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Detailed analyses of x-ray rocking curves and ferromagnetic resonance spectra were used to
characterize properties of {111)-oriented Gd, Tm, Ga:YIG films implanted with Ne*, He*, and
H," . For each implanted species the range of doses begins with easily analyzed effects and ends
with paramagnetism or amorphousness. Ion energies were chosen to produce implanted layer
thicknesses of 3000 to 6000 A.. Profiles of normal strain, lateral strain, and damage were obtained.
The normal strain increases with dose and near amorphousness is 2.5%, 3.4%, and 3.9% for
Ne*, He™, and H;', respectively. Lateral strain is O for all values of normal strain, implying
absence of plastic flow. Comparison of these results with the reported decrease in lateral stress
implies either a large reduction in Young’s modulus or a transition to rhombohedral equilibrium
unit cell. Damage is modelled by a spherically-symmetric Gaussian distribution of incoherent
atomic displacements. Due to the use of (444), (888), and (880) reflections the sensitivity is greatest
for the c sites occupied by Gd, Tm, and Y. The standard deviation of displacements increases
linearly with strain with proportionality constant 0.25, 0.18, and 0.13 A/% for Ne*, He*, and
H,', respectively. For maximum strains up to 1.3% annealing in air reduces the strain without
changing the shape of the profile. The behavior of the strain with annealing is nearly independent
of implanted species or doses. After annealing at 600 °C the strain is 40% of the original value.
Magnetic profiles obtained before and after annealing were compared with the strain profiles. The
local change in anisotropy field 4 H, with increasing strain shows an initially linear rise for both
He™ and Ne*. The slope is — 4.1 kOe/%, in agreement with the magnetostriction effect
estimated from the composition. For strain values between 1 and 1.5%, A H, saturates reaching
peak values of — 3.6 kOe for He™ and — 2.8 kOe for Ne™. At strain values near 2.3% for He ™
and 1.8% for Ne™, 4 H, drops to nearly O and the material is paramagnetic. For peak strains
greater than 1.3% for He* and 1.1% for Ne™* the relation between uniaxial anisotropy and strain
is not unique. The saturation magnetization 47M, the ratio of exchange stiffiess to magnetization
{4 /M ) and the cubic anisotropy H, decrease with strain reaching O at 2.3% and 1.8% for He ™ and
Ne ™, respectively. At these strain values the damping coefficient a is 50% and 80% greater than
bulk value for He* and Ne*, respectively. For higher observed strains the material remains
paramagnetic. Upon annealing of samples implanted with low doses of Ne* and He™ the
anisotropy field follows uniquely the behavior with strain for unannealed material. At 600 °C the
magnetization returns to bulk value but the ratio A /M remains 20% low. For H," implantation
the total AH, consists of a magnetostrictive contribution due to strain and of a comparable excess
contribution associated with the local concentration of hydrogen. The profile of excess AH,
agrees with calculated LSS range. The presence of hydrogen results in a reduction of 47M not
attributable to strain or damage. For a peak strain of 0.60% and a peak total 4 H, of — 4.5 kOe,
the magnetization is only 40% of bulk value. After annealing up to 350 °C the excess 4 H,
diminishes and redistributes itself to the regions neighboring the peak damage. At 400 °C the
excess is nearly 0. For higher annealing temperatures the only component of A H; is
magnetostrictive. At 600 °C, the magnetization, the ratio 4 /M, and a return to bulk values.

PACS numbers: 75.30. — m, 61.10.Fr, 76.50. + g, 61.70.Tm

L. INTRODUCTION

Since the discovery' that ion-implantation in magnetic
garnets is useful in the manufacture of devices, there has
been an interest in the properties of implanted garnets. These
properties may be subdivided into three broad categories: (1)
the damage viewed primarily from a crystallographic point
of view, (2) the possible effects due to the presence of the
dopant, and (3) the magnetic properties arising from (1) and

(2).

3325 J. Appl. Phys. 54 (6), June 1983

0021-8979/83/063325-19$02.40

Damage has been studied by x-ray diffraction,’!? indir-
ectly through stress measurements,'#~!¢ enhanced etch rate
measurements,'’~'® Rutherford backscattering,?>?* and
electron diffraction.”” Magnetic properties have been stu-
died through the capping-layer effect,”*** ferromagnetic
resonance (FMR),>-? ac susceptibility,’* Mossbauer spec-
troscopy,***** vibrating sample magnetometry,® and Kerr ro-
tation.*® Although no direct measurements of dopant distri-
bution have been published, studies have been made of their
anneal-induced desorption.®
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One conclusion drawn from this work is that the strain
and damage are uniquely related to the energy deposited
through nuclear collisions.'*”*® Generally, no crystallogra-
phic effects are attributed to the presence of the dopant. An-
other conclusion drawn is that the major connection
between changes in magnetic and crystalline properties is
magnetostriction,*® promoting efforts to measure the mag-
netostriction constant of virgin and implanted crystals.***?
An apparent lack of correlation between strain and uniaxial
anisotropy H,, at high doses has led to the hypothesis that
implantation destroys the growth—induced anisotropy.*’
Other effects include changes in the saturation magnetiza-
tion M, in the exchange stiffness 4, in the Curie temperature
T, in the cubic anisotropy H,, and in the damping param-
eter .>!113313243 Ty the case of H*-implanted garnet the
unusually large variation of uniaxial anisotropy with dose**
and annealing®'® has been attributed to either (1) qualitative-
ly different damage caused by H* implantation,* or (2)
chemical effects due to the presence of H in the lattice.® %
Despite the relatively large number of papers devoted to im-
planted garnets, many of their basic features are unresolved.
Part of this is due to difficulties of interpretation of experi-
mental results and frequent failure to extract the maximum
of quantitative information available in the experimental
data.

In this paper we have combined x-ray diffraction and
ferromagnetic resonance measurements of Ne*, He™, and
H," implanted (111)-oriented Gd, Tm, Ga:YIG. This
choice of implanted species and host material was made be-
cause of their {previously) widespread use in the manufac-
ture of devices. More important, this material has the benefi-
cent properties of reasonably narrow linewidth and high
magnetostriction (70 Oe and A,,;~ — 3 X 107%). The nar-
row linewidth permits a clear identification of mode location
and amplitude in FMR, while the large A4,,, ensures that a
relatively large number of modes are supported in the im-
planted layer, thereby providing data with high information
content. For each implanted species, doses were chosen to
cover a range starting with easily analyzed effects up to
amorphousness. The incident ion energy produced implant-
ed layer thicknesses of 3000-6000 A. Selected samples were
annealed up to 600 °C.

We have attempted to answer the following questions:
(1) Can FMR and x-ray diffraction yield detailed and un-
equivocal information about magnetic and crystalline prop-
erties for all levels of damage? (2) If so, what is the extent of
correlation between magnetic and crystalline properties?
The answer to the first question is a qualified yes. Concern-
ing the second question, there is a strong although not total
correlation between measured magnetic and measured crys-
talline properties.

Il. EXPERIMENT

The garnet used was LPE-grown, (111)-oriented Gd,
Tm, Ga:YIG. The substrate material was the usual single-
crystal Gd,Ga;0,, (GGG) wafer with a 5 cm diameter and
0.5 mm thickness. Two wafers with films of identical no-
minal composition and very similar bulk magnetic proper-
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TABLE L. Some bulk properties of garnet and implantation schedule.

Nominal composition { Gdy g Tm 17 Yo.00 } [Fe;1{Gag 39 Fe, 6, )0,

Nominal thickness ( zm) 0.95
| Fyaal® 1074
| Fas| 974
| Fagol 1124
Havs (ppm™1) 0.117
47M (Gauss)® 510
Nominal energy Nominal dose
Wafer Ion (keV) (10"3/cm?)
M721 Ne* 190 5
10
20
30
50
M721 He* 140 300
600
1200
2000
M722 H,' 120 200
300
500
2000
4000

Implantation current density 0.25 uA/cm?

