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Findings from the investigation of subsurface layers of epitaxial single crystalline yttrium-iron garnet
Y,Fe,O,, films implanted with Si* ions with the dose of 5-10”cm and the energies of 100 — 150 keV
using conversion electron Mossbauer spectroscopy are presented and the comparison with previously
obtained results from simulations and x-ray diffractometry studies is carried out. The analysis of
energy dependence of the components Mossbauer spectra, the integral intensity of the deformation
profiles and the integral lattice disorder in the subsurface layers confirms the validity of theoretical
models used in this work.
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[peacrasneHo pe3ynsTaTH AOCTIKEHbL IPHITOBEPXHEBHX LLIAPIB €MITAKCIHHHX MOHOKPHCTATIYHHX
TL1iBOK 3aJ1i30-iTpieoro rpaHary Y,Fe O, , iMmianTopanux ionamu Si* 3 1030t0 5-10'° ¢cM 2 B nianasoHi
enepriit 100 — 150 keB MeTonoM MecHayepcbkol CrieKTpocKonii KOHBEPCiHHHUX eNEKTPOHIB Ta 31ifiCHEHO
X MOpiBHAHHSA 3 MONEPEAHBO OTPUMAHUMH pe3yNIbTaTaMK MOAEIOBaHHS Ta PEHTIeHiBChbKOT nndpak-
TOMETpii. AHani3 XapakTepiB eHEPreTHUHUX 3aIEXXHOCTEH KOMIOHEHT MecGayepiBCbKHX CIEKTpIB,
iHTerpanbHOT iHTeHCHBHOCTI Mpodinto aedopMaLlii Ta iHTErpaIbHOrO Po3yNoPsAAKYBaHHS CTPYKTYPH
NPUIOBEPXHEBOTO 11apy NiATBEPANB NPABOMipHICTh 3aCTOCOBaHHX MOJENEH.

Kuaro4ogi ci1oBa: 3ani3o-itpieBuii rpaHat, ioHHa iMIUIaHTaLlisl, KOHBEpCilHa eNeKTPOHHA MechayepiB-
CbKa CIEKTPOCKOIMis.

[IpencraeneHsl pe3yabTaThl HCCASAOBaHHH MPUITOBEPXHOCTHBIX CJIOEB IMHTAKCHAIbHBIX MOHOKPHC-
Ta/UTH4ECKHX TUIEHOK keNe30-uTpHeBoro rpaHara Y, Fe O, ,, UMIIaHTHPOBaHHBIX HOHaMH Si * ¢ 1030#
5-10" ¢cM~? B auanasoHe sHepruit 100 — 150 k3B meTonom meccbayspoBckoM CNIEKTPOCKONHH KOH-
BEPCHOHHBIX MIEKTPOHOB U OCYLLIECTBIIEHO WX CPAaBHEHHE C paHee MOIY4eHHbIMH Pe3y/IbTaTaMH MO-
JIETMPOBaHHs U PEHTIeHOBCKOH AHPPaKTOMETPHH. AHaIM3 XapaKTepoB JHEPreTHYECKHX 3aBHUCH-
MOCTel KOMIOHEHT MeccOay3pOBCKHX CIEKTPOB, HHTErpajibHOH HHTEHCMBHOCTH npoduns aedop-
MalHH U HHTErPanbHOrO PasynopsA0HEHHS CTPYKTYPbl IPUNOBEPXHOCTHOTO CJI0s NTOATBEPAMI Npa-
BOMEPHOCTb MPUMEHEHHbIX MOAEEH.

Karouesbie c10Ba: jxene30-UTTPHEBBI I MPaHAT, HOHHAS UMITJIAHTALMS, KOHBEPCHOHHAS AEKTPOHHAs
mMeccOay3poBCKasi CrIEKTPOCKOMHSL.

INTRODUCTION

Yttrium iron garnets (Y1G) are very interesting fer-
romagnetic materials due to their unique combination
of high potential for microwave application and
ability to tailor properties using wide range of do-
pants [1]. In particular, epitaxial single crystalline
yittrium-iron garnet (YIG) films are promising mate-

rials for making devices for detection, control and
processing of electronic signals in the centimeter
range. Operational characteristics of these devices
are determined by a thin subsurface layer with ar-
tificially created gradient of physical and chemical
properties.
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Discovery and development of techniques to
enhance properties of the subsurface layers of epi-
taxial iron garnet films, including YIG; is therefore
important for the advancement of modern micro-
electronic technology. Ion implantation is a promising
technique to modify properties of the subsurface
layers. Its unique advantages come from the flexibility
of the process itself, which allows controlling con-
centration of implanted ions as well as distribution
of displaced matrix ions and mechanical stresses in
the damaged layer, opens possibility of modifying
crystalline and magnetic microstructure and
overcomes limitation of traditional physical and
chemical processing techniques. Several new phy-
sical effects and features with important theoretical
and practical implications were observed in the
implanted YIG films.

