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Numerical simulation of the reciprocal-space maps for ion-implanted single-
crystal yttrium—iron garnet films on gadolinium—gallium garnet substrates is
carried out and based on the theoretical model of the triple-axes dynamical dif-
fractometry of multilayer crystalline systems with inhomogeneous strain dis-
tributions and randomly distributed defects. In this model, the amplitude and
dispersion mechanisms of influence of the structure imperfections on diffrac-
tion or refraction, absorption and extinction of radiation, respectively, for the
coherent and diffuse scattering intensities are interconsistently taken into ac-
count for all the layers of the system, using derived recurrent relations be-
tween the coherent-scattering amplitudes. The presence of growth defects in
both the film and the substrate as well as radiation defects created in subsur-
face layer of nanometre-scale thickness after 90 keV F' ion implantation are
taken into account in the proposed model of the multilayer systems. Using this
model, the rocking curves measured from as-grown and ion-implanted samples
are also treated for determination of realistic strain-profile parameters and
structural-defect characteristics in both implanted films and substrates with
the aim of numerical reconstruction of the diffraction patterns from multi-
layer imperfect single-crystal systems.

YucenbHe MOIEJIIOBAHHSA KapT O0EPHEHOT0 IIPOCTOPY MAJIA HOHHO-iMILJIaHTO-

BAaHMX MOHOKPHCTAJIUHUX 3aJi30-iTpifioBMX ILIiBOK (hepuUT-r'paHaATIB HA IIij-
JIOMKIKAX 3 TrafloJiHifi-rasmiiioBoro rpanarty 37iiCHEHO Ha OCHOBi T€OPETUYHOTO
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MOJIeJII0 TPUBiCHOI AMHAMIUHOI A paKTOMeTpPil AJIs 6araTomiapoBuX KPUCTATI-
YHUX CHUCTEM i3 HeOgHOPimHUMY po3noxaisamu Aedopmarlii Ta BUIIaJKOBO PO3IIO-
minerumu gepeKramu. B iboMy MoAesIi aMILTITY AHUY i [ucIiepciiHuY MeXaHis-
MU BILIMBY HEJJOCKOHAJIOCTEM CTPYKTYPU BilNOBinIHO Ha Audpakililo 4u Ha 3a-
JIOMJIEHHS, IIOTJINHAHHA ¥ eKCTUHKILII0 BUITPOMiHEHHA B iIHTEHCUBHOCTI Korepe-
HTHOTO Ta Mu(py3HOTO PO3CIAHHS B3a€MOY3TOIKEHO BPaXOBYBAaJMCA AJIA BCixX
IIapiB CHCTEMH 3a JOIIOMOI'OI0 OJIePyKAHNX PEKYPEHTHUX CIIiBBiIHOIIEHDb MiK
aMILTIiTyJaMl KOTepeHTHOTO po3cigHHs. B sampomoHoBaHOMY Mozesi GaraTo-
MIapOBUX CUCTEM BPaxOBaHO HASIBHICTh POCTOBUX Ae(EKTiB, AK y ILIiBIli, Tak i B
OiIJIOMKIKI, a TAKOXK pagidniiiHuX ge()eKTiB y IPUIIOBEPXHEBOMY IITapi HaHOME-
TPOBOI TOBIIIMHY, YTBOPEHNUX IicJA iMmmnanTarii fioris F' 3 emepricio y 90 keB. 3
BUKOPHUCTAHHAM 3a3HAUEHOI'0 MOJEJII0 TaK0K 00POOIAINCS KPUBi XUTAHHS BU-
XiZHOTO Ta HOHHO-iMIIJIAHTOBAHOTO 3PAa3KiB JJIs BUSHAUEHHS PealiCTUYHUX IIa-
pameTrpiB mpoginiB medopmalrlii Ta CTPYKTYPHUX XapaKTepPUCTUK AedeKTiB y
OiIJIOMKIKAX Ta IMIIAHTOBAHUX ILIIBKAX 3 METOIO YUCEJIbHOI PEKOHCTPYKIIII Ka-
pPTUH quHaMiuHOI IUdPAaKIIii Bi MOHOKpUCTANIYHIX 6araToIapoBuX 3pasKiB.

