Ag on a
(001) NaCl cleavage face at 280 °C.2 We observed
magnetic resonance signals for films with thick-
nesses ranging from 700 A to over a micron. We
operate at nominal Er concentrations of 10 000
ppm, but, asdiscussedin Sec. II, have reasontobe-
lieve that the ESR signal concentration is closer to
200 ppm. We analyze our results using the known
crystal-field splitting of Ag:Er, and the strain in-
duced by differential thermal contraction at the
Ag-NaCl interface. The measured anisotropy of
the g factor then enables us to calculate the mag-
nitude of the orbit-lattice coupling constant for a
metal. This is the first time that this important
coupling strength has been determined.

The ESR linewidth varies as the magnetic field is
rotated in a plane perpendicular to the film. The
width is maximum when the field is perpendicular
to the film, and minimum when the field is along
the [111] direction. This is direct evidence for an
anelastic falloff of the strain amplitude through the
thickness of the film, with the axis perpendicular
to the film. One should be able to extract the de-
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tailed internal strain-field spatial distribution by
analyzing the ESR line shape as a function of film
thickness.

In Sec. II, we describe the experimental tech-
niques involved in the thin-film alloy deposition,
and the electron-spin-resonance measurements.
In Sec. III we discuss the determination of the con-
centration of Er in the samples, and in Sec. IV we
present the basis of our theoretical analysis. Ex-
periment is compared with theory in Sec. V. Our
conclusions are presented in Sec. VI, together with
a discussion of the prospects for investigating the
structure of other epitaxially grown materials.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

A. Sample preparation and structure

A Varian VT-422 ultra-high-vacuum system was
used for the preparation of the thin films at a base
pressure of 3 X10~2 Torr. The evaporation of sil-
ver doped with an atomic concentration of 1% er-
bium (prepared by arc melting) was carried out
from a tungsten boat onto a (001) surface plane of
NaCl crystals freshly cleaved to approximately a
thickness of 0.5 mm. In order to achieve single-
crystal films of Ag on NaCl with a relatively low
defect concentration, the surface of the NaCl was
exposed to water vapor.® The temperature of the
NaCl substrate in the vacuum system before evap-
oration was held at 270 °C and rose during evap-
oration to 280 °C.*** The thickness of the deposited
film, as well as the deposition rate (5-10 A/sec),
was measured by a QM-11 Kronos thickness mon-
itor. The samples were kept at 270°C for 1 h after
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evaporation and cooled slowly thereafter. After
removing the samples from the ultra-high-vacuum
system, a 200- A carbon film was deposited to pro-
tect the fresh silver film from corrosion. Care
was taken not to expose the films to air for any
significant length of time. It was noted that some
of the films exposed to air for about an hour ex-
hibited wrinkles on the surface of the film.
Transmission electron diffraction and micros-
copy, as well as x-ray diffraction, showed that
these films were high quality single crystals.

B. ESR measurements

A Varian EC-365 X-band spectrometer was used,
with a TE,,, reflection cavity. The magnetic field
supplied by a Varian 6-inch electromagnet-was cal-
ibrated by a proton resonance magnetometer. The
samples were pasted to the cavity on the uncoated
(001) NaCl face, and the magnetic field H , was
rotated in the (100) plane.

typical ESR spectrum of Er in a 7,400 A film
of Ag on a NaCl substrate with H, along the [011]
direction is shown in Fig. 1. The angular varia-
tion of the g factor and the linewidth were studied
in the (100) plane. The g factors and linewidths
were determined according to a procedure outlined
in Ref. 5. A computer fit for the g factor

g=(g2cos®0+g2sin?g)/2
where 0 is the angle between the magnetic field and

the z axis (perpendicular to the plane of the film),
yielded the following results:

g1=8 w011~ 6.6346 + 0.0046;

81=Z1010,=6.8886 £ 0.0046 .

