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The concentration dependences of garnet-constituting elements, magneto-optical proper-
ties and surface morphology of (BiSmLu);(FeGaAl);0,, LPE iron garnet films / (111)
Gd;Gag0,, substrate interfaces have been studied. The magnetic properties and complex
shapes of magneto-optical hysteresis loops for some garnet films have been found to
depend on the film/substrate-interface characteristics. In some films, the effect of the
sublattice magnetic moment spin-reorientation accompanied by the subsequent thermo-
magnetic hysteresis has been revealed near the compensation point.

WccemoBaHbl KOHIEHTPAIIMOHHBIE 3aBHUCHUMOCTHA I'PAHATOOODPA3YIONINX 3JI€MEHTOB, Mar-
HUTHBIE CBOIicTBa M MOPQOJIOrus IMoBepxHOCcTH mHTEepdeiica Bi-comeprammx MOHOKPUCTAIIIN-
4YecKHUX ILIeHOK (eppuros-rpanatos cocrasa (BiSmLu);(FeGaAl);0,, — mogmosxka I'TT opu-
erranuu (111). ITokasaHo, 4TO MArHUTHBIE CBOIICTBA W CJIOKHBIE (DOPMBI MATrHHUTOOIITHYEC-
KMX IIeTeJb THCTEePe3nca HCCIEMOBAHHBIX I[IJIEHOK MOLYT OIIPeIeNsAThCA CBOHMCTBAMU
unTeppeiica IIEHKA-IIOMJ0MKKA. B HEKOTOPBIX ILIEHKAax BOJIM3M TeMIIepaTypPhbl KOMIIEHCAIUU
obHapy:xeH SP@PeKT ONPOKHILIBAHMS MAUHATHOTO MOMEHTA IIOAPEIIeTOK, COIIPOBOMKIAIO-
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HIUICA IIOCIEAYIONMM TeMIIePATYPHBIM MATHUTHBIM T'HCTEPE3HCOM.

1. Introduction

As is well known, the initial and the
final stages of liquid phase epitaxy (LPE)
are nonstationary processes, so the
film/substrate and film/air transient layers
may be formed at those stages [1-3]. Those
layers may influence the properties of the
film as a whole [4—6]. In [7], we have inves-
tigated the thickness dependences of mag-
netic properties for (BiSmLu)z;(FeGaAl);0,,
LPE iron garnet films being used for
thermo-magnetic data recording. Usually,
such films grow under the high supercool-
ing values AT, so the composition of grow-
ing films is extremely sensitive to the
growth conditions and the stability thereof.
It has been shown that during the film
growth process, the layers with different
H,., 04 T, and T,,,, values are formed in
the films along the growth axis. The aim of
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this work is to study the concentration of
the garnet-constituting elements in the (BiS-
mLu);(FeGaAl)sO4, LPE iron garnet films/
(111) GdzGagO4, (GGG) substrates inter-
faces and effect of concentration on mor-
phology and magnetic properties of the
films.

2. Experimental

(B|SmLU)3(FeGaA|)5012 LPE iron garnet
films of 8—6 pm thickness were grown on
the GGG (111) single crystal substrates
from a supersaturated solution-melt based
on PbO-B,05;-Bi,O5 flux. The as-grown and
polished films were etched step by step
using Ar* ions to the film thickness less
than 2 yum. Then the films were etched
using an unfocused ion beam to form a
"wedge” of 10-12 mm length with the
thickness varying from 1.5-1.7 um to zero.
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Fig. 1. Faraday hysteresis loops of as-grown films we investigated. T = 25°C. H,, . = 2 kOe, O, ... = 2.2°.

The following film characteristics were
measured after each etching step and then
along the wedge (i.e. along the film thick-
ness change):

— the film elemental composition and
surface state by electron microprobe mi-
croanalysis (EPMA) and scanning electron
microscopy (SEM);

— magneto-optical hysteresis loops
(wherefrom H,., ©®p, T, Tcomp. were deter-
mined) using a Faraday magneto-polarime-
ter at L = 655 nm and T = 10-80°C and lat-

tice mismatch Aa- by X-ray diffractometer
(XRD).

3. Results and discussion

The Faraday hysteresis loops (FHLs) of
as-grown films at T = 25°C [7] are shown in
Fig. 1. To measure the interface properties,
chosen were the Samples 2, 5, 7 with com-
plex loop shapes but being monolayer ac-
cording to XRD, as well as the Sample 3
with complex FHL and Sample 4 with usual
FHL (both bilayer according to XRD).