YucsieHHOe MOAeIMPOBaHME KapT OOPATHOTO IIPOCTPAHCTBA [OJs HMOHHO-
UMILTIAaHTAPOBAHHBIX MOHOKDUCTAJIMYECKUX KeJIe30-UTTPUEBHIX ILJIEHOK (ep-
PUT-TPAaHATOB Ha MOAJIOMKKAX U3 raJoTUHUN-TaJJINEBOTO I'PaHaTa OCYIIeCTBIIe-
HO Ha OCHOBE TeOPeTUUeCKOI MoJesIll TPEXOCHOM JUHAMUYeCKOU AudpaKkToMeT-
PUH UIA MHOTOCJIONHBIX KPUCTAJLIMYECKUX CUCTEM C HEOJHOPOLHBIMU PacIIpe-
IeleHUIMHU AeopMAaIliyd W CIYYalHO paclpeneéHHbIMHU gedektamu. B aToit
MOJeNIN AMILIUTYAHBIA ¥ [TUCIIEPCUOHHBIN MeXaHW3Mbl BJIUSIHUA HECOBep-
IIIEHCTB CTPYKTYPhI COOTBETCTBEHHO Ha AUGPAKIINIO MIN Ha IpeJoMJIeHre, II0-
TJIOIIIEHWE U SKCTUHKIIUIO M3JIyUeHU B MHTEHCUBHOCTYU KOTE€PEHTHOTO U Iud-
(ysHOro0 pacceaHmsa B3aMMOCOTJIACOBAHHO YUUTBHIBAJINCH JJIA BCEX CJIOEB CHUCTE-
MBI C IIOMOIIIBIO IIOJYYEHHBIX PEKYPPEHTHBIX COOTHOIIIEHUI MEKAY aMILIUTY-
IaMi KOTepeHTHOrO paccesHus. B mpemjaraeMoil MOJeIN MHOT'OCJIONHBIX CHU-
CTEeM YUTEHO HaJIUYKe POCTOBHIX Ne()eKTOB, KaK B IIEHKE, TaK U B MOAJIOKKeE, a
TaKsKe PaAUAIlMOHHBIX Ne()eKTOB B IIPUIIOBEPXHOCTHOM CJIO€ HAHOMETPOBOI
TOJIIIIMHBI, 00PA30BAHHBIX ITOCJIe UMILTaHTanuy noHos F* ¢ saeprueit 90 ksB. C
HCIIOJIE30BAHNEM YIIOMAHYTOM MOJEIN TaKKe o0pabdaThIBaJNCh KPUBBIE Kada-
HUSA KMCXONHOTO M MOHHO-UMILJIAHTUPOBAHHOTO OOPABIIOB AJIS PEASUCTUUYHOTO
oIpeneseHUA IapaMeTPOB Ipoduiieii qedopMaliiy U CTPYKTYPHBIX XapaKTepHu-
CTUK Ie()eKTOB B IIOJIOKKAX ¥ UMILIAHTUPOBAHHBIX ILJIEHKAX C IIeJIbIO YKUCJICH-
HOM DPEKOHCTPYKIMK KapTHUH AUHAMHWYECKON AM(PPaKIuy OT MOHOKPUCTAJLIU-
YeCKUX MHOTOCJIOMHBIX 00pa3IioB.

Key words: dynamical diffraction theory, thin films, yttrium—iron garnet, ion
implantation, radiation defects, strain distribution, growth defects.
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1. INTRODUCTION

Modern technologies allow to grow almost perfect multilayer crystal-
line systems and to influence purposefully on their physical properties
by the controlled introduction of various structural defects. In partic-
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ular, epitaxial single-crystal yttrium—iron garnet (YIG) Y;Fe;0,, films
grown on gadolinium—gallium garnet (GGG) Gd;Ga;0,, substrate are
widely used in energy-independent magnetic-memory devices, magnet-
ic microelectronics, and integral magnetooptics, etc. (see, e.g., Ref.
[1]). Modification of physical properties of their functional layers with
sizes, which are often of nanometre scale, is carried out, in particular,
by ion implantation.