The absolute error is + 0.06. The measured and
computed data for the variation of the g factor are
shown in Fig. 2. The experimental data points for
the linewidths were fitted to

L I J
500 1000 1500
MAGNETIC FIELD (G)

FIG. 1. ESR spectrum of Er in a 7400-A film of Ag
on an NaCl substrate, at 1.6 K and 9.38 GHz. H,_ is
along the [011] direction. The hyperfine structure be-
cause of ¥7Er is resolved.

AH,,=a+b|3cos?6-1],
(see Sec. V) with the following values for a and b:
a=35.2+0.65G; b=4.0+£0.55G.

The measured and computed variation of the line-
width are exhibited in Fig. 3.

III. DETERMINATION OF THE Er CONCENTRATION
IN THE FILMS

The concentration of Er was determined by: (a)
measuring the residual resistance of single-crys-
tal silver films prepared simultaneously with the
ESR sample but evaporated onto mica substrates
at® 270 °C using a suitable mask for four-terminal
measurement, and (b) by measuring the relative
intensity of the electron- spin-resonance signal.
The resistance was measured at room, liquid-nit-
rogen, and liquid-helium temperatures. The re-
sidual resistivity of a normal conductor containing
a small concentration of an impurity can be written

p=po+ke, (1)

where p, is the residual resistance of the “pure”
conductor, and c the impurity concentration. Using
resistivity data for bulk Ag containing 1 at. % of?
Erandfor pure bulk Ag,® one obtains avalueof 2=6
x10~* uQ cm per ppm of Er in Ag. We found from
the measured resistivity of the 7400-A sample,
using Eq. (1) and the above value for %, that the
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FIG. 2. Angular variation of the g factor of Er ina
7400-A film of Ag on an NaCl substrate at 1.6 K and
9.38 GHz. Hy. was rotated in the (100) plane. The solid
curve represents a best fit of the experimental data
points to: (gf] cos?0 + g4 sin%0)Y2, Here 0 is the angle be-
tween the magnetic field H;, and the z axis (perpendicu-
lar to the plane of the film). Thus, & corresponds to
6 =0 and H, perpendicular to the plane of the film along
the [001] direction, g, corresponds to 6 =90° and Hyg,
in the plane of the film along the [010] direction. The
g factors were determined according to a procedure out-
lined in Ref. 5,
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Er concentration was 200 ppm. The error in this
estimate is less than 10%. The ESR signal intens-
ity (measured relative to a standard) was consis-
tent with this value.

The large difference between the film Er concen-
tration, and that of the source material, is un-
doubtably associated with the difference in vapor
pressure between Ag and Er (the former is an or-
der of magnitude larger than the latter at the tem-
perature of the single tungsten boat®). The source
material was evaporated to completion, and the
“missing” Er may have been absorbed by the tung-
sten boat.

There is no evidence for large concentration
gradients. The measured ESR resonance peaks
exhibited an asymmetry’® indicating that the spins
contributing to the signal lie within the skin depth
(estimated to be 1900 A for the 7400-A sample).

Finally, the fact that we were able to resolve the
hyperfine splitting so clearly (see Fig. 1) implies
that the magnetically active Er impurities must be
at effective local concentrations less than 500 ppm
[see Ref. 1, Phys. Rev. B 2, 2298 (1970)].

IV. THEORETICAL FRAMEWORK

A. Strains in the film and anisotropy in the g factor

Experiments in which external stresses are ap-
plied to thin films, especially to crystalline single
films, show that they possess very high tensile
strengths. Pure elastic behavior occurs!! for
strains as high as from 1 to 5%. In addition, the
elastic moduli are found to differ only slightly
from those of the bulk material.!* In view of these
results, the calculated thermal strains at the in-
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FIG. 3. Angular variation of the linewidth of Er in a
7400-A film of Ag on an NaCl substrate. Experimental
conditions are the same as in Fig. 2. The solid curve
here represents a best fit of the experimental data points
to: a +b|3cos?6 —1|. The linewidths were determined
according to a procedure outlined in Ref. 5.

terface of our samples could be smaller than the
elastic limit of the films.

