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Stress effects on the ESR spectra of Dy in Ag thin films
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ESR experiments on dilute Ag:Dy thin films at liquid-helium temperatures allow the estima-
tion of lower limits for the second-order orbit-lattice coupling parameters. The anisotropy ob-
served on the g value of the I'; ground state of Dy is interpreted in terms of admixtures of ex-
cited crystal-field levels with the ground state, via a planar strain of the film, induced by the
difference in the thermal-expansion coefficients between the film and the substrate. The results
indicate that the tetragonal orbit-lattice parameter agrees in sign with that predicted by the
point-charge model, but the trigonal one does not, similar to Ag:Er thin films.

I. INTRODUCTION

The orbit-lattice interaction has been shown! to be
the appropriate mechanism to explain the relaxation
of a spin system to the bath in insulators. For dilute
magnetic ions in metals, however, the relaxation via
exchange between the localized moments and the
conduction electrons (Korringa mechanism) is the
dominant mechanism.? Consequently, it is not possi-
ble to obtain direct information about the orbit-lattice
interaction in a metallic host by conventional mea-
surements of ESR. Therefore, the only hope of ob-
serving this interaction will lie in the modulation of
the crystal field in a known way, and analyzing the
response of the system to this excitation. For pho-
nons with k ~ 0, which are responsible for the direct
process which is dominant at low temperatures, ? it is
possible to obtain the orbit-lattice coupling parame-
ters (OLCP) from static-stress experiments.* For
these experiments it is necessary to use single-
crystalline samples, because, even for crystals of high
symmetry, there are different parameters associated
with different directions of the applied static stress.
This makes the experiment difficult in the case of
bulk metals, because the observed resonance arises
from the impurities seated in the skin depth, where
the effects of strain inhomogeneities could mask the
effect.

Recent experiments® have shown that ESR mea-
surements at liquid-helium temperatures on metallic
single-crystalline thin films diluted with rare earths
is a good way to estimate the OLCP of a rare-earth
ion in a metallic host. The difference in thermal-
expansion coefficients between the metallic film and
the substrate will induce a planar strain on the form-
er, and, as a result of this strain, an anisotropic ESR
spectrum is obtained. This anisotropy allows the esti-
mation of the OLCP.

We report a detailed ESR study on dilute Dy in Ag
thin films grown on NaCl and quartz substrates. It is
known!? that the Ag-cubic-crystal field splits the

Dy3*(4f°)SH s/, multiplet into one I, three T'§?,
and one I'q levels, I'; being the ground state. Now, if
an axial strain field is applied to the film, a small
second-order crystal-field component appears, as well
as even smaller new fourth- and sixth-order com-
ponents of the crystal field; the I'§? levels of the

J= 175 multiplet split and mix considerably with the

I'7 ground state, which becomes anisotropic, follow-
ing the new axial symmetry of the crystal field. By
doing careful measurements of the Dy**T; g-value
anisotropy in Ag[001]- and [111]-oriented thin films,
we were able to estimate lower limits for the tetrago-
nal (G{?) and trigonal (G§?) second-order OLCP.
In Sec. II we give experimental details and results.
Section III deals with phenomenological and micro-

 scopic theories. We use a spin-lattice Hamiltonian to

analyze the data obtained from the experiments, and
the microscopic orbit-lattice Hamiltonian to obtain
the orbit-lattice parameters. In Sec. IV, we discuss
the orbit-lattice interaction in terms of a point-charge
model (PCM) and virtual bound states (vbs), and we
make a critical analysis of our data and estimated
parameters. A comment on the recent work of
Dodds and Sanny, ® and Oseroff and Calvo'! is also
given.