X-ray diffraction methods are most widely used to characterize
structural defects and strains in the modified crystal layers. In partic-
ular, the measurements by high-resolution double-crystal diffractome-
ter (DCD) and triple-crystal one (TCD) were carried out to characterize
inhomogeneous strain distributions and structure imperfections in
implanted garnet crystals [2, 3]. These methods are highly informative
if the analytical formulae, which give the adequate description of
measured diffraction-intensity distributions, are available and used in
interconsistent combination for both components of intensity (i.e., for
Bragg and diffuse scattering) and different dynamical diffraction
conditions or measurements methods (i.e., commonly integral, DCD,
and TCD diffractometry).

The purpose of this work is demonstration of diagnostic possibilities
offered by the theoretical method for interpretation of results of high-
resolution X-ray diffraction mapping of the real film and multilayer
systems with defects [4]. This method of structural diagnostics will be
applied to the simulation of the influence of nanometre-size defects
and inhomogeneous strain distributions in the epitaxial YIG films
grown on GGG substrate, which were implanted with 90 keV F'ions, on
the form of the coherent and diffuse components of diffraction inten-
sity distributions on reciprocal-lattice maps measured by TCD.

2. COHERENT AND DIFFUSE COMPONENTS OF RECIPROCAL-
LATTICE MAPS

Differential X-ray diffraction intensity distributions measured by
TCD from multilayer crystalline systems with inhomogeneous strain
distributions and randomly distributed defects can be represented as a
sum of coherent (I,,) and diffuse (I44;) components.

If Bragg angles for monochromator, analyser, and crystal under in-
vestigation are nearly equal, it is possible to ignore the dispersion ef-
fects and the coherent component of the two-dimensional intensity dis-
tribution can be calculated approximately in the case of quasi-
nondispersive geometry (m, —n, m) as follows [5, 6]:

L (A0, A0') = Iobs | dzRy (by12) Ruoi (2 + AB) Ry [bsz + AB(L + bs) — AY'], (1)

—Xm
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where I, is an intensity of incident X-ray beam, Ry and R, are the re-
flection coefficients of monochromator and analyser crystals, AD and
A®’ are the angular deviations of the crystal under investigation and
analyser crystal, by and bg are asymmetry parameters of monochroma-
tor and sample crystals, respectively. The expression for the coherent
component of the reflection coefficient R, (A6) for imperfect crystal
has been derived elsewhere earlier [7] and takes into account all the dy-
namical scattering effects including the extinction of Bragg waves due
to diffuse scattering by defects as well as dispersion mechanism of in-
fluence of a sample structure on multiple-scattering pattern.

Particularly, the dynamical consideration is necessary in the case of
X-ray diffraction by the implanted YIG films of thickness, which is of
the order of an extinction length. The coherent component of reflec-
tion coefficient of such inhomogeneous crystalline system with chaoti-
cally distributed defects can be calculated in so called ‘layer approxi-
mation’ using the recurrence relations between coherent components
of amplitude reflection coefficients of adjacent layers for Bragg dif-
fraction geometry[5]:

g it Baleg'ty ~Gir?)
: 1-C'nR

, (2)

where r; and ¢; are amplitudes of reflectivity and transmissivity of j*
layer, respectively, e; is the phase factor, and {;=1.

The diffuse component of the diffraction intensity measured by TCD
can be represented approximately by the following expression [5, 6]:

Lt (A6, AO) = Iy Ry RiaTuiss (K), 3)

where R, and R;, are the integrated reflectivities of monochromator
and analyser crystals, respectively, and components &, and &, of two-
dimensional vector k describe a deviation from the reciprocal-lattice
point Hin the coherent-scattering plane.