The films were deposited at 280 °C (see Sec. II)
and their ESR spectrum measured at helium tem-
peratures. Contraction of both film and substrate
takes place between deposition and measurement
temperatures. Because the contraction of an alkali
halide is larger than that of the metal, the NaCl
substrate will apply a compressive stress to the
film at the interface, parallel to its plane. If the
bonding between the Ag film and the NaCl inter-
face is sufficiently strong, a planar contraction of
the Ag lattice constant at the interface plane, with
a concomitant expansion of the lattice cell perpen-
dicular to this direction, is expected. Labeling
the latter direction as the z axis, one can identify
the interface strains,

Tq
e =e,, =/; (Qpg— Oyacy) dT=-1.07%, (2)
m

where @4, ,; @y, are the coefficients of thermal
expansion of Ag, and NaCl, respectively, and both
are temperature dependent.’? The temperature of
the substrate during the deposition T, equaled 553
K, while T, =1.6 K is the temperature during the
ESR measurements. The variation of aag and
anacr With temperature was taken into account in
arriving at the value of the interface strain in Eq.
(2). Elasticity theory requires

e,.=| - v/(1=v)|(e,+e,,)=1.61%, 3)

where v is Poisson’s ratio, equal'? to 0.43 for bulk
single crystalline Ag. If these strains were uni-
form throughout the film, the volume contraction
would be

ete,,te,, =2 (1-2v)/(1-v)
=-1.07%-1.01%+1.61%=-0.53%. (4)

This volume change, though significant, will not
affect our estimate of the spin phonon coupling
constant (see discussion in Sec. V).

Let the interface planes be denoted by the coor-
dinate z =0, with film occupying 0=z =d (d is the
film thickness). As z increases, one would norm-
ally not expect the strain to change for a thin film
on a thick substrate, where the lateral dimensions
of the film greatly exceed the film thickness.'®
This conclusion holds only while in the elastic re-
gime. We shall see below that evidence is present
in our measurements for a spatial distribution of
strain in the film, leading to the conclusion that
some anelastic behavior is present. Because the
thermal strain is small [see Eq. (2)], one can
use perturbation theory for the g tensor in uni-
axially strained materials

gut2¢,=3¢g, (5)



where g is the isotropic value for the unstrained
cubic crystal. Here, || and L refer to the magnetic
field perpendicular and parallel to the plane of the
film, respectively. For Ag:Er, the ground doublet
is a T';, with a g value equal to 6.7968.1»* The
first excited state is thought'* to lie at 35 K, and to
be of T'{Y character (in the notation of Lea et al.'%).
The angular variation of the g factor can be deter-
mined using Eq. (5). We define Ag, =g, -g (so that
Ag,=-2Ag,). To first order,

2(6) =(g2 cos?0+g2sin?p)* /2
~g+3A8,(3cos?H-1), (6)

where 6 is the angle between the magnetic field and
the z axis (perpendicular to the plane of the film).
Thus, measurement of g(6) gives an immediate
test of the model. It will yield the uniaxially un-
distorted g value (along the [111] direction where
cos?6=1%), and provides a direct measure of Ag,.
Knowledge of the crystal-field level positions of
Ag:Er then allows one to evaluate the strength of
the distortion mixing of the Er wave functions, and
from this the orbit-lattice interaction.®

B. Strain distribution in the film and anisotropy
in the ESR linewidth

Before considering the crystal-field mixing ex-
pression, we note that if the strain is not constant
across the film, the ESR linewidth will increase
because of the spatial distribution of g values. One
can see this directly from Eq. (6) if Ag, is allow-
ed to be a function of z. The measured g(6) then