*Structure factors and normal absorption coefficient calculated from the
composition.
®Calculated from magnetic bubble properties.

ties were used, one (M721) for the neon and helium implanta-
tions, and the other (M722) for the hydrogen implantations.
Two nominally identical, 4 X 4 mm? samples were made for
each implanted species and dose. Implantation was done at
room temperature. (See Table I for details). These three se-
ries of implanted samples were provided to us by an external
source.*’

In the determination of magnetic profiles for high
doses, it was found useful to chemically etch some of the
neon and helium implanted samples. A 30 min preanneal in
air at 150 °C produced no detectable changes in either FMR
or x-ray diffraction. Following this, the sample was etched in
hot (110 °C) H,PO,. After cleaning with organic solvents,
the sample was plunged in the acid and stirred for 5 to 10
sec., followed by immersion in room temperature water. The
sample was etched and measured with FMR or FMR and x-
ray techniques in successive steps, up to the disappearance or
near disappearance of the signal attributed to the implanted
layer. The longest total etch time was 1 min. The amount of
material removed was determined with an accuracy of about

+ 50 A from the x-ray rocking curve by inverting the pro-
cess discussed in Ref. 7. Lateral nonuniformities attributed
to uneven etching were detected by the broadening of both
the FMR absorption spectrum and the rocking curve. The
broadening increased with successive etch steps, but did not
impair the x-ray determination of layer thickness. In the case
of FMR, the broadening at the last two etch steps vitiated a
meaningful measurement of some surface mode amplitudes,
reduced the sensitivity for detection of weak modes, and in-
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creased the uncertainty in surface mode location from the
usual + 5 Oe (unetched) up to + 150 Oe (last etch step).
Other than nonuniform etching of the surface, we found no
evidence of etch-induced changes in either crystalline or
magnetic profiles. Selected unetched samples were annealed
in air at temperatures ranging from 150 to 600 °C in steps of
50 °C. Due to the limited supply of samples, the same sample
was annealed at progressively higher temperature in succes-
sive steps lasting 30 min each. FMR measurements were
made every 50 °C, while rocking curves were taken every
100 °C.

Double crystal, Bragg case, x-ray rocking curves were
taken under the conditions described in Ref. 7. The x-ray
source line was Cu Ka with an incident beam counting rate
of 10° cps. The spot size at the sample was limited to ~1X 1
mm? by a set of slits. All as-implanted samples were mea-
sured using the (444) reflection. In certain cases described
below, the (880) ¥, > |7x |, and the (880) ¥, < |7 |, reflections
were also used. For the annealed samples, especially for an-
nealing temperatures greater than 350 °C, the (888) refiec-
tion was used because of its sensitivity to low strain. Mea-
surements repeated up to several months apart produced
practically identical rocking curves.

Ferromagnetic resonance measurements were made at

a fixed frequency of 9.5 GHz with the usual combination of
rectangular cavity, microwave bridge, and modulated exter-
nal applied field. All measurements were made at room tem-
perature without a temperature controller. Both perpendi-
cular and parallel FMR configurations were used for each
sample. For some samples FMR spectra as a function of
polar angle were also taken. The reproducibility of mode
location and amplitude determination was + 5 Qe and
+ 2%, respectively, for measurements repeated within a
few hours. However, spectra taken several days apart at
times showed systematic differences up to 50 Oe in mode
location, without appreciable changes in mode amplitude.
We attribute these variations to differences in room tem-
perature, since one can observe shifts of several hundred Oe
by blowing warm (7'~ 50 °C) air into the cavity. We do not
consider the observed variations to be significant since the
range of applied field in which the modes are excited spans
several thousand Oe.

lll. THEORETICAL CONSIDERATIONS

It is perhaps inappropriate to include here a qualitative
description of the basic processes of ion implantation. The
major purpose of this paper is to present experimental re-
sults. However, the impression formed by reading the litera-
ture on ion-implanted garnets is that different authors assign
different meanings to the same words. At the risk of belabor-
ing the point, we wish to give a precise description of what we
think we are measuring,.

During ion-implantation the incident ions undergo
collisions with target atoms. Since the ion beam is aimed in a
nonchanneling direction, the crystallographic structure of
the target plays only a minor role in determining the scatter-
ing process. The parameters which enter the expression for
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this process are the masses and nuclear charges of the ion
and target atoms, the density (number of each kind of atom
per unit volume) of the target, its electronic density, and the
kinetic energy of the ion beam.*® Since the ions continuously
lose energy as they penetrate the crystal, the energy depen-
dence becomes at least statistically a depth dependence. Due
to the low electron mass, collisions with electrons remove
energy but do not contribute to damage.*® For typical im-
plantation in garnet at a few hundred keV, the number of
nuclear collisions per ion is several hundred.*® At each colli-
sion the transferred energy ranges from zero up to a value
determined by the kinetic energy of the ion and the ion-tar-
get mass ratio. If the transferred energy is sufficiently large,
the target atom will be ejected from its original site and may
in turn eject other atoms. Thus for each incoming ion there is
a cascade of recoil atoms (a thermal spike). The mean free
path of the ion is sufficiently short,* so that even for the
lowest doses we are considering {~ 10'*/cm? for Ne* and
~10"/cm? for He* and H;" ), at least one atom from almost
every unit cell has been displaced by more than one interato-
mic spacing. Atoms surrounding either the vacancy or the
interstitial atom are no longer located in perfect crystal sites.
Since an interstitial and a vacancy are not equivalent, it is
plausible that in the implantation region the atoms are no
longer packed as closely as in virgin crystal. This is the posi-
tive strain uniformly observed in ion-implanted crystals with
widely different properties, such as Si, GaAs, and GGG.”*°

If the displacement of a particular atom j is 4r;, then
there is a probability distribution p(4r;) which describes the
frequency of these incoherent displacements. For a polyato-
mic crystal, such as garnet, one expects that each set of equi-
valent sites, occupied by a particular atomic species, has its
own p(4r;), each contributing in a different way to the total
{coherent) strain. For ion doses below that required to render
the crystal amorphous, the unit cell is still recognizable. The
registry between the implanted layer and the underlying un-
damaged crystal is maintained. It constrains the average unit
cell to expand only in a direction perpendicular to the film
surface.” The implanted layer is therefore in lateral compres-
sion and the total normal strain includes a Poisson (elastic)
contribution. The compressive stress may act as a source of
energy for the creation of extended defects. If the stress is
sufficiently large, stress-reducing dislocations may form.*°
Such an occurrence is accompanied by the loss of strict regis-
try between highly stressed and less stressed regions of the
crystal.

Up to now we have not considered any crystallographic
effects due to the presence of the implanted dopant. Al-
though a priori it is not possible to exclude the dopant as a
contributor to the total strain, experimental results strongly
suggest that only the damage is effective. For the same
strain, the doses for neon versus helium differ by one and a
half orders of magnitude,'*® conforming to the difference in
nuclear stopping power. The hypothesis that damage is the
source of the strain is further confirmed in Ref. 38, where the
detailed strain distribution was found to agree closely with
the calculated distribution of energy deposited in nuclear
collisions, but not with the ion range. Our present results,
discussed below, suggest that in the case of hydrogen im-
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plantation there is a detectable strain associated with the ion
range.