II. EXPERIMENTS AND RESULTS

Three different kinds of thin films were obtained
by evaporating arc melted 1—2% Ag:Dy alloys. They
were : [001]-oriented single crystals, grown on hot
(001) NaCl cleaved surfaces; [111]-oriented single
crystals, grown on hot (111) NaCl polished surfaces;
and [111]-oriented films, with a mosaic structure
(i.e., composed of many small crystals, all of them
oriented parallel to the [111] direction with the other
axes oriented at random), using amorphous quartz as
a substrate, or either (001) or (111) NaCl surfaces,
as long as their deposition temperatures were kept
below 250 °C.
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In order to get good epitaxiality on NaCl, the sur-
faces were treated with water vapor before deposi-
tion, 12 and the evaporating chamber was kept at a
residual ultrahigh vacuum of 1078 Torr. During eva-
poration the substrates were heated up to tempera-
tures of about 390 °C. The deposition rates were
very high (~ 800 A/ sec), and we evaporated just the
appropriate amount of the alloy for the desired thick-
ness, in order to get better impurity homogeneity in
the film, since, as in the case of Er in Ag and Au
thin films,® it was observed that a very small amount
of rare-earth metal was evaporated from the alloy at
the beginning of the evaporation.!* When the eva-
poration was finished, the heater on the substrate
was disconnected, and the film substrate was cooled
down to room temperature in about 90 minutes; then
the films were put in an inert argon atmosphere until
the ESR experiment was run. No further thermal
treatment was done, and in this way very good epi-
taxial single-crystalline films were obtained on NaCl
substrates, as x-ray diffraction and electron-
transmission-microscopy analysis have demonstrated.
Several thicknesses were used (2000—5000 A), show-
ing no dependence of the results on the thickness,
and only showing difficulty in observing the reso-
nance when the thickness was thinner than 2000 A.
After a few days of being in contact with the room
atmosphere, the films did not show resonance any
more.

The ESR experiments were carried on in an X-
band standard Varian spectrometer. The samples
were immersed in liquid “He. A quartz-tail stainless-
steel Dewar, which fits into a TE;o; 100-KHz Varian
microwave cavity kept at room temperature, was
used. The temperatures were obtained by measuring
the vapor pressure of the liquid helium.

Figure 1 shows a typical spectrum at 1.5 K of
Ag:Dy for a film 2100-A thick evaporated on a (111)
NaCl hot surface.
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FIG. 1. ESR spectrum at 1.5 K of Dy diluted in a 2100-A
thick (111) Ag film evaporated on a NaCl (111) surface at
300°C. The field orientation is at §=255.7° from the normal
to the plane of the film.

Figure 2 gives the observed g-value anisotropies
for films of Ag:Dy evaporated on (001), (111) NaCl,
and quartz substrates, when the magnetic field is ro-
tated in a plane perpendicular to the plane of the
film. The solid line is a least-squares fit of

g(0)=go+%Ag(300520—1) (0]

to the experimental data. Here go and Ag are the fit-
ting parameters, and 6 the angle between the magnet-
ic field and the direction perpendicular to plane of the
film. Within experimental accuracy, the linewidth,
for all the analyzed films, did not show any anisotropy.
Table I gives all the fitting parameters for the
analyzed films. The error bars given on these param-
eters were obtained from a weighted statistical aver-
age of the experimental accuracy. The deposition
temperatures, and expected deformations between
1.5 K and the deposition temperatures calculated
from Eq. (2) and Ref. 14 (see below), are also given.
From Table I we conclude that there are sliding ef-
fects of the film at the interface, because the aniso-
tropies observed on the g value for (111) films, do
not scale with the expected deformations, either for
NaCl or quartz substrates. The expected deformation
for hot substrates is about two times bigger than that
of the cold substrate. We neglect nonlinear effects
because the same behavior is observed in compres-
sion (NaCl substrate) and expansion (quartz sub-
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FIG. 2. Angular dependence of the g value of Dy in Ag
thin films at 1.5 K. ;I‘he triangles are the experimental
values for the 5000-A (001) film; the circles correspond to
the 2100-A (111) film: and the squares to the 2100-A (111)
film with mosaic structure on quartz substrate.
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TABLE I. Experimental ESR data of Ag:Dy thin films.

T# €r? Linewidth ~ Thickness  Structure
Substrate (K) %) £0 Ag (gauss) (A) (x ray)
Quartz 578 0.98 7.61£0.04  —0.87+0.03 350 + 35 2100 (111)®
Quartz 300 0.45 7.65+0.05  —0.88+0.04 450 + 45 3500 aine
NaCl1(001) 673 -1.70  7.6110.01 = 0.26+0.02 170 + 17 5000 (001)
NaC1(001) 300 —042  7.64+0.02 0.37+0.03 100 + 10 3000 a1ne
NaCli(111) 578 -136  7.62+0.03 0.42+0.03 160 * 16 2100 a1

aDeposition temperatures and deformations are estimated within 20%.

bFilms with mosaic structure.

strate) experiments. Therefore the deformations
given in Table I are only upper limits for the films
deformations.

A few films were separated from the substrate and
measured again. The experiment showed an isotropic
spectrum with a g value and thermal broadening of
7.63 £0.08 and 8 +2 G/K, respectively. These
values agree with those measured in bulk, ' and con-
firm that our experiments deal with properties of di-
lute Dy in Ag. In a few cases the thermal broadening
of the linewidth for strained films was also measured.
We found values close to those given above.