B z=n TZ/TT .
Pos )= ) T3, Pl - [Ho+ AHEP
z=n T2/7T
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represents a spatial average over the film

503 [ 6,2z ,
0

where g(0,z) represents Eq. (6) evaluated at the
position z where the strain has the value €,,(2).
Defining the average strain

1
€oa =3 A €,0(2)dz,

we may introduce a strain distribution function
F(z)=¢€,,(z)/€,,. Clearly, F(z)>1 for z=~0 (at
the interface), and F(z)=<1 for z=~d (at the film’s
free surface). Then, in an obvious notation,

2(0,2)=g+3F(2)Ag,(3 cos*6 - 1). (M

If we measured z in units of half the lattice con-
stant (for a fcc lattice), the field for resonance,
H_., will be shifted from its unperturbed value

H, by

AH(z)=H,(z) - H,=- (H,/g)[g(6,2) - g]
=-3H,F(z)(Ag,/g)(3 cos?6—1). (8)

If the unstrained absorption line shape is Lorent-
zian, the power absorbed will be proportional to!’

Tz/ﬂ'

PO - H,p @

where T, is the transverse relaxation time, and

y=g up/fi. Because H, is a function of z, the
observed line shape will be given by the sum

(10)

- ZZO 1+(yT,)H{H -~ Hy|1 - 3F(z)(Ag,/g)(3 cos?6 - 1)]F ’

where » is twice the number of lattice constants
making up the thickness of the film. One usually
observes'® the field derivative of Eq. (10) in equal
combination with the dispersive signal in thick
samples. In thin films, the combination will be
different but can be extracted from the line shape.
As can be seen from Eq. (10), the linewidth dim-
inisLes to a minimum at cos?6=1% [the (111) direc-
tion], where it assumes its strain-free value. As
described in Sec. II, the g value and linewidth along
the [111] direction behave as observed in the bulk,’
and demonstrate crystal quality as good as any
bulk crystals yet fabricated.

The form of the line shape in Eq. (10) is not sym-
metrical. The sense of the asymmetry depends on
the sign of Ag, and the angle 6. Epitaxially grown
Ag:Er on NaCl has Ag, <0 (Sec. II). For =0, the
line is shifted to higher fields, and is therefore

—_—
broader on the low-field side. For 6>54.7°, the
line is broader on the high-field side. This is be-
cause the g value is shifted maximally at 6=0,
z=0. As z increases, F(z) diminishes, and the
field for resonance diminishes (because Ag,<0).
The anelastic strain-induced width is large, and
the spatial variation of the g value the largest, if

n in Eq. (10) is modest [i.e., F(z=n)=~1]. On the
contrary, for thick films [F(z =x) < 1] there is al-
most no thermal strain-induced width, and the g
value hardly departs from the [111] value. Thus,
measurements of the resonance characteristics as
a function of film thickness can yield a direct
measure of the anelastic strain, and its “healing
length.” Careful measurements, utilizing detailed
models for F(z) in Eq. (10), can yield the actual in-
ternal strain-field distribution. To our knowledge,
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no other method exists which ¢an generate such
detailed information.

C. Determination of the orbit-lattice coupling constant

Finally, knowledge of Ag, can yield information
regarding the sign and magnitude of the axial orbit-
lattice coupling constant. According to Blume and
Orbach,'®

Vo= 2 V(T DC(Tm, De(T,,, —m)(=1)".
iylym
(11)

Here, i stands for the irreducible representation
of the cubic group, with # a particular subvector.
V(l"igl) is the orbit-lattice coupling coefficient,
where 7=2,4, or 6 for rare earths. C(T;;m,1) is
the appropriate combination!® of spherical harmon-
ics acting on the 4f electron coordinates, while
e(T',,,m) is the appropriate linear combination'® of
phonon strain amplitudes. We need only consider
=3, and m =0 for our case, because the strain is
tetragonal: e, =e, #e,[(-1)°is defined as unity].
Evaluating e(T,,, 6) from Egs. (2) and (3), we find
at the interface,

e(FSg’ 0)= %(zezz —Cyx— ey:v)
=3(2%1.61+1.07+1.07)%=2.68%. (12)