X-ray diffraction can detect and separate the implanta-
tion-induced damage components: point defects, strains,
and extended defects. Point defects change the value of the
structure factor. If they are incoherent, the magnitude of the
structure factor is diminished. This decrease is determined
by the displacement functions p(4r;) belonging to each site .
We make the simplifying and physically plausible assump-
tion that these functions are spherically symmetric Gaus-
sians described by their standard deviations U;. A further
simplification is that, at a given depth, U;=U is the same for
all sites. For the reflections used in this work, the c-sites,
occupied by Gd, Tm, and Y, are the dominant contributors
to the structure factor. Thus the experimental value of U
refers mostly to these atoms. The sensitivity to ¢ and d sites,
occupied by Fe and Ga, is much less (20 to 40%, depending
on the reflection), and the sensitivity to A-sites, occupied by
0, is practically 0.

The definition of strain used in this work is the frac-
tional change in lattice parameter with respect to that of
virgin GGG crystal. The strain may have a component €' in
a direction perpendicular to the film surface and a lateral
component €', In general, both €' and €' change the magni-
tude and the direction of a particular reciprocal lattice vec-
tor. These changes are related to the measurable change in
the angular location of the Bragg peak.” X-ray diffraction
alone gives no information on stress.

Detailed information about extended defects is much
more difficult to extract from the rocking curve. If they oc-
cupy a sufficiently small volume, they are indistinguishable
from point defects. If the extended defects involve gentle,
long-range (~ 1 um radius) distortion of the lattice, then they
result in a broadening of the rocking curve. In this case, the
mosaic-crystal theory®' may be used to obtain estimates of
their size, misorientation, and lateral variation in strain.>*°

The relationship between point defects, strain, ex-
tended defects, and dopant chemistry on one hand, and mag-
netic properties on the other, is poorly understood. We are
not aware of any “first-principles” theoretical framework
which would attempt to relate magnetism to the chemistry
and geometry of implanted crystals. At low doses there is an
approximately linear relationship between the shift in loca-
tion of the FMR principal surface mode and dose, strain or
stress. The proportionality constant roughly corresponds to
the magnetostriction constant determined by external defor-
mation of the virgin crystal. At higher doses the mode shift is
no longer simply related to any of these. In some of the refer-
ences a correlation is attempted in which the mode shift is
equated to a change in H, which is then related to the dose or
maximum strain. This is erroneous for several reasons. The
most important of these is that H, saturates and decreases in
regions of high damage so that the mode is localized and

measures the change in H, at a point far from the point of
maximum strain. It is not clear whether the changes in other
magnetic properties, such as M, 4, H,, ¥, and « are due to
strain or damage or chemistry, or a combination of all. Even
worse, the magnitudes of these changes versus ion species,
dose or depth are also poorly known. Ferromagnetic reso-
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nance spectra, when interpreted according to the model pre-
sented in Ref. 31, provide information about profiles of these
magnetic properties.

IV. THE FITTING PROCEDURE

Crystalline profiles and magnetic profiles are obtained
from the rocking curve and the FMR spectrum, respectively.
Unfortunately, neither technique as presently used can di-
rectly yield the desired profiles from the respective measure-
ment. Both techniques rely on choosing a trial distribution,
calculating the corresponding spectrum, and comparing it to
the experimental data. Since the spectra characteristic of
various classes of profiles (unimodal versus polymodal, con-
stant or increasing or decreasing with depth, etc.) have al-
ready been calculated, these serve as a guide in choosing the
initial distributions. A trial and error procedure is then used
until a satisfactory fit is obtained. A more sophisticated ap-
proach is the use of Jacobians to determine the changes in
profile for a better fit. However, combination of this with
least-squares fitting procedures has been singularly unsuc-
cessful in converging to a satisfactory fit.

In the rocking curve, the angular range of nonzero re-
flecting power establishes the maximum strain, the most
rapid oscillation establishes the total layer thickness, the
area under the curve establishes the thickness-averaged
structure factor; and the degree of smoothing is related to
extended defects.” In the kinematical regime, the rocking
curve and the strain and damage distributions are related
through a Fourier transformation. However, the lack of
phase detection precludes a direct inversion of the rocking
curve.

In perpendicular FMR, the location of the highest
mode yields an estimate of the maximum field for local uni-
form resonance H,; the total number of surface modes
yields an estimate of the ratio 4 /(M T ?), where T'is the layer
thickness; the linewidth is linearly related to the damping
parameter a; the relative amplitudes of the principal surface
and body modes yield a value for surface to bulk magnetiza-
tion ratio.*'*? Some of this information is repeated in a dif-
ferent form for paralle]l FMR.

For both x-ray and FMR analyses the accuracy and
uniqueness of a resulting distribution depend on several fac-
tors: the information content (i.e., structure) of the experi-
mental data, the sensitivity of the experimental data to varia-
tions of the quantity in question, the extent to which other
parameters produce similar effects and of course the accura-
cy or quality of the fit that is demanded. The interpretation
of the rocking curve is less ambiguous than the FMR spec-
trum since the rocking curve depends very strongly on only
one parameter, the strain distribution. The damage distribu-
tion though required for a fit at high doses and strain has a
much smaller effect. As a consequence the strain profile can
be quickly obtained with an apparent high accuracy, while
the damage profile is less certain. Without a formal proof, it
remains our opinion that the strain distribution correspond-
ing to a given rocking curve is unique, except for mirror
reflections. Typically the strain distribution is determined
everywhere to a precision of a few percent of the maximum
strain, and + 2% at the peak. The depth resolution is 50 to
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200 A depending on the particular distribution.

We describe the damage distribution by U the standard
deviation of an assumed Gaussian distribution of random
atomic displacements. The local structure factor has an ex-
ponential dependence |F | ~e ~*Y’, and so the parameter U
becomes a dominant factor in regions of high damage and
has no effect in regions of low damage.” In a later section it
will be shown that a linear relation between U and strain
gives the best fit but that the proportionality constant varies
with implant element. Thus the value of this constant is de-
termined by the fitting process for medium to high doses.

For the samples studied here, the number of surface
modes excited by perpendicular FMR ranges from 1to 11. If
their locations and amplitudes are used as inputs, there are
from 2 to 22 data points. The major parameters which deter-
mine mode locations and amplitudes are the field for uni-
form resonance H,, and the ratio4 /M. When several modes
are present, the FMR spectrum appears to be uniquely relat-
ed to the distribution of H, provided this distribution is
unimodal. In such cases the precision of the determination is
within a few percent of the maximum everywhere, and

+ 3% at the peak. For unimodal distributions, the depth-
averaged 4 /M is also determined to + 10%, but the sensi-
tivity to the shape of this distribution is relatively poor. The
same remarks apply to the distribution of M. Parallel FMR
is used to separate the various components of H,. However
the resolution of parallel FMR is less than half that of per-
pendicular FMR, and the overlap of modes vitiates accurate
amplitude measurement.’!

If the magnetic profiles are polymodal, we are unable to
determine a unique profile from a single set of spectra. One
must then resort to etching (or preferably ion-milling, since it
removes the material more uniformly) and reconstruct the
profiles as described in Ref. 31. The etch or milling steps
must be small (100-200 A) since larger etch steps leave room
for multiple interpretations of the spectra. The above discus-
sion suggests the fitting procedure we followed.