III. ANALYSIS AND THEORY
A. Strain induced on the films

We are going to interpret our experimental results
in terms of a strain induced on the film by the differ-
ence in thermal-expansion coefficients between sub-
strate and film. We shall use two sets of orthogonal
axes to describe the strain (ej and €;) and stress (o
and o) tensors. The x', y', and z’ set, with z’ per-
pendicular to the interface of the film substrate, will
be the interface frame; and the other x, y, and z set,
with axes parallel to the cubic crystal axes of the film,
will be the crystal frame.

In order to calculate the maximum expected strains
induced on the films, we are going to use the follow-
ing assumptions: (i) The film is firmly attached to the
substrate; (ii) the stress and the thermal expansion of
the film and the substrate are isotropic at the inter-
face (o4, =0;e5,=0), and the thermal-expansion
coefficients are given by those of the free materials;
(iii) the stress on the film in the direction perpendic-
ular to the interface is zero (o, =0); i.e., the film is
free along this direction; and (iv) the shear strains
perpendicular to the interface are zero (eg =¢€,,=0);
i.e., there is no bending effect in the plane of the
film.

According to (i) and (ii) the maximum values of

the strain tensor in the interface frame are given by

Ty
=y = [ (ctim = o) dT | @

where agust and agm are the thermal-expansion coef-
ficients of the substrate and film, respectively, which
are obtained from Ref. 14, and T, and T, the deposi-
tion and measurement temperatures, respectively.

In order to obtain the stress and strain tensors in
the crystal frame, we shall distinguish between the
three following situations according to the structures
obtained in our films, i.e., [001]-[111]-oriented
single-crystalline films and [111]-oriented film with a
mosaic structure.

1. [001] epitaxially grown single-crystal film

The assumption (ii) implies that any rotation
around the z' axis leaves the strain and stress tensors
invariant; therefore we can write

€xx = e):‘x (33)
and
€y =€y (3b)
and from assumption (iii)
’ Slz ' ’ '
=€y = + = ,
€,=¢ S5, (exx T €p) =aey (3¢c)

where the Sj; are the elastics compliances for the
film, which are obtained from Ref. 14. The assump-
tion (iv) will lead to

€;=0 fori=j . (3d)

2. [111] epitaxially grown single-crystal film

In this case we can obtain the stress and strain ten-
sors in the crystal frame from those in the interface
frame by doing three successive Euler rotations of
these tensors. The first is a rotation of angle ¢ about
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the z' axis, which leaves the x' axis on a crystal (110)
plane. As can be seen, this rotation, together with
assumption (ii), leaves the strain and stress tensors
invariant. The following two rotations are
0o=—55.735° about the crystal [110] direction and
¢bo=—45° about the crystal [001] direction.

Applying the above rotations to the strain tensor in
the interface frame, and using assumptions (ii) —(iv),
we can write its components in the crystal frame as
follows:

e,“=ew=ez,=%(e,'“+e,',y +e;) (4a)
and
exy=ey,=e,¢=%(ez'z—-e,'“) . (4b)

Now, using the elastic compliances and the inverse
transformation,

’ Sll f 2Sl2 ‘844 ' ’ '
= 7 + = ) 4
€ 28, +451, + Su (exx T €) =Bex (40)

e,o,=ey,=exz=%(ez'z-—e,’cx)=-;—(B—l)e,'¢x . (4d)

3. [111]-oriented films with mosaic structure

Since the assumption of isotropy on the strain and
stress at the interface leaves invariant the tensors
under any rotation around a direction perpendicular
to the film, this case can be analyzed much in the
same way as was done for case 2.

In cubic symmetry it is useful to define the normal
strains €; o, Which are a linear combination of the
strain-tensor components transforming like the «
component of a vector basis of the i-irreducible
representation of the cubic point group O;. These
normal strains are

€1g=€xx T €, TEs ,

1
€39 = T(zezz_ €xx — 5»:) ,

=L (eu—c,) , )

2
€50 = \/geyz ,
€sgx = V3, €
€5 = NEY €y
which can be easily calculated from Egs. (2)—(4), to-

gether with the tabulated data for agups and aag.!*

B. Phenomenological theory

Ag:Dy shows only one resonance. Therefore it can
be represented by the following spin Hamiltonian for
an effective spin § = %, which includes all the sym-

metry properties:
3y = gerpnH-S +3Cst 6)

where ger is the isotropic g factor expected for a
doublet in cubic symmetry, up is the Bohr magneton,
H is the external magnetic field, and 3Cgp is the spin-
lattice Hamiltonian which takes into account the ef-
fect of strain which distorts the cubic lattice. The
spin-lattice Hamiltonian can be written!’