EXPERIMENTAL

Single crystalline iron-yttrium garnet films (YIG)
Y,Fe,O,, were grown on 500 nm thick (111) ‘?'
electric Gd,Ga,0,, substrates (a,=12.3820 A)
using liquid phase epitaxy in a five-zone Garnet-3
oven (NVP Karat) at 10 °C, temperature at which
the solution/melt is supercooled. The films thickness
was 4.28 nm. The implantation was done using Si*
ions accelerated to the energies of 100 — 150 keV.
The implantation dose was D = 5-10"* cm™. No
channeling effects or self-annealing was observed
during the implantation.

Conversion electron Mossbauer spectroscopy
(CEMS) was used to study magnetic microstructure
of the implanted films. This technique is highly
sensitivite to the changes in structural and magnetic
properties of the crystalline lattice. The signal is
acquired from the surface layer with depths under
1500 A [2]. CEMS is especially effective for the
investigations of implanted layers, since its
acquisition depth is very similar to the thickness of
the implantation layer. YAGRS-4M spectrometer
was operated in the constant accelerations mode.
Fe,0, iron oxide enriched to 8% with Fe*’ isotope
was used in the exit batch to improve quality of the
CEMS spectra. These spectra were acquired at
room temperature using Co’’ gamma rays source in
chromium matrix operating in constant accelerations
mode. Proportional gas counter with 96% He and
4% CH, gas mixture was used to detect conversion

electrons. CEMS spectra were calibrated relative
to metallic a-Fe.

The objective of this work was to investigate
magnetic microstructure of subsurface layers of YIG
thin films. In particular, the effects of implanting these
films with 510" cm2Si* ions at 100 — 150 keV
were studied. The experimental results were com-
pared with our previous simulations and x-ray dif-
fractometry studies described elsewhere [3 —4].

RESULTS AND DISCUSSIONS

The dependence of the conversion electrons emis-
sion probability on the distance from the surface was
calculated based on the model [5]. This model as-
sumes that the emission probability does not depend
on the angle and energy and is a function of the dis-
tance from the surface x. The electron energy was
assumed to be inversely proportional to x. For the
case of iron matrix, the emission probability is given
by:

2
P*(x)=0.74-2.7x/R! +2.5[ik}
R |
then x 0.55R;,
P(x)=0then x <0.55, N

where R} —is the conversion electrons mean path

length iniron, R’ =320 nm. For other materials
the following equation holds:
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Fig. 1. Conversion electrons emission probability as a fun-

ction of generation depth for surface layer of iron-yttrium

garnet Y ,Fe O ,.
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where p — is the target density; p™ —is iron density.
The calculation has been carried out for conversion
electrons emitted during the transition of Fe*’ core
from its excited to baseline energy state in Y,Fe O,
(fig. 1).

As aresult, conversion electrons generated at
depths over 150 nm do not contribute much to the
formation of Mossbauer spectrum. In particular,
92% of Mossbauer signal comes from the 100 nm
layer, while 75% of the signal comes from only 65
nm layer.

Integral lattice damage was calculated from the
simulation of defect formation process (fig. 2) for
65 nm thick subsurface layer of YIG films, which is

most relevant for the CEMS spectroscopy.
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Fig. 2. Structural disorder in YIG films implanted with Si*
ions with various energies.

These observations are supported by the analysis
of CEMS spectra from YIG films implanted with
Si* ions with various energies.
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Fig. 3. Integral lattice disorder for a 65 nm thick subsurfa-

ce layer of a YIG film implanted with Si*ions (D=15-10"

cm?) as a function of implantation energy.

Table 1
Parameters of partial components of CEMS
spectra from Y,Fe,O . films implanted with Si*
ions with 100, 120, 130, 140 and 150 keV
energies. (D =5-10" cm™2)