For all samples the strain and damage profiles were first
obtained. Magnetic profiles were estimated by assuming a
unique relationship to exist between AH,, and A€ for each
implanted species. For neon and helium, this relationship
was immediately shown to be linear at low doses with a clear
saturation of AH, for what we term medium doses. In this
range the saturation can be represented empirically or by
some convenient mathematical form. We found it conven-
ient and satisfactory to assume a form

AH,, =K [A€e' — b(4€')) (1)

The magnitudes of the linear and cubic terms were adjusted
to give a best fit to the spectra for all low to medium doses.
The assumption that AH,, and A€ are uniquely related
was not arbitrarily made. In previous publications, the auth-
ors have separately studied the same low-dose He-implanted
garnet with properties similar to those of some of the present
samples. The magnetic profiles were determined by one of
the authors®' independently of any x-ray results, and the
crystalline profiles were obtained by the other author’ with-
out FMR inputs. Upon comparison, the 4H,,, and 4€* pro-
files agreed with each other to + 2% of the peak values.
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Various features of the FMR spectra imply differences
in surface and bulk values of other magnetic parameters.
Differences in the linewidth require a change in a; relative
mode amplitudes may dictate a change in M; comparison of
1 and || modes may require a change in H, or ; FMR as a
function of polar angle about (110) axes places limits on the
allowed changes in H,. However there is relatively poor sen-
sitivity to the actual profile shape of these magnetic proper-
ties. A convenient assumption that is consistent with experi-
mental data is that these changes are also linearly related to
A¢€'. The peak value for each distribution is then indepen-
dently adjusted to fit the appropriate spectrum.

In the case of low to medium doses of neon and helium,
this approach produced excellent fits to the FMR spectra.
For all arbitrary deviations from this relationship that were
tested, the quality of fit rapidly deteriorated. At very high
doses the structure of the FMR spectra changed so radically,
that we were unable to use the strain data to obtain magnetic
profiles. In this dose range the bimodal profile of H,, was
determined independently of strain, and with reduced preci-
sion by etching and using the methods of Ref. 31.

For the samples implanted with hydrogen, the assump-
tion of a unique relationship between 4H,_, and Ad€' was
immediately shown to be false. Nevertheless, since the mag-
netic profiles are unimodal, they could be obtained directly
from the FMR spectra, without the need to resort to etching.

V.RESULTS AND DISCUSSION
A. Experimental and calculated spectra

Since neither rocking curves nor FMR spectra corre-
sponding to a wide range of doses of ion-implanted garnets
have been published, we include here some of our experi-
mental data. In addition to showing their structural pecu-
liarities, the figures include calculated spectra showing the
quality of fit that is obtainable. For this quality of fit the
distributions of Ae' and AH,,, have the accuracy quoted ear-
lier except for high doses where portions of the film become
amorphous or paramagnetic.

Figures 1(a), 1(b), and 1{c), respectively, show the ex-
perimental (dashed) and calculated (solid) rocking curves for
several doses of Ne*, He*, and H," implanted garnet. All
three sets have several features in common: the single sharp
peak near the origin corresponding to diffraction by the
deep, unimplanted, bulk portion of the film; the oscillatory
structure which extends to lower angles and becomes less
intense with increasing dose; and the envelope shape charac-
teristic of unimodal distributions. For all cases shown, the
calculated plane-wave solution was convolved with the inci-
dent beam, whose angular divergence distribution is ap-
proximated by a Gaussian with a standard deviation of 8
arcsec.

Figures 2(a), 2(b), and 2(c), respectively, show the per-
pendicular FMR spectra for the same samples. The spectra
are presented in stick-diagram form, the solid and open rec-
tangles corresponding to measured and calculated modes,
respectively. For clarity, the modes (experimental and calcu-
lated) are shown adjacent to each other, without overlap.
The actual field is located at their boundary. The discrepan-
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cy between calculated and measured mode location is as a
rule less than + 10 Oe, rarely becoming as large as 50 Oe for
some of the high dose cases. Mode amplitudes are indicated
by the relative height of the rectangles. Experimental modes
with amplitudes less than 10% of the principal (or first) sur-
face mode, and nearly 0 amplitude theoretical modes where
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FIG. 1. (a) Measured (dashed line) and calculated (solid line) Cu K, (444)
rocking curves for 190 keV Ne™* implantation. Doses are 0.5, 1.0, 2.0, 3.0,
and 5.0 10"/cm? for curves 1-5, respectively. (b) Cu K, (444) rocking
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cm? for curves 1-4, respectively. (c) Cu K, (444) rocking curves for 120 keV
H,' implantation. Doses are 2.0, 3.0, 5.0, 20, and 40 X 10'*/cm? for curves
1-5, respectively.

no experimental mode is seen, are also indicated by vertical
arrows. The 50 Oe width of the rectangles does not reflect the
actual mode linewidth, which increases with dose from 70
Qe (bulk modes) up to ~ 150 Oe (surface modes for highest
doses).

Only spectra for the three lowest doses of hydrogen im-
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plantation are shown in Fig. 2(c). The higher-dose spectra
were excluded because of unusual lineshapes of the lower
surface modes. A plausible explanation for these shapes is
that with large anisotropy the static magnetization is not
completely aligned for applied fields corresponding to the
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FIG. 2(a) Measured (solid rectangles) and calculated {open rectangles) L
FMR spectra for the Ne* samples of Fig. 1(a). (b) L FMR spectra for the
He™* samples of Fig. 1(b). (c} L FMR spectra of the three lower dose H;"
samples of Fig. l{c).

lower modes. Although surface modes would still exist in
this situation, they could not be calculated by the methods
used in this study.

The depth-dependence of the rf magnetization in FMR
provides a convenient classification of modes. In the present

V. S. Speriosu and C. H. Wilts 3331

Downloaded 16 Apr 2008 to 131.215.225.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



figures, the largest mode, occurring at ~3750 Oe, is the
main bulk mode, while modes at lower fields are predomin-
antly sinusoidal bulk spinwave modes. The modes found at
fields above the main mode are largely confined to the im-
planted layer and are called surface modes.*! For low doses,
the amplitudes of the surface modes generally follow an al-
ternating large-small sequence which is characteristic of
certain unimodal distributions of H,,.>* This is seen for the
lowest three neon doses, the lowest two helium doses and all
three hydrogen doses.

An important feature is observed on comparing the
spectra for the lowest and highest doses in the neon and
helium series. Although the nominal doses vary by an order
of magnitude, the separation between the principal surface
and bulk modes changes by less than 30% in both cases.
However the high dose spectra have a drastically different
character. In these cases the magnetic profiles become bimo-
dal. The details of the bimodal profiles could only be eluci-
dated by analysis after progressive etching.

The bimodal character was first established for the
third helium implant with dose 1.2 10'®/cm®. This case
showed at least 10 surface modes in a complex spectrum
unlike anything seen in earlier work. The development of
this spectrum with etching was even more bizarre as seen in
Fig. 3(a). Mode locations are indicated by circular symbols
(or elliptical symbols for less certain locations); mode ampli-
tudes are given at selected depths. Question marks indicate
amplitudes uncertain by more than a factor of two. Also
shown are the cumulative etch-time intervals, and vertical
arrows which indicate depths obtained by analysis of x-ray
rocking curves. The unetched spectrum is identical to one of
the spectra in Fig. 2(b). The evolution of this spectrum with
etch depth is quantitatively and qualitatively different from
that of a lower dose, but identical energy, He* implantation
in a similar garnet (see Fig. 5 of Ref. 31 for a comparison).

Figure 3(b) shows the calculated spectrum for the
etched sample. To obtain this structure it was necessary to
use a bimodal profile for H,, with extreme variations in
magnetic profiles to be discussed below. Although there are
small discrepancies of detail between Figs. 3(a} and 3(b), the
sensitivity of the calculated spectrum to the extreme varia-
tions in magnetic profiles is so large that we accept this result
as sufficiently accurate.

In addition to this case, the etching and fitting proce-
dure was repeated for the neon implantation with dose
3% 10" /cm?. A similar profile was required and the quality
of fit is similar to that shown in Figs. 3(a) and 3(b).