Hs=ps 3 8i€a0ia(SH) , @)

where the O, , are functions of the effective spin and
applied magnetic field, transforming in the same way
as the normal strains €, ,, and the g; are the
phenomenological spin-lattice parameters.

For [001] thin films (case 1), using Egs. (3), (5),
and (6), we obtain the following angular variation for
the g value:

8(0) = gerr + 81514
+ %g3g63ga(3 cos?9—1) , (8)

where 0 is the angle between the magnetic field direc-
tion and the normal to the films.

Similarly for [111] thin films (cases 2 and 3),
the angular dependence of the g value is given by

g(G) = gt T &15€1¢

+38sgesg(3cos?0—1) )
with

€50 = €59y = €5g) = €54

for both single crystals and mosaic structure films.
Equations (8) and (9) give the same angular
dependence as Eq. (1); therefore, we can now identi-
fy the parameters. We found, within our experimen-
tal accuracy, g1, to be negligible, since, for all our
measurements, the parameter go in Eq. (1) was
found to be very close to the g value of Dy in bulk
alloys (see Table I). Since we have evidence that the
films partially slide off from the substrate at the in-
terface (see Sec. II), we can estimate just a lower lim-
it for the g3, and gs, parameters in Eqgs. (8) and (9),
because Eq. (2) will give only an upper limit for the
normal strains. Using the values of Ag given in
Table I for [001] films and [111]-oriented films with
the lowest deposition temperatures, we have estimated

83 =6.09; gs,=146.7 . (10)

C. Microscopic theory

The Hamiltonian which describes the energy of the
ground multiplet for a rare-earth paramagnetic ion in
cubic symmetry is given by IJC=3C. +3C,, where 3C, and
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3C, are the cubic-crystal field and Zeeman interac-
tions, respectively. When a strain distorts the lattice,
the orbit-lattice interaction JC o should be added to
the Hamiltonian. It can be written!®

o= 2 GO0 ¢, , a1

nia,§

where the 0,29 are linear combinations of #-order
the Stevens operators following the same transforma-
tion rules as the €; 4, and the G, ¥ are the orbit-
lattice coupling parameters.

As previously reported, 1 dilute Dy** in Ag
presents a 4/ configuration with a °H\s;, as a lower
multiplet. The cubic-crystal field splits this multiplet
into one I'y, one T, and three I'§? levels, with T'; the
ground state. In this case, only a second-order pro-

cess involving both 3¢, and 3Cor can modify the doub-
let composition, admixing the I'; with the excited lev-
els of the /= _121 multiplet, and inducing an anisotro-

py of the g value. The hydrostatic term in Eq. (10) is
isotropic; therefore it can only admix different I'; lev-
els; this means that in our case the admixtures
should be with different J multiplets. So, we have
neglected this term, based in our experimental
results, which show that the gy value [Eq. (1)] agrees
with the g value of Dy in bulk alloys. ‘

Calculating these second-order energies with the
wave functions |T';,) and |T'7,) that diagonalize the
Zeeman effect on the doublet, and considering always
the z' axis perpendicular to the interface, and using
Eq. (11), the Zeeman Hamiltonian for the doublet
and the strain tensor in the crystal frame we have

8(0) =geir + gerr

i, a <F7al‘]z|r7a>

for the [001] film, and

8(8) =g +V3igerr 3,

s 2G{Pesg0 (Tl LITE) (TE2| OF
E;—E§)

GiPPesy (Tl TE) (TRIOLE |T1g)

<F7a|~]z| F7a)

nia,§

1
=gt + 5 8sg€sg(3c0s?9—1) ,

where
O3 =51317—J(J +1)]

and

V3
Osgu =4+

for the [111]-oriented crystal, where |T'7,) and |T'74)
are the wave functions for the ground state for H
parallel to the [001] axis.