The FHL measurements of Sample 4 have
shown double inversion of ®p sign (Fig. 2a)
and T, variation (Fig. 2b) along the
wedge. Three thickness regions are observ-
able along the wedge: the film/air interface
region 1 (1.3<h<1.7 um) with "right” FHLs;
central region 2 (0.7<h<1.3 pm) with "left”
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FHLs and film/substrate interface region 3
(h<0.7 um) with "right” FHLs. In these re-
gions, Ty, increases from region 1 to re-
gion 2 from 15 up to 24°C, and decreases
from region 2 to region 3 from 24 down to
21.5°C. Such a behavior of ®p and Tcomp.
may be due only to chemical composition
changes along the film thickness. So, Fig.
2c¢ shows the concentration depth profile
and FHLs along the wedge (i.e. along the
film thickness change) in the regions 1-3 of
the Sample 4 at the film thickness below
1.8 um (T = 22°C, H,,,, = 2 kOe). It is seen
that in the film volume and at the film/sub-
strate interface, there is a concentration
gradient of garnet-constituting elements. In
the region 2, the total concentration of
Ga3* and APP* jons is higher than in region
1 and the transient film-substrate region 3
is enriched in substrate elements Gd3* and
Ga3*. As is well known [8], the Ga3* and
AB* concentration increase in tetrahedral
positions in garnet causes increased T,
and decreased T.. Thus, the increase of the
total Ga3* and AI®* concentration from 1.2
to 1.6 at./f.u. (atoms per formula unit) re-
sults in increased T,,,, in the region 1 as
compared to region In region 3, the
amount of Ga3* and APt exceeds
2.5 at./f.u., but Of is positive and Tcomp.
value is lower than in region 2. We have
assumed that this is due to low depth reso-
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lution of EPMA-method (deep penetration
of electron beam); really, the main amount
of Ga%* as analyzed by EPMA is in sub-
strate but not in the film.

Note that FHL in region 1 at 22°C would
have to be a superposition of hysteresis
loops of opposite signs from the inner lay-
ers and to have more complex shape. How-
ever, it is possible that the proximity of
T.omp. t0 the measuring temperature causes
reorientation of the magnetic moments in
the second layer due to strong exchange mo-
lecular field of the near-surface layer.
Thus, we observe the synphase re-magneti-
zation process in all the layers and the sim-
ple FHL shape in region 1 at 22°C. But at
T = 12°C, we observe a complex FHL (see
inset in Fig. 2¢). Its characteristic feature
is the ®y sign change when the magnetiza-
tion field decreases.

In the region 2 of the Sample 4 at
T<T comp. (region of the "left” FHLs), the
film magnetization in the field H>3 kOe led
to an abrupt change of the Op sign at a
certain field Hy, i.e. to "turnover” of the
sublattice magnetic moment. These high-
field state was"” frozen" and persisted at the
field decrease and the subsequent reversal.
In that case, FHLs from the "left” became
"right”. The return to the low-field phase
and the original FHLs appearance occurred
only after lowering the temperature to
TSTcomp., i.e. we observed the temperature
magnetic hysteresis. The field H; causing
that effect was lowered when T approaches
Teompiat T = 23°C, Hy = 3.7 kOe, at T' = 23.5°C,
Hy=1.5 kOe. This effect could be explained
as follows. The phase transition of "compen-
sation point” type in three-sublattices ferri-
magnets is due to competition of paramag-
netic rare-earth ions magnetized in the ex-
change field with iron ions in - and d-
sublattices, or due to competition of iron
ions in a- and d-sublattices. In the films we
investigated, the second phase transition
case is realized, because Sm-ferrite-garnet
has no compensation point of the magnetic
moment [9]. The investigated films exhibit
a large magnetic uniaxial anisotropy (over
15 kOe). Therefore, accordingly to the field-
temperature H-T phase diagram [10], at
the film magnetization along the easy axis
and approaching to T,,,,, different types
of collinear and noncollinear phases may
exist in the films. The collinear phases have
different magnetic moment orientations in
iron sublattices with respect to the external
magnetic field. At T < Tcomp., the octahe-
dral iron sublattice is oriented along the
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Fig. 2. Oy(h) at T = 22°C and H,,, = 2 kOe
(a); Tcomp.(h) (b); concentration depth profile

and FHLs (c) along the wedge of the sample 4.

field, the re-magnetization process causes
the "left” FHL. At T > Tcomp_, the tetrahe-
dral iron sublattice is oriented along the
external magnetic field and the re-magneti-
zation process results in the "right” FHL. A
sharp "turnover” of the sublattice magnetic
moments in certain magnetizing fields we
observed is associated with the transition
between the collinear phases, which is a
jump-type first order phase transition. In
accordance to the H-T diagram, the field of
this transition should decrease when ap-
proaching the compensation point, which is
observed in experiment really. In addition,
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the observed temperature magnetic hystere-
sis also confirms that a first order phase
transition occurs really in the system.