B. Profiles of perpendicular strain

The strain profiles obtained from the rocking curves of
Fig. 1 are shown in Figs. 4(a), 4(b), and 4(c) for Ne*, He™,
and H," implantations, respectively. In each figure the dis-
tributions are labeled to show correspondence with the ap-
propriate rocking curves. Since the (444) reflection used is
symmetric about the film normal, only the perpendicular
strain is measured. The unimplanted region shows an as-
grown component of strain. Assuming that for any single
wafer this strain is constant and independent of location on
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the wafer, the small spread observed in the measured value
verifies the reproducibility of experimental rocking curves
stated earlier. The implanted regions shown on the left in
these figures have thicknesses which depend on implanted
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FIG. 4(a) Perpendicular strain profiles of Ne* implanted samples. The dis-
tributions are labeled to show correspondence with the rocking curves of
Fig. 1(a), from which they were obtained. (b) Perpendicular strain profiles of
He* implanted samples. (¢} Perpendicular strain profiles of H,* implanted
samples.

species and energy. For computational convenience the dis-
tributions are represented in laminar form, the number of
laminae being approximately the minimum required for a
good fit.” This number increases with increasing strain, as
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seen in the figures. In the case of neon implantation the dam-
age becomes so large that there is no measurable diffraction
from regions where the strain exceeds 2.5%. The maximum
strain for the highest dose in Fig. 4(a) cannot be determined
by this method and the peak of the profile shown by dotted
lines is simply an extrapolation.

For each species the general features of the profiles con-
form to expectations based on LSS theory. Going from Ne™
to He™ to H," the distributions become sharper and increas-
ingly asymmetric about the maximum strain. The magni-
tude of the maximum strain below amorphousness is about
2.5% for Ne™, and by a slight extrapolation 3.4% for He™
and 3.9% for H," . For each species the surface strain is less
than half of the maximum strain. The thicknesses of the
strained layer are 3300, 5800, and 4900 ‘ZL, respectively. The
total thickness, including the bulk region, is 9200 A for the
Ne* and He* implanted wafer, and 8400 A for the H,
implanted wafer. Both values are in reasonable agreement
with the approximate values determined optically by the
supplier.

For the two highest doses of H," implantation {Fig.
4(c), distributions 4 and 5], our resolution is sufficient to
show that the presumed bulk region is not really uniform. A
two-layer representation of the strain profile in the bulk is
shown since the resolution does not permit greater detail.
The variation shown is required to fit the low-angle features
of the rocking curve. The difference in strain between the
two layers increases in proportion to the maximum strain.
This behavior as well as the thickness and location of the
region of higher strain leads us to conclude that the increased
strain is due to the presence of implanted hydrogen. For 120
keV H,', according to theory most of the stopped hydrogen
atoms are located in a region about 2000 A wide at a distance
of 4500 A from the surface.®® The region of increased strain
in the bulk region is consistent with this calculation. For
these doses, the relative atomic concentration of hydrogen is
2% to 4%, and the presumed dopant-induced strain is 4% of
the maximum strain induced by damage. This relation may
hold for other implanted species but cannot be determined
by the rocking curve method. For other dopants the implant-
ed layer is rendered amorphous for doses corresponding to
dopant concentrations well below 1%.

For each implanted species there are two curious fea-
tures involving the relation between maximum strain and
dose, and the ratio of surface strain to maximum strain.
First, the maximum implantation-induced strain 4e,,,, does
not behave smoothly as a function of nominal dose. For ex-
ample, the values of Ae,,, in Fig. 4(a) are in the ratios
1:1.8:2.1:3.2:5.4. The normalized nominal doses form a dif-
ferent sequence 1, 2, 4, 6, and 10. For hydrogen [Fig. 4(c}},
the values of 4€.,. are in the ratios 1:2.3:3.9:9.8:18.8 while
the normalized nominal dose sequence is 1, 1.5, 2.5, 10, and
20. Data for helium are also inconsistent but in a third way.
If the nominal doses are taken at face value, there is no dis-
cernible unique relationship between maximum strain and
dose. Since implantation was done in another laboratory, we
are unable to assess the accuracy of the doses. The second
feature is that the detailed shape of the strain distribution (in
particular the ratio of surface strain to peak strain) does not
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show a systematic trend with increasing dose. Fortunately
the existence of pairs of nominally identical samples for each
species and dose has enabled a partial resolution of this puz-
zle. The rocking curves obtained from each pair of samples
are in most cases decidedly different giving rise to an incon-
sistency in the ratio of surface to peak strain. While the maxi-
mum strain values for each pair do not differ by more than
15%, a discrepancy develops between this region and the
surface, becoming as large as 250% at the surface. It was
gratifying that this same inconsistency was found in the
FMR spectra and their corresponding H,,, profiles. The lack
of systematic trend mentioned above is simply a continu-
ation of this inconsistency. The actual reason for these varia-
tions in strain and magnetic profiles for nominally identical
samples remains unknown. This inability to manufacture re-
producible samples has hampered our attempt to determine
the dose dependence of strain and magnetic profiles. Serious
inconsistencies in the properties of implanted garnets versus
dose have been reported by at least two other laborato-
ries.>***

C. Lateral strain and stress

An important characteristic of ion-implanted single
crystal layers is the compressive stress in the implanted re-
gion. Its existence implies that at least up to a certain dose,
implantation causes a tendency toward an isotropic or near-
ly isotropic expansion of the unit cell. But at least initially the
registry with undamaged crystal contrains the implanted
layer to expand only in a direction perpendicular to the sur-
face.” Therefore the implanted layer and the much thicker
substrate are in lateral compression and lateral tension, re-
spectively. The depth-averaged compressive stress has been
measured by a beam cantilever method."* For 100 keV Ne™
implantation with increasing doses ranging from 10" to
10"°/cm?, in Ref. 14 the average stress initially increases lin-
early with dose, then saturates, and finally decreases to the
limit of detection. Over this range we find that the perpendi-
cular strain continues to increase with dose up to amor-
phousness. Three possible reasons for the decrease of stress
come to mind: (1) with increasing dose the modulus of elasti-
city E of the implanted layer diminishes by more than an
order of magnitude; (2) dislocations are formed to accommo-
date the lattice mismatch and allow the unit celi to relax back
to a cubic shape; and (3) a phase transition occurs such that
the new equilibrium shape of the unit cell is rhombohedral.

By measuring lateral strain we have attempted to deter-
mine the role played by the second possibility in the mecha-
nism of stress relaxation. For the Cu K, (880) %> |7u | re-
flection in {111) garnet the glancing angles of incidence and
diffraction are 80° and 9.5°, respectively. In the ¥, < ¥y |
reflection the directions of incidence and diffraction are re-
versed. For both cases the rocking curve measures lateral in
addition to perpendicular strain. In the ¥, < |yy | reflection
the sensitivity to lateral strain is even greater than to perpen-
dicular strain. In a helium implanted sample with a maxi-
mum perpendicular strain of 0.82%, previous measurement
showed’ that lateral strain was below the limit of detection
(~0.03%).
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In the present study we selected the neon distribution
no. 4 (4e€.,, = 1.57%) and the helium distribution no. 3
(A€k.. = 2.00%) because the strain is high but the damage is
below the level of amorphousness (see the next section for
results on damage). The nominal dose for neon case no. 4 is
greater than the dose for which the stress rapidly diminishes,
asreported in Ref. 14. Our present result is that for both Ne*
and He™ distributions the measured lateral strain at any
depth is not greater than 0.03%. Thus, even though the
stress may have relaxed, the implanted unit cell has not re-
turned to cubic shape. This rules out possibility no. 2 as the
mechanism of stress relaxation. We have no direct evidence
for a large reduction in E. Crystalline and amorphous alloys
and glasses of the same composition usually have similar
elastic properties, but this may not hold for structures like
garnet where bonding by oxygen is an essential part of the
structure. An alternative hypothesis is that the equilibrium
shape of the unit cell in the implanted garnet layer becomes,
at a certain dose, rhombohedral. A possible mechanism for
this transition has been suggested by W. L. Johnson.>® Due
to the interaction of the local stress field of a Frenkel pair
with the macroscopic (average) stress, the energy of the
Frenkel pair is not invariant under rotation. During implan-
tation at a certain dose this energy is minimized by an uniax-
ial orientation of Frenkel pairs which reduces the macro-
scopic stress. When this occurs the perpendicular strain no
longer has a Poisson contribution. For this and higher doses
A€' should show a different behavior from that at lower
doses. We are unable to verify this since the actual doses are
uncertain and for nominally identical implantation the
strain distribution is not reproducible.