The right-hand sides of Egs. (12) and (13) are
linear combinations of three and four OLCP, respec-
tively. Therefore it is impossible to estimate each of
them from our experimental data. Following Arbilly
et al.,®> we shall assume the second-order parameter,
in both Egs. (12) and (13), to be much bigger than
the fourth- and sixth-order parameters. Then if the
hydrostatic term does not induce a significant change
in the cubic crystal field, we can use the crystal-field
parameters and splittings given by Oseroff e al.' to-
gether with the wave functions for a perfect Russel-
Saunders coupling for x =0.53 given by Lea, Leask,
and Wolf."7 Then Egs. (12) and (13) give

83¢/8err=—1(0.9155) G52
and (14)
8s5¢/8err=5.1650G$2 |

Jz-J2) ,

E;—E{)

@1
g()l 7a> %(3c0320—1)=geff+—;-g3353gg(3cos20—’l)
12)
%(3cos29—1)
(13)

'where we have included the contributions of the
three excited I'{? states at 11.5, 50, and 180 K from
the I'; ground state, respectively.

Following previous calculations for insulators, we
have used the PCM developed by Sroubek et al.* to
estimate the upper limit (crystal field only) for the
G{™#®. For cubic fcc sites we obtain

2
;
GiP = ezeeff%aj

and (15)
2
G = 292eeff%aj ,

where e is the effective charge for Ag ions given in
electronic charge units, and will be taken equal to

1; {r?) is the mean-square radius for the 4f electrons
in the Dy3* ion obtained from a Hartree-Fock
calculation, !® e the electronic charge, and R the dis-
tance to the nearest neighbors.

Table II gives the lower limits of the OLCP for Ag,
G3P and G2, estimated from Eqs. (10). It is in-
teresting to note that these values are of the order of
magnitude of those found in Ag:Er thin films®>’ and
that of the second-order static-crystalline-field param-
eter found in hexagonal metals.!® The values of
these parameters calculated from PCM are also
shown.
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TABLE II. Second-order orbit-lattice coupling parameters
of Ag:Dy.

Ag:Dy PCM
G{P/a;(K) =137 1041
GiP/ay(K) <-584 2082

IV. DISCUSSION

From Table II it is interesting to note that Dy** |
(similarly to Er**)7 diluted in Ag thin films, gives a
value of G2 which agree in sign with that expected
from PCM, while that of G{2’ does not. These results
are in agreement with those recently found in magne-
tostriction experiments by Campbell et al.2’ As in
the case’ of Er**, it can be suggested that, if higher
order OLCP are not important, the effect of virtual
bound states might be responsible for this change in
sign, similar to what happens with the fourth-order
static cubic-crystal field of Er’* in Ag and Au?..
However, for the case of Dy**, further experimental
evidence for the change in sign is added: uniaxial
stress experiments on the I'; ground state of Dy** in
CaF}’® show the same effect, where no conduction-
electron effects are expected. Calvo et al.'’ attribut-
ed this to shielding and covalency effects. No further
calculations have been done on this problem. There-
fore, we believe that theoretical calculations, includ-
ing shielding and covalency effects, Coulomb repul-
sion, and exchange interaction between the 4 f elec-
trons and the 5d and/or 5p vbs, taking into con-
sideration the population, width, and the crystal-field
splitting of these vbs, are needed for a better under-
standing of our experimental results.

It is.interesting to observe that no angular variation

of the linewidth has been observed for any of our
Ag:Dy thin films. This means that the strains are
homogeneous across the films; so we are not dealing
with mean values of the deformations,® but in any
case we can only estimate a lower limit of the OLCP,
since we have evidence that the films might partially
slide off of the substrate.

Recently Dodds and Sanny® have reported an ex-
perimental value for G52’ in Ag:Dy which agrees in
sign and order of magnitude with our G§2’ value.
According to our experience, and to the way that
they have grown their films, we believe that the
structure of their films would have been [111]-
oriented films with a mosaic structure. Consequently
they could have attributed the wrong OLCP to their
experiment. In any case it would be necessary to do
x-ray and/or microscopy analysis on their films in or-
der to clarify this problem.

Since the PCM gives an upper limit for the OLCP,
the values recently reported by Oseroff ez al.!! for
the width of the normal-strain distribution in their
Ag:Dy single crystals can be considered as lower lim-
its of those widths, although their values should be
corrected for fcc symmetry. Now that we are able to
estimate lower limits for the OLCP, we can give the

* following upper limits o3 <2.82 X 1072 and

05=<2.77 x 1073 for the widths of the normal-strain
distributions in Ag:Dy single crystals.

Finally we conclude that the direct spin-lattice re-
laxation times in metallic hosts must be of the same
order of magnitude as those in insulators, because
the OLCP measured in metals and equivalent insulat-
ing lattices are of the same order of magnitude.’
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