Fig. 3 shows the distribution of elements
along the wedge and FHLs at T = 22°C in
the Sample 5. The initial sample had the
complex FHL shape, this shape persisted
until the substrate itself, and FHL became
simple "left” only near the interface. The
total content of Ga3* and AI3* near the sub-
strate exceeded 2 at./f.u. With increasing
h, Ga3* content decreased, ®p changed its
sign, and FHL acquired a shape typical of a
film with a variable composition across the
thickness, where the layers have Tcomp. val-
ues above and below the measurement tem-
perature, thus resulting in a complex FHLs
shapes.

In the Sample 7, as in the Sample 5, the
FHLs near the film/substrate interface are
"left”, the total Ga3* and AIP* content in
this region reached 1.5 at./f.u., T ,p, =
35°C. With increasing h, Ga3* content de-
creased, ®p changed its sign, and FHL ac-
quired a shape typical of a film with a vari-
able composition across the thickness.

As is seen from Fig. 1, FHLs of the Sam-
ples 38, 5 and 7 differ from each other, but
FHLs of transition film/substrate layers
therein are identical. As to magnetic state,
these samples are at least double-layer. In
these samples, a layer with a low concentra-
tion of diamagnetic ions and the "right”
FHL grows on a layer with a high concen-
tration of diamagnetic Ga3* and AI3* ions
and the "left” FHL. The FHLs difference of
the Samples 3, 5, 7 is defined only by the
relative thickness of these layers and their
Tcomp., this ultimately defines the FHL of
the film as a whole. Thus, the "left” FHL of
the film/substrate layer, where the mag-
netization is due to the octahedral sublat-
tice, affects significantly the FHL type of
the film as a whole.

The Sample 2 (being single-layer one ac-
cording to the XRD) is characterized as
magneto-inhomogeneous according its FHL.
At the film/substrate interface, the FHLs
are "right”, the Ga®" and AIP* content is
less than 1 at./f.u. With increasing h, the
FHL shape becomes complex, because the
top layer with high concentration of Ga3*
and APR* and the "left” FHL is growing.
Thus, the “right” FHL of transient
film/substrate layer, where the magnetiza-
tion is due to the tetrahedral sublattice,
also influences significantly the resulting
FHL appearance of the film as a whole: it
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Fig. 3. Concentration depth profile and FHLs
of the sample No. 5.

contains lateral hysteresis loops of the
film/substrate layer.

The coercive force H, of the studied
films varied in a wide range. Fig. 4 shows
the dependence of H (h) along the wedge for
the Samples 2-5 and 7 at T = 22°C. In the
Sample 2, H,. changes only slightly from the
substrate to 2 = 0.8 um and increases at
h > 0.8 ym (Fig. 4a). In the Sample 3, H,
has minimum value at the sample surface
(100 Oe) and increases almost 6 times when
approaching the substrate (Fig. 4b). In the
Samples 4 and 5, H_ (#) dependences are
N-shaped (Fig. 4c¢, d). The maximum value
H, = 2170 Oe in the Sample 4 is attained at
h ~ 0.9 um (Fig. 4c, curve I); in the Sample
5, the maximum value H_ = 4500 Oe corre-
sponds to 2 ~ 2 ym (Fig. 4d). In the Sample
7, H, increases with increasing & (Fig. 4e).

It is known that coercive force is maxi-
mum near T.,.,, [11]. Therefore, to explain
the H.(h) behavior, it is important to know
Tcomp.. So, in the Sample 2, all FHLs along
the wedge are "right”, the measurement
temperature exceeds T,,,, considerably. In
the Sample 3, all FHLs along the wedge are
"left”, the measurement temperature being
below T,,,,,, SO Tcomp. has no effect on the
results of H, measurements for these sam-
ples. In the Sample 4, the measurement
temperature is near T,,,, of the layer 2
and this is most likely the cause of N-shaped
H.(h) dependence for this sample. Indeed,
H.(h) measurements at T = 38°C > Tcomp.
show that H_~200 Oe along the wedge ex-
cept for A =1.7 um, where H, = 300 Oe
(Fig. 4c, curve 2).

Thus, the anomalous dependences H .(#)
in the studied films are due to the proxim-
ity of the measurement temperature to
Teomp. for any layer. In its turn, this is
defined by the chemical composition of each
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film layer. For example, in Samples 4, 5, 7, He, Oe No.2

on the layer with a high Ga3* concentration 300 b Teomp.> T=22°C a
(and, respectively, high T, , and "left” '

FHL), another layer grows with a lower 250 |

Ga3* concentration (and, respectively, lower i
Teomp. 8nd "right” FHL), while for Sample 200 | /\'/'\"’"

3, the situation is inverse. Tcomp. of tran-

sient layer between these two layers is close 180 r a)

t the measurement temperature, and this
causes a corresponding H, increase with in-
creasing h.