Function ry(k) in Eq. (3) represents the diffuse component of the
differential reflection coefficient of the multilayer sample (containing
M layers) after integration over vertical divergence [7]:

M
Taise (K) = Z Foo Ftdise (K), (4)
=0

where F!, is the extinction factor describing the influence of redistri-
bution of X-ray intensity between the transmitted and diffracted co-
herent waves in j™ layer, the factor Fj_ describes photoelectric absorp-
tion and absorption caused by diffuse scattering in layers lying above
j™ layer, and rj (k) is the diffuse component of the differential reflec-
tion coefficient of j*" layer.
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Thus, the formulae presented above provide the possibilities for the
effective, i.e., with minimization of required calculation time expens-
es, and self-consistent quantitative analysis of the coherent and dif-
fuse components of reciprocal-lattice maps, which are measured from
crystalline film or multilayer systems, including those with inhomo-
geneous strain distributions, large strain gradients at layer interfaces,
and randomly distributed defects of different types in all the layers
and substrate.

3. MODEL OF THE DEFECT STRUCTURE
INION-IMPLANTED YIG FILM

The sample of the epitaxial YIG film with 5.33 um thickness, which
was grown on GGG substrate and implanted with F' ions of the 90 keV
energy at dose D=6-10"cm™2, has been chosen as a model object for
simulation.

To determine realistic strain-profiles’ parameters and structural-
defects’ characteristics, this sample was investigated using the high-
resolution double-crystal X-ray diffractometer (see, for example, Fig.
1). As has been established by simultaneous treatment of the rocking
curves (RC) measured for symmetric (444) and (888) reflections, the
strain profile in YIG film implanted with F" ions has the shape shown

Fig. 1. Measured (markers) and calculated (solid line) RCs for (444) reflection
of CuK,-radiation from YIG/GGG film system implanted with F* ions
(E=90keV) at doses D=6-10"3 cm™2. The coherent and diffuse RC components
are shown by dashed and dot-dashed lines, respectively.
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Fig. 2. Strain profile in YIG film implanted with F' ions (E =90 keV) at dose
D=6-10%cm™.

in Fig. 2. This strain profile is formed due to the radiation defects,
which are distributed inhomogeneously in depth and cause the corre-
sponding ‘in average’ inhomogeneous strain. The depth profile of the
strain caused by ion implantation is calculated, using the determined
characteristics of spherical amorphous clusters in implanted layer,
namely, concentration of 5-10%° cm™, radius of 0.75nm, and volume
misfit strain at the boundary between cluster and crystal matrix
=0.0375.

Besides, in the model of defect structure of the implanted epitaxial
single-crystalline system of YIG film grown on GGG substrate, the
presence of two types of growth microdefects, namely, spherical clus-
ters and circular prismatic dislocation loops is taken into account.
Their characteristics are also determined by the DCD-profiles’ treat-
ment; namely, for spherical clusters in YIG film and GGG substrate,
we put cluster radii of 10 and 8 nm, respectively, concentration of
10 cecm™, and volume misfit strain at the boundary between cluster
and crystal matrix of 0.03. Similarly, for dislocation loops of <110>-
type within the YIG film, we put dislocation loop radius of 5 nm and
concentration of 10" cm™, whereas, within the GGG substrate, we put
dislocation loop radii of 5 and 90 nm, and concentrations of 10*® and
1,2:10" cm™, respectively.

The YIG/GGG film system as a whole is considered as a multilayer
system in each layer of which the strain is consisted of sum of average
and fluctuating components. At modelling, the average strain distri-
bution, the implanted layer is subdivided into 10 nm thick laminae,
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whereas the transition layer between film and substrate is subdivided
into layers with thicknesses of order of few hundreds of nanometres.