We have, however, three terms in Eq. (11) to eval-
uate, appropriate tol=2, 4, or 6. We have no way
of separating these terms. For simplicity (there
will be some justification for this procedure in
Sec. V) we drop the /=4 and 6 terms so that

Vo =V(T,2)C(Ty,0,2)5(2e,,—e,.—e,,).  (13)

We use Eq. (13) to mix the first excited state I’;“
into the ground I';, utilizing the wave functions for
Er appropriate to Williams and Hirst’s values'*
for x and W( - 0.338 and 0.555 K, respectively) in
the notation of Lea ef al.'® for the unperturbed
wave functions and eigenvalues. These parameters
lead to a first excited level of I'y character, some
35 K higher in energy than the ground level. A I,
lies at 40 K, with the remaining two I'y’s near 200
K. Only the T’y are connected to the ground I'; by
Eq. (13). To an accuracy of ~10%, this means we
need only include the lower lying I'{" in our anal-
ysis. A more detailed calculation is straightfor-
ward but unwarranted at the present time. Any
volume expansion would alter x and W, but the T,
g factor remains the same because g(I';) is inde-
pendent of x and W. Mixing the excited I'{’ into
the ground I', with Eq. (13) shifts the g value. Us-
ing Eq. (13), the measured shift allows us to ex-
tract V(T'y,2). Explicitly,

Ag, _  0.0156V(T5,2)5(2€4, = €ux = €yy)
g 6.7968 ’

(14)

where the numerical coefficient in the numerator
arises from explicit matrix elements of C(T',,6,2)
between I', ground state and the (x =0.338) excited
r'{" state, divided by the splitting to the latter of
34.8 K. The denominator is the g factor of the T,
ground state. As we shall see in Sec. V, the num-
erical value for V(I',,2) is comparable to the cubic
crystalline field coefficients for Er in Ag (as
noted by Orbach!® previously for insulators), but
smaller in magnitude than in insulators.

V. COMPARISON OF THEORY AND EXPERIMENT

The experimental results of Sec. II yield

Ag,/g=—-0.0249 . (15)
From Eq. (14) this leads to
V(T,2)52e,, e, ~e,)=10.8 K. (16)

To our knowledge, this is the first quantitative
estimate of the orbit-lattice coupling constant in a
metal. It is interesting to compare Eq. (16) with
the Williams and Hirst values for the (unstrained)
cubic-crystalline-field parameters'*:

C,=-T04 K, C4=12.8K. (17)

Comparing Eq. (17) with Eq. (16) supports the
phenomenological concept, previously applied to
insulating hosts,'® that the orbit-lattice coupling
constant at unit strain approximates the static
crystalline field coupling constant. It should also
be noted that Eq. (16) is about an order of magni-
tude smaller than found for insulator hosts (Srou-
bek et al.?° extract an equivalent coefficient for
YDb** in ThO, of~100 K). Inserting the known value
of thermal strain at the interface [Eq. (2) into Eq.
(16)], we obtain®

V(T,,2) =403.0 K. (18)

As indicated in Sec. IV, the /=4 and 6 terms also
contribute. We have omitted them from our para-
meterization of V. It is shown in Sroubek et al.*°
that these terms are small in insulating hosts when
compared to the /=2 term, both for point-charge
and point dipole models. This may not be relevant
to metallic hosts, because of screening of long-
range charge contributions to V;,, which diminish
the =2 terms compared to the /=4 and 6 terms
(the former falling off as 1/R3, the latter as 1/R°®
and 1/R7, respectively). However, impurity
screening, arising from the p-like virtual bound-
state electrons, can contribute to the axial potential
and may over come this reduction, restoring the
validity of our truncation procedure. The p elec-
trons do not contribute to /=4 or [ =6 terms in
Vor-