The assumption that in implanted (111) garnet the
equilibrium unit cell becomes rhombohedral is supported by
a measurement of the stress distribution'® in a magnetic gar-
net implanted with 200 keV Ne™ at a dose of 2 X 10'*/cm?.
According to this reference, in the implanted layer the stress
distribution is bimodal. The 1000-A-thick regions near the
surface and near the interface with unimplanted material are
under substantial and comparable lateral stress. In the inter-
mediate region, also 1000 A thick, where the perpendicular
strain and the damage are greatest, the stress is barely mea-
surable. The existence of compressive stress in the outer re-
gion is unexplained if relaxation occurs by a crystallographic
decoupling of highly implanted from less implanted region.
But if the relaxation is accomplished by a local transition to
an equilibrium rhombohedral unit cell, then at a given depth
the stress depends on the degree of this transition. In this
case two regions with the same sign of the stress may be
separated by a region with zero stress. Since even at high
doses we have measured the lateral strain to be zero, hence-
forth we shall drop the term “perpendicular” when we speak
of strain.

D. Damage profiles

For the present range of doses, for each species the area
under the rocking curve changes by roughly one order of
magnitude. Since the layer thickness does not decrease with
increasing dose, the only possible interpretation is that the
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magnitude of the structure factor F decreases. Amorphous-
ness corresponds to |F | ~0. Small strains (0.1 to 0.5%) are
easily measured with good accuracy. In this region the struc-
ture factor is essentially unchanged and no information can
be obtained about the damage profile. When the maximum
strain reaches about 2.5% for neon, 3.4% for helium or
3.9% for hydrogen, the structure factor in the region of max-
imum strain has decreased to nearly zero and above this
strain no measurable diffraction occurs. As the peak strain
falls below this critical value, the local structure factor rises
sharply, the best fit being a negative exponential in (4¢).”
Since the structure factor is known to depend in this same
way on U (the standard deviation of the assumed Gaussian
random atomic displacements) it follows that the peak value
of U is linear in A¢. Elsewhere in the profile, the sensitivity is
such that U cannot be determined with equal precision and
we can only state that when the strain is high enough to give
a determination of U, the peak value occurs in the region of
maximum strain. Since it varies linearly in this region, it is a
reasonable hypothesis that this relation holds at all depths
and strains, in agreement with Ref. 7. This is consistent with
the idea that the damage is the source of the strain.

With this assumption, excellent fits have been obtained
for all doses. The proportionality constant between Uand Ae
has the value 0.25, 0.18, and 0.13 A/% for Ne*, He™ and
H,* implantation, respectively. The different effective levels
of damage for the same strain are due to the discriminating
sensitivity of the (444), (888), and (880) reflections to the ¢
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sites occupied by the heavy elements Y, Gd, and Tm. The
implication is that for the same strain, neon ions damage the
c-sublattice more severely than helium or hydrogen ions.
This is in agreement with the ballistics of implantation in
polyatomic materials.*®

At high doses the broadening of (880) reflections indi-
cates the presence of lateral nonuniformities attributable to
extended defects. The resolution is not sufficient to provide
quantitative information about their density or structure. As
we have shown, these defects do not result in any measurable
lateral strain.

E. Magnetic properties versus strain for He* and Ne™
implantation

The local field for uniform resonance H,, in L FMR is

un

H =—ai—Hk+41rM+%H,, 2)
¥

where w is the microwave angular frequency, ¥ is the gyro-

magnetic ratio, H, is the uniaxial anisotropy field, 47 M is
the saturation magnetization, and H, is the cubic anisotropy
field. The change in H,, is specified by AH,,, the difference
between its value and that in the bulk region. Of all magnetic
properties obtainable by FMR, the distribution of AH , is
determined with the highest precision. However for high
doses, substantial changes in other parameters are demand-
ed by the resonance spectrum. Even though these changes
are not known with the same precision, their general features
are incontestable. A good example is shown in Fig. 5 for the
helium implantation with dose 1.2 X 10'®/cm®. This dose is
not sufficient to give a nonmagnetic layer but produces ex-
treme variations in almost all magnetic parameters and gives
a very rich spectrum in L FMR with eleven surface modes as
shown in Figs. 2(b) and 3(b). Figure 5(a) shows the profile of
AH,_, (solid line) and the strain profile multiplied by 4.1
kOe/ % [dashed line). This choice of multiplicative constant
is made clear below. Although the strain profile is unimodal,
the distribution of AH_ is bimodal and no longer resembles
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the strain profile. The profiles of 47M and A /M are shown in
Figs. 5(b)and 5(c). At the location of maximum strain there is
an 80% reduction in 47M and a 98% reduction in exchange
constant, 4. These extreme variations are required to pro-
duce the FMR spectra of Fig. 3(b).

The relationship between 4 H, and Ae may be ob-
tained by considering their respective values for all doses and
depths. Figure 6(a) shows the values of AH,,, versus 4¢ ob-
tained for all doses of helium implantation. A different sym-
bol is used to represent each set of points corresponding to a
particular dose. The nominal doses and the values of de,,,
are also shown. If we limit attention to the two lower doses
for which A€, < 1.3%, all points lie on a single curve. In
this dose range the relationship between 4AH,, and Ae is
unique and independent of dose or depth. As mentioned in a
previous section, for pairs of samples with nominally the
same implantation, the values of 4¢_,,, are nearly the same,
but strain values towards the surface differ by a factor as
large as 2.5. Even with such differences in profile the rela-
tionship shown in Fig 6(a) is valid.

3337 J. Appl. Phys., Vol. 54, No. 6, June 1983

The initial slope of the curve is 4.1 kOe/%. As we shall
show, in the linear region approximately 98% of 4 H,,, is
due to the change in uniaxial anisotropy H, . If the change in
H, is attributed to magnetostriction using bulk values of
Young’s modulus (E = 2.0 X 10'? dyn/cm?), Poisson’s ratio
(v = 0.29) and magnetization {(47M = 510 G), one obtains a
value of — 3.6 107° for the magnetostriction constant
A111- This number is higher than but in reasonable agreement
with the value — 3.4 107° estimated from the nominal
composition and the tables given in Ref. 39. Thus we con-
clude that, at least for He*, at low doses the principal source
of AH, is Ae and that the relationship is the same as for
external elastic deformation (magnetostriction).

For Ae,,.. ® 1.3% the dependence of AH,, on Ade¢ is
much more complicated. First, AH,, saturates at a value 3.6
kOe at strain Ae = 1.5% and then decreases to a value near 0
at 4e=2.3% where the material becomes paramagnetic.
The material remains nonferrimagnetic up to the highest ob-
served strain Ae = 3.30% where the material is nearly amor-
phous. Second, in the region where AH , is saturating and
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decreasing with strain, the relationship is no longer unique.
The solid and dashed lines, respectively, connect the points
obtained for two different doses where 4e,,, is equal to
2.00% and 3.30%. In each case there are two relations
between AH,, and Ae. If the implanted layer is subdivided
into two regions, one (the outer) includes all points from the
surface up to the location of the peak strain, and the other
{inner) region includes points from the peak strain down to
the interface with unimplanted material. These regions have
a different relation between 4 H,, and 4¢. Another intrigu-
ing feature is the lower saturation for de,,,, < 1.5% com-
pared to the peak value for higher strains. For now we defer
discussion of the possible reasons for this behavior.