I, mm/s|Q, mny/s| H,kE s 1 G,mm/s
a, | 0963 | 03034 | 49126 | 87 | 03943
d, | 06191 | 0.1987 | 39495 | 38.78 | 0.7308
100 | & | 04094 | 05046 | 30828 | 22.8 | 0.9139
a, | 1.3005|-0.7799| 47594 | 11.32 | 06553
D 105909 17145 | = | 184 | 10765
a, | 08947 | 03034 | 48407 | 1271 | 0.581
d, | 0615 | 0.1883 | 38805 | 45.54 | 0.8079
120 | & | 04262 | 03524 30431 | 1428 | 0.7935
a, | 11906 | -0.7799| 4575 | 1817 | 12035
D |06052] 23954 | " | 931 | 1439
a, | 08947 | 03034 | 48377 | 15.11 | 0.5595
d, | 0617 | 02248 | 38941 | 52.88 | 0.7915
130 | & | 05285 |-0.5255| 30447 | 113 | 0.6288
a, | 11906 |-0.7799 | 460.81 | 1522 | 0.9461
D |0683) 22403 | - | 549 | 08
a, | 09324 02602 | 489.79 | 2479 | 04309
d, | 06777 | 0.1138 | 386.67 | 35.77 | 0.5801
140 | d | 05422 | 04099 | 40194 | 18.11 | 03848
a, | L1015 [ -0393 | 4597 | 1924 | 1.1691
D |oss4| 20002 ]| — 21 | 03205
a, | 09138 [ 01568 | 4795 | 212 | 05498
d, | 06323 | 0.1827 | 37029 | 3708 | 0.8818
150 | & | 06016 | 02971 | 39483 | 1873 | 04722
a, | 09475 | 06296 | 41168 | 1689 | 0.8511
D | 06361 | 21097 | - 61 | 0.5022

The spectra were assumed to be a superposition
of four sextants that correspond to different
magneto-equivalent positions of iron ions and the
duplet component. The presence of two octa-
coordinated positions of Mossbauer cores comes
from two possible orientations of the main axes of
the electric field tensor relative to the magnetization
direction [6]. Two magneto-nonequivalent tetra-co-
ordinated positions were first introduced by the
authors [7] asa result of deviation from anion stoi-
chiometry of garnet lattice due to lack of equilibrium
and entrance of dopant atoms in the final stages of
the film growth. The change in the local atomic con-
figuration and the formation of defects during the
implantation leads to broadening of lines of hyperfine
magnetic splitting and (as a result of breaking ex-
change bonds) appearance of paramagnetic iron
ions, which are recorded as the doublet components
in the spectra

There is a close similarity in the energy depen-
dence of the relative composition of the doublet
component of CEMS spectra and the integral
intensity of the deformation profile for the 65 nm
thick subsurface layers. This observation provides
evidence to support the validity of our theoretical
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Fig. 4. CEMS spectra of subsurface layers of iron-yttrium garnet films Y,Fe,O , implanted with Si* ions with energies of
100, 120, 130, 140 and 150 keV, (D=5-10% cm™).

models and correctness of the mathematical inter-  tent with the variation of the amount of integral lattice
pretation of the x-ray diffractometry results (fig. 5(a) ~ disorder in the subsurface layer of YIG films with
and (b)). Simultaneously, these findings are consis-  the increase in the energy of implant Si* ions (fig. 3).
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Fig. 5. The dependence of relative composition of (a) doublet component of the CEMS spectra and (b) and the integral
intensity of the deformation profile in 65 nm think subsurface layer on the energy of Si* ions (D =5-10" cm™).
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It is worth noting that the increase in the implant
energy with the implantation dose kept constant leads
to larger change of the combined integral intensity
of the spectral components that correspond to octa-
coordinated iron ions compared to tetra-coordinated
ones. The relative concentration of a-lattice iron ions
in magneto-ordered state is increasing with the
increase in energy and approaching stoichiometry
level (fig. 6). This is another confirmation of higher
radiation stability of tetra-coordinated cation sub
lattice resulting from smaller amount of oxygen
anions in the first coordination sphere [8].
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Fig. 6. The energy dependence of the integral intensity of
the magnetic components of CEMS spectra generated by
resonance scattering of x-rays from the cores of Fe** ions
in octa sub lattices for epitaxial YIG film implanted with Si*
ions (D=5:10" cm™).

CONCLUSIONS

1. The integral lattice disorder in the 65 nm thick
sub surface layer of YIG film decreases with the
increase in the implant Si* ions energy, which is
consistent with the energy dependence of the
mean free path of implant ions in the crystals.

2. The presence of two octa-coordinated positions
of Mossbauer cores comes from two possible
orientations of the main axes of the electric field
tensor relative to the magnetization direction.

3. The presence of two magneto-inequivalent tetra-
coordinated positions is caused by the deviations
in anion stoichiometry driven by the lack of equi-
librium and introduction of dopant atoms in the
final stages of epitaxial growth process.

4. The validity of the theoretical model is supported
by the similarity in the energy dependences of
the relative composition of the doublet compo-
nent of Mossbauer spectrum acquired from
(65 nm think) subsurface layer and the integral
intensity of the deformation profile obtained from
x-ray diffractometry studies correlated to the
changes in the amount of integral lattice disorder
in subsurface layer.
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