The angular variation of the linewidth follows



12 MAGNETIC RESONANCE OF THIN-FILM SINGLE-CRYSTAL... 5073

from the variation of the factor
(3H,)F(z)(Ag,/g)(3 cos?0—1)

with z in Eq. (10). Experimental results are ex-
hibited in Fig. 3. Fitting to

AH, ,=a+b|3cos?6-1| (19)
gives a best fit of
a=35.2+0.65G; 5=4.0:0.55 G. (20)

The interpretation of Eq. (20) is not trivial. The
linewidth coefficient 7, in Eq. (10) must be field
dependent because, at 1.6 K, only 14 G of the mea-
sured linewidth can be attributed to homogeneous
broadening.! The remainder is associated with an
imhomogeneous broadening which manifests itself
through an isotropic spread in g values. Because
the field for resonance is anisotropic, this spread
will yield a variation of linewidth with angle. How-
ever, the maximum variation caused by this arti-
fact is less than 1 G. In any case, the observed
variation of linewidth for angles between the [011]
and [010] directions is contrary to that which would
have resulted from the angular variation of field
for resonance. The measured linewidth increases,
whereas the field for resonance decreases in that
angular range. Thus, the predominant contribution
to the angular variation arises from the spatial de-
pendence of the thermal strain caused by anelastic
behavior. The fit to Eq. (19) exhibited in Fig. 3 is
not very good. This is most probably caused by the
fact that Eq. (19) is an approximation. One must
compute the actual line shape given by Eq. (10)
with a trial F(z) in order to establish an effective
linewidth at any angle 6.

The fact that this contribution to the linewidth is
substantially less than the shift in resonance field
with angle (~250 G) indicates a relatively small
region of anelastic behavior for Ag:Er on NaCl.
The actual range of anelastic strain may be larger
than a direct application of Eq. (10) would indicate
because the signal from spins at the interface is
reduced by the skin effect (see Ref. 17). Further
experiments must be performed on films of vary-
ing thicknesses to allow a quantitative analysis. In
any case, we have shown that the angular behavior
of the magnetic resonance linewidth can be used
to extract the spatial variation-of the internal
strain distribution in an epitaxially grown thin

film. Indeed, once the orbit-lattice coupling con-
stant has been determined for a particular impur-
ity in a specific host, the measured g shift can be
used to obtain the absolute magnitude of the ther-
mal strain distribution in the epitaxial film.

VI. CONCLUSIONS

This paper has presented the first observation
and analysis of ESR in epitaxially grown thin met-
allic films. The presence of the thermal strain
results in an anisotropic g factor, and an aniso-
tropic linewidth. The former allows for the ex-
traction of the orbit-lattice coupling constant, the
latter an estimate of the magnitude and spatial de-
pendence of the anelastic response.

For the future, it is important that further mea-
surements be made for a variety of film thicknesses.
As discussed in Sec. IV, this will enable one to ex-
tract the range and shape of the internal strain-
field distribution. This may have important con-
sequences for a variety of epitaxially grown mat-
erials. The sensitivity of electron-paramagnetic
resonance (EPR) is sufficient to dope almost any
material at such low impurity concentration levels
that the material characteristics are not altered,
and the magnetic impurities do not interfere with
one another. The magnetic impurity acts as a
spin label, and serves as a sensitive probe of the
internal strain distribution. By variation of film
thickness, one could determine the range of the
thermal strain distribution, and thereby the opti-
mum film thickness for a material in question, de-
pending on design considerations. Portis®® has
even suggested that ESR in epitaxial films could
be used as a microscopic “strain gauge,” capable
of measuring substrate deformations caused by
phase transitions, etc. Though the technique is in
its infancy, it seems apparent to the authors that
its prospects for materials characterization are
great.
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