100 1 1 1 1
00 02 04 06 08 hpum

The magnetic nature of the H (/) anoma- He, Oe
lies is further evidenced by the investiga- B No.3
tions of the film surface morphology. Fig. 5 500 | Teomp.< T=22°C
shows the surface photographs of the Sam-
ple 4 and GGG-substrate prior to and after 400 -
various types of surface processing. The H, 300 -
values at 22°C are presented, too. The as-
grown film surface shows the so-called fac- 200 | b)
eted structure which is then removed by 100 | '\_ . .
mechanical polishing. After 2 h of ion etch- P T S S
ing, the butt-end traces of the revealed co- 02 04 06 08 hpum
lumnar structure with different faceting be-
. R . He, Oe s No.4
come apparent in small number, the size is L
1-3 pm in diameter. When Ak < 2 um, these ) Teomp. 222 °C
traces, "uncovered” by the ion beam, cover 1600
the entire microscope view field. When ap- o T,
proaching the substrate (region 3), their 1200 ¢ / o TE2T
size is increased to 6 um in diameter. The 800 | ____/
traces of the columns constituting the film /
structure are observed at the substrate sur- 400 " 2 T=38°%
face even after a prolonged (6 h) etching. *—e o—e—o—o¢
The 'surface of the clean substrate after ion 010 014 O‘.8 1_'2 1.I6 h,ulm
etching does not show such a pattern.
Similar images were obtained for the other He, Oer No.S
studied films. However, the different H.(h) 4000 | '\ ’
dependences near the interfaces of the sam-
ples as well as analysis of the H.(h) tem- 3000 | "~
perature dependence indicate that the pres- '\.
ence of the columnar structure is not essen- 2000 |
tial in defining the nature of the H_.(h) d)
dependence. The ion etching did not affect 1000 |
significantly the H (&), too, due to low ion
energy. The H(#) dependence is defined to or . =% . . . .
a greater extent by Tcomp. changes in the 0 1 2 3 4 h, pm
transient layers of film-substrate interface
due to Ga3* and APR* concentration changes at He, Oef No.7 .
the crystallization front of the growing film. 500 | ./
4. Conclusion ! '/
400
The magnetic properties of the Bi-substi- [
tuted iron garnet film / GGG substrate in- 300 | e)
terface are defined by the concentration
gradient of the garnet-constituting elements
along its thickness. In particular, the ob- 200 , , , , , ,
served H (h) dependences for different 02 03 04 05 06 07 hpum

films result from the Ga3* and AIR* ion con-
centration profile variations. The complex
shapes of magneto-optical hysteresis loops

Fig. 4. Thickness dependences of H, for sam-
ples No. 2-5, 7.
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Fig. 5. Photos of surfaces of as-grown,polished and different time (hours) ion etched (IE) films Ne4

and GGG-surface after 2 h of IE.

and, consequently, the magnetic properties
of micrometer thickness films may be de-
fined by the properties of their film/sub-
strate interfaces. In Bi-substituted iron gar-
net films, the effect of the sublattice mag-
netic moment "turnover” near the
compensation temperature is observed, ac-
companied by subsequent temperature mag-
netic hysteresis.
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BaacruBocTi iHTepdeiicy NIiBOK BICMYTBMiCHOTO
depur-rpanary/migkaagka I'T'T

O.M.lllanownukxose, B.H.Bepacancovruii, O.T.Minwxroeéa,
A.B.Kapasaiinukos, A.P.IIpoxonos

HocuimkeHO KOHIEHTPAIiHI B3aJIeXKHOCTI IpaHATOOYTBOPIOIOUMX €JIeMeHTiB, MarHiTHi
BjaacTuBocTi Ta Mopdosorito moBepxHi iHTepdeiicy Bi-BMicHMX MoHOKpUcTATIUHMX ILIiBOK
(epur-rpanaris cknanxy (BiSmLu);(FeGaAl);0,, / migknagka I'TT opienramii (111). ITokasa-
HO, HI0 MAar”iTHi BJacTWBOCTI Ta CKJIagHI (GopMHM MAaArHiTOONTMYHUX IIeTelb TicTepesucy
TOCHiIyKeHNX IIIIBOK MOMKYTHh BHBHAUATUCSA BJIACTUBOCTAMU iHTep(deiicy miaiBka/migkaagka.
YV medAKux ILIiBKax MOGAM3y TeMIIePATYpU KOMIIeHcallii BUABIEHO e(eKT ' ImepeBepTaHHS
MATrHiTHOTO MOMEHTY IiATPAaTOK, AKUIl CYIPOBOIKYETHCA TEMIIEPATYPHUM MAarHiTHUM TicTe-
pesucoM.
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