4. SIMULATION OF RECIPROCAL-LATTICE MAPS
FOR ION-IMPLANTED YIG FILMS WITH DEFECTS

The results of numeral simulation of reciprocal-lattice maps are de-
scribed below for the YIG film, which was implanted with F" ions of the
energy of 90 keV at dose D=6-10" cm™2. The maps were simulated for
the case of measurements by the high-resolution PANalytical X’Pert
Pro MRD XL diffractometer for (444)reflection of characteristic
CuK ;-radiation in the symmetrical Bragg diffraction geometry at the
sample under investigation. As far as the Bragg angle for Ge (220) re-
flection used in monochromator and analyser crystals of the diffrac-
tometer is nearly equal to Bragg angles for (444) reflection of YIG film
and GGG substrate, the influence of dispersion effects can be neglect-
ed, and for calculation of the coherent and diffuse components of re-
ciprocal-lattice maps, the simplified formulae (1) and (3) can be used.
To elucidate the role of microdefects growth in YIG film and GGG
substrate in the formation of diffraction patterns, we first calculated
the reciprocal-lattice map for the symmetrical (444) reflection of
CuK y;-radiation from as-grown YIG/GGG film system (Fig. 3). As is

A
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ﬁ;f,‘. 16]4, o Bl }gi. 1004, A 10 10 10

Fig. 3. Reciprocal-lattice map (middle), its coherent component (left), and
longitudinal cross section (right) for (444) reflection of CuK,;-radiation from
as-grown YIG/GGG film system.
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evident from comparison between the total reciprocal-lattice map and
its coherent component, the diffuse scattering intensity from microde-
fects in both the YIG film and the GGG substrate give a substantial
contribution to the formation of observed diffraction-intensity distri-
butions.

The reciprocal-lattice map simulated for the symmetrical (444) re-
flection of CuK,-radiation from the YIG/GGG film system implanted
with F* ions of 90 keV energy at dose D =6-10'® cm 2 is shown in Fig. 4.

As can be seen by comparing Figs. 3 and 4, the irregularly shaped
diffuse scattering intensity distribution from spherical clusters in im-
planted YIG layer appears additionally to the diffuse scattering inten-
sity distributions from microdefects in both YIG film and GGG sub-
strate around corresponding reciprocal-lattice points. It should be not-
ed that the irregular shape of diffuse scattering intensity distribution
from spherical clusters in implanted layer is caused by the inhomoge-
neous ‘in-average’ strain distribution in this layer, which leads to
smoothing and deformation of the double-drop form known for iso-
diffuse lines from spherical clusters.

It should be especially emphasized that longitudinal cross sections
of the simulated reciprocal-lattice maps in Figs. 3 and 4 closely coin-
cide in form with the rocking curves, which were measured using the
high-resolution double-crystal X-ray diffractometer for the corre-

3
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Fig. 4. Reciprocal-lattice map (middle), its coherent component (left), and
longitudinal cross section (right) for (444) reflection of CuK,-radiation from
YIG/GGG film system implanted with F" ions (E=90keV) at dose
D=6-10%cm™.
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sponding as-grown and implanted epitaxial YIG films (Fig. 1). The on-
ly distinction consists in that the oscillations at the tail of the rocking
curve measured from implanted epitaxial YIG film are something
smoothed as compared with longitudinal cross section of the simulated
reciprocal-lattice map in Fig. 4, which is explained by an additional
contribution of diffuse scattering intensity from defects in implanted
YIG layer due to integration over vertical divergence.

5. RESUME AND CONCLUSIONS

On the basis of the created theoretical model of the triple-crystal X-ray
dynamical diffractometry of the multilayer crystalline systems with
inhomogeneous strain profile and randomly distributed defects, the
numerical simulation of reciprocal-lattice maps for the ion-implanted
single-crystal YIG films on GGG substrate has been carried out. The
presence of growth defects in both the film and the substrate as well as
radiation defects created in subsurface layer are taken into account.

It is established that, as a result of superposition of coherent and
diffuse-scattering intensities from defects of various types in differ-
ent layers with heterogeneous strain, the reciprocal-lattice maps take
the form, which substantially differs from that characteristic for crys-
tals with homogeneous strain and one type of defects.

Self-consistent description of the coherent and diffuse components
of dynamical X-ray scattering with account for amplitude and disper-
sion mechanisms of influence of structure imperfections on multiple-
scattering pattern as well as instrumental factors of TCD makes possi-
ble the correct quantitative analysis of complete reciprocal-lattice
maps measured from inhomogeneous imperfect crystal structures with
defects.
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