A plot of AH,, vs A€ for all neon doses is shown in Fig.
6(b). The general features seen with neon are the same as with
helium. The initial slope of the curve is 4.1 kOe/%, again
supporting the conclusion that at low doses the phenomenon
giving rise to 4 H, is magnetostriction. The important dif-
ferences between Ne™ and He™ implantation are the lower

peak value of AH,, (2.8 kOe vs 3.6 kOe) and the lower strain
(1.8% vs 2.3%) for which the material becomes paramagne-
tic.

We return to He* implantation for a discussion of mag-
netic properties other than H, . Figure 7 shows the values of
47M, A /M, H,, and a versus maximum 4de¢. Due to poorer
sensitivity, the profile shapes of 47M, 4 /M, H,, and a can-
not be independently determined. In the dose range below
saturation of AH , , a good fit is obtained if the implantation-
induced changes are assumed proportional to Ae. The ex-
treme variation then occurs at the point where the strainis a
maximum. For higher doses the variations are less certain,
particularly when a part of the surface layer becomes para-
magnetic. A good fit is still obtained if the changes are pro-
portional to A€, except that 4wM and A /M go to O at
A€=2.3% and remain O for higher strain.

The variation of H, is less certain but it clearly de-
creases as the strain increases. The bulk value, — 165 + 5
Oe, was determined with good accuracy by measuring the
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bulk resonance mode as a function of angle. This procedure
when applied to the surface modes can only be used to esti-
mate the minimum value of H, since the large uniaxial an-
isotropy masks the effects of H, and since accurate analysis
is not feasible for spin-wave resonance at angles other than
parallel and perpendicular. The asymmetry of the resonance
field for the principal surface mode versus angle suggests
that H, decreases about 70% for the dose where de = 1.3%.
Comparison of perpendicular and parallel spectra requires a
change nearly twice as large or else requires a small increase
(~4%) in the surface value of ¥ {perpendicular and parallel
FMR cannot distinguish between these parameters). The
bulk value of 7 is 1.503 X 107 (Oe sec) ™ ". This is 15% lower
than that of pure YIG, a feature attributed to the presence of
rare earth ions. It is quite plausible that implantation dam-
age would reduce this effect. The damping coefficient a is
another parameter which increases with strain. At
A€~2.3%, where most magnetic parameters go to 0, a
reaches a value 509% larger than in the bulk. For Ae>2.3%

the material is paramagnetic and a is not defined.

As shown in Fig. 8, the magnetic properties of the Ne™*
implanted samples behave in a way that is similar to He™
implantation. The major differences are the higher rate of
decrease with strain and consequently the lower value of Ae
for which 47mM, A /M, and H, go to 0 (1.8 vs 2.3%}), and the
large increase of @ with Ae. As for helium implantation, the
transition to paramagnetism is accompanied by a rapid drop
in AH,, [Fig. 6(b)].

F. Discussion of magnetic properties for Ne* and He ™"
implantation

We have seen that for both Ne* and He* implantation
the parameters M and 4 which define garnet as ferrigmagne-
tic decrease with increasing strain (and damage) and that for
a certain strain they go to 0. The local transition to paramag-
netism occurs for damage levels roughly 30% below that
required for amorphousness. The information obtained so
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far is, of course, still insufficient to permit an identification
of the source of the changes in magnetic properties. One is
tempted to attribute the destruction of ferrimagnetism to
incoherent atomic displacements. There is even a correspon-
dence between the more rapid decrease in 47M and 4 /M
with strain on one hand and on the other hand the larger
increase of damage with strain for neon versus helium im-
plantation. However amorphous ferromagnetic materials do
exist. It is conceivable that the large albeit coherent strains
caused by implantation also contribute to the transition to
paramagnetism. We can say very little about the increase in
the damping parameter a with strain and damage. The in-
crease implies larger losses from magnetic excitations to lat-
tice vibration. In unimplanted doped YIG the losses are at-
tributed to the presence of rare earth ions.?® Their role in
implanted doped YIG is poorly understood, since in Ref. 5 a
large (400 Oe) virgin linewidth decreases while in the present
case a low (70 Oe) virgin linewidth increases with damage.

Figures 6, 7, and 8 show that — AH, is the dominant
component of AH . The first important feature of the rela-
tion between AH, and Ae is the initial linearity and value of
the slope which matches the estimated magnetostrictive ef-
fect. The component of bulk H, attributable to growth-in-
duced anisotropy is about 500 Oe whereas AH, can be as
large as 3000 Oe. There is therefore no evidence that at low
doses the change in H, is due to the suppression of growth-
induced anisotropy.*

The second important feature is the saturation and de-
crease in AH, with increasing Ae. This is similar to the re-
ported saturation and decrease in stress in another gar-
net.'*'® A detailed correlation of these separate experiments
is not possible, but the source of the decrease in both cases
might well be the same and is likely to be the damage. The
ratio of AH,_ to stress could in principle be used to define a
parameter 34,,,/M, but it is unlikely that this would be the
same parameter obtained by application of external stress
and deformation to this same implanted material.

We do not have an explanation for the departure from a
unique relation between 4H,, and Ae at high doses, but the
sensitivity of the fitting procedure and the accuracy of the
spectrum give us confidence that the difference is real.

It has been observed in Figs. 2(a) and 2(b) that from
medium to high doses the separation in resonance field
between principal surface and body mode is relatively insen-
sitive to maximum strain and dose. This is a natural conse-
quence of the saturation and decrease in AH, with increas-
ing strain. In L FMR the principal surface mode is localized
in the region neighboring the maximum H . At increasing
doses this maximum does not change, but shifts location
from the point of maximum strain towards the interface with
unimplanted material, even after large portions of the im-
planted layer have become paramagnetic. This also indicates
that the shift of this mode with external elastic deformation
cannot be used to measure A,,,/M in the saturation region.

G. Magnetic profiles for H;' implantation

The effects of H* implantation on AH,, are known to
be markedly different from those of other ions. In a given

3340 J. Appl. Phys., Vol. 54, No. 6, June 1983

material, for He*, B*, C*, O*, and Ne* implantation the
separation AH, between principal surface and body modes
in 1 FMR saturates with increasing dose at a value not ex-
ceeding 3 kOe.** In the same material, implantation with
hydrogen causes AH| toincrease with dose beyond measure-
ment capability at 10 GHz (AH, =10 kOe). Conversely, for
hydrogen implantation AH, decreases rapidly with anneal-
ing temperature around 350 °C, while AH, for other ions
changes relatively little.** The rapid decrease in AH, corre-
lates with annealing-induced desorption of hydrogen.® Upon
annealing up to 700 °C AH, shows a nonlinear dependence
on the strain.'® Comparison of strain, magnetostriction con-
stant and AH, for deuterium implantation shows an excess
contribution to A H, which is not attributable to simple mag-
netostriction.”> Even in garnets with very low 4, large val-
ues of AH, are observed.*® These results strongly suggest
chemical effects associated with the presence of implanted
hydrogen. Our results support this view.

