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Using various deposition and crystallization techniques, substituted ferrite-garnet
films of general formula Y3_X_yBiXRyFe5_ZMZO12 (R — Gd, Lu; M — Ga, Al), including the
compositions having the compensation temperatures exceeding room one has been synthe-
sized. Studied has been the effect of the target composition, deposition and annealing
conditions on the crystallization process, the film composition, surface morphology, opti-
cal and magneto-optical properties. The magnetic compensation temperatures of the films
have been measured, the compensation temperature as a function of the target composition
and annealing temperature has been studied. The optimum synthesis conditions have been
determined for the films having rather high values of the Faraday rotation angle and the
transmission coefficient as well as for those having rather high squareness ratio of the
hysteresis loop. The formed films can be used as magnetic layers in magnetophotonic
crystals while the latter ones, in the magnetooptical recording devices.

C MCIoJb30BaHMEM PA3JUYHBLIX METOLOB HANBLIJEHHUA U CIOCO00B KPUCTAJJIU3AIUNA OLLIA
OJTyYeHbI TJIEHKU 3aMeIl[eHHBIX (DeppUT-TPaHATOB 00IIeil (hopMyJIbl Y3_X_},BiXRyFe5_ZMZO12
(R — Gd, Lu; M — Ga, Al), B ToM uuciie COCTaBOB € TEMIIEPATYPON KOMIIEHCAIIMM BbIIIIE
KoMHaTHOU. VcciemoBaHO BIMSHUE COCTABA MUIIEHU, YCJIOBMI HANBIIEHUA M OTKUAIA HA
[IPOLECC KPUCTANINBALUKN, COCTAB, MOP(OJIOTUIO [I0BEPXHOCTHU, OINTUYECKHUE X MACHUTOOIITHU-
yecKHe cBoiicTBa ILNIEHOK. IIpoBeieHbl M3MepeHHs TeMIepaTypbl MArHUTHOW KOMIIEHCAI[UU
IJIEHOK, MCCJIeL0BAHA 3aBUCHMOCTb TEMIIEPATYPhl KOMIIEHCAIMK OT COCTABA MUIIEHM U TEM-
neparypsl orkura. OnpeneseHbl ONTUMAJIbLHBIE PEKMMbl CUHTE3a IIJIEHOK C JOCTATOYHO BbI-
COKUMU 3HA4YEeHUAMHU yrJja (papameeBCKOro BpaleHUsdA U Koa(dpuuumeHTa NOPOIYCKAHUA, a
TaKKe ILJIEHOK C JOCTATOYHO BBICOKHMM KOI(PMUIIMEHTOM NPAMOYIOJbHOCTHU IIETJIU I'MCTEPEe3NU-
ca. IlepBbie MOryT OBITh HCIIOJL30BAHBI B KAUECTBE MAIHUTHBLIX CJO€B B MArHUTOMOTOHHBIX
KPHCTAJNJIAX, BTOPble — B YCTPOMCTBAX MATHUTOOITUYECKON 3aIlMCH.
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1. Introduction

Substituted ferrite-garnet materials com-
bining high Faraday rotation angle and low
absorption in visible and infrared spectral
regions are used as magnetic layers for one-
dimensional magnetophotonic crystals (1D-
MPC). These requirements are obligatory at
the 1D-MPC synthesis, because its magne-
tooptical and optical parameters depend
substantially on the properties of the con-
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stituting layers [1-4]. Magnetooptical lay-
ers of substituted ferrite-garnets of com-
pensational compositions