Figure 9(a) shows the distribution of AH ,,, as a function
of depth obtained for 120keV, 5 X 10'*/cm? H," . This distri-
bution corresponds to the third FMR spectrum of Fig. 2(c).
The maximum AH,, is 4.5 kOe, a value greater than any
obtained with Ne™ or He™ implantation. If the total 4H
profile is assumed to consist of a magnetostrictive contribu-
tion due to strain and a contribution due to a different
mechanism, then a comparison with the strain profile may
yield information about the unknown mechanism. Figure
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9(b) shows the strain distribution multiplied by 4.1 kOe/%.
Since the maximum Ae for this case is only 0.60%, it is rea-
sonable to assume that the initial linear relation between
AH,, and A€ found for Ne* and He™ is also valid here.
Figure 9(c) shows the difference between total and magnetos-
trictive AH .. The excess AH,, is in remarkable agreement
with the calculated LSS range (the local density of hydrogen
atoms). This agreement strongly suggests a connection
between AH,, and the presence of hydrogen. The connec-
tion is further confirmed by comparing the profiles of AH
and Ae before and after annealing at successively higher tem-
peratures. Figures 10(a) and 10(b) show such a sequence for
nominal doses 5 10"*/cm? and 2 X 10'*/cm?, respectively.
Before annealing the ratio of maximum AH, to maximum
Ae s greater for the sample with higher dose, indicating that
the excess AH, increases more rapidly with dose than does
Ae. With annealing below 400 °C the excess AH,, shifts to-
ward the location of maximum strain and damage and de-
creases with increasing temperature. Gettering of implanted
dopants from regions with low damage to regions with high-
er damage has been reported for other materials.’” The di-
minishing amount of excess AH, is consistent with the de-
sorption of hydrogen at these temperatures. After annealing
at 400 °C, little or no hydrogen remains in the crystal® and
the total AH,, coincides with the contribution due to strain.
Annealing at 500 and 600 °C decreases AH_, and 4e but
maintains the magnetostrictive relation.
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In addition to the unusual effect on AH,,, which is pri-
marily a change in uniaxial anisotropy, hydrogen implanta-
tion also causes unusual changes in 47M, 4 /M and «a. For
the case shown in Fig. 9, where the maximum Ae¢ is only
0.60%, there is a 60% reduction in 47 M. If the same maxi-
mum strain is obtained with Ne* or He™, the reduction is
less than 30%. For hydrogen implantation the region with
significantly lowered 47M extends beyond the strained layer
up to thedepth of excess AH,,. For Ne*™ and He™ implanta-
tion the decrease in 47M is accompanied by a decreasein 4 /
M. For hydrogen the exchange constant decreases more
slowly than 47 M, resulting in an increase in A /M. For the
distribution of Fig. 9, the average 4 /M is 43% greater than
bulk value. This is accompanied by an increase of a factor of
two in a.

Asin the case of Ne™ and He™*, we have limited under-
standing of what causes the changes in magnetic properties
for hydrogen implantation. The reduction in magnetization
accompanied by a smaller reduction in 4 suggests that inco-
herent atomic displacements play a smaller role than for
Ne* and He™, and the profiles support the view that the
presence of hydrogen atoms is a significant factor. The same
appears to be true of H,, but the uniaxial character is intrigu-
ing.

It would be informative to do detailed x-ray and FMR
analyses of deuterium implanted garnet. Since for deuterium
nuclear stopping is greater than for hydrogen, the relative
contribution of the strain compared to the contribution at-
tributable to chemistry would be greater. Published results
already show that for deuterium AH,, is greater than ex-
pected from simple magnetostriction.>®

The discovery of large chemical effects for hydrogen
implies that other ions may also produce effects not associat-
ed with strain or damage. But if detectable chemical effects
require dopant concentrations of at least 1%, such measure-
ments are difficult. For all other ions the implanted garnet is
rendered paramagnetic with doses yielding concentrations
well below 1%.

H. Results of annealing

In this paper the study of annealing behavior was limit-
ed to the two lower doses of Ne* and He™ implantation and
to the three lower doses of H," implantation. For Ne* and
He™ at these doses the relationships between AH,, and de
are independent of depth and consequently FMR spectra are
easily interpreted. The maximum strain and AH,, for the
lowest dose hydrogen implantation were too low after an-
nealing to provide significant quantitative information. The
reasons for excluding the high-dose hydrogen implantations
were discussed earlier.

For all three species the strain decreases with increasing
annealing temperature. However the changes in profile
shape are negligible. For each species it is thus possible to
normalize the profiles to the profile obtained prior to anneal-
ing. Figure 11 shows the results. It is worth noting that be-
fore annealing and normalizing the maximum values of Ae
were 0.49 and 0.87% for Ne*; 0.82 and 1.30% for He*; and
0.35 and 0.60% for H;" . For Ne* and H," the annealing
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and hydrogen implantation.

behavior is nearly independent of the magnitude of the origi-
nal strain. For He* implantation at 6 X 10'*/cm? annealing
at ~400 °C results in severe broadening of both x-ray and
FMR spectra. At this and higher doses there is a formation
of He bubbles®**> which results in a deterioration of crystal-
line and magnetic properties. The present measurements on
the lower doses of He* implantation did not show any broa-
dening up to 600 °C.

Although the strain for hydrogen decreases more rapid-
ly with annealing temperature than the strain for neon and
helium, the general trend is the same for all three species.
This reinforces the idea that despite the large differences in
dose, the major source of the strain is independent of ion
species. The more rapid decrease of strain for temperatures
between 300 and 400 °C and again between 500 and 600 °C
has been previously reported for Ne* implantation.'? The
present measurements and all other measurements known to
us do not provide information permitting speculation con-
cerning the reasons for this behavior. For all six cases and
especially after annealing the damage is too low for meaning-
ful measurement.

The behavior of magnetic properties for Ne™ and He™
implantation is reasonably consistent with the strain. As the
strain decreases, the profiles of AH,, follow the curves of
Figs. 6(a) and 6(b). Slight inconsistencies are observed for
47Mand 4 /M. The magnetization increases with annealing,
reaching its bulk value at 600 °C, where the strain has re-
laxed only half way. For both species the ratio of 4 /M also
increases with annealing but at 600 °C remains some 20%
below bulk value. The damping parameter o decreases with
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annealing, reaching the bulk value around 400 °C, and for
higher temperature it drops 10% below this value. The cubic
anisotropy remains 20 to 50% low after annealing up to
400 °C. We have already shown the annealing behavior of
AH,, for hydrogen implantation. In this case the values of
47M, A /M and a also move toward and reach the respective
bulk values at 600 °C.

VI. CONCLUDING REMARKS

It has been shown that a considerable amount of infor-
mation can be obtained by combining detailed analyses of x-
ray and FMR spectra of ion-implanted garnet. Several con-
clusions afforded by detailed analysis are substantially
different from conclusions based only on considerations of
AH, the separation of principal surface mode and bulk
mode in FMR and on the maximum extent A8 of the rocking
curve in x-ray diffraction. Some of the results clarify various
aspects of implanted garnet; other results raise new and diffi-
cult questions. The major feature to be explained is the de-
parture at high doses from a unique relationship between
AH,, and Ae. Also, a study of the annealing behavior of
samples implanted at high dose would be worthwhile.

An important question is whether or not the present
results are specific to the garnet and the implanted species
used. This cannot be clearly answered due to the lack of a
theory of the properties of implanted garnet. Nevertheless it
is probable that the general features of the present results are
reproduced in all magnetic garnets implanted with a variety
of ion species. Judging by published x-ray rocking curves,
the strain depends on ion species, energy, dose and annealing
but is insensitive to the composition of the garnet. Regard-
less of implanted species, all garnets are probably rendered
amorphous at strains around 3%. Complete and detailed
FMR spectra of implanted garnet have been rarely pub-
lished, but the more frequently published dependence of
AH, onion species, dose, etc., is similar to our observations.
We infer that the entire structures of these spectra are also
similar to the present measurements. Thus we expect that
magnetic profiles of garnets with different compositions and
implanted with different ions are similar to those of the films
we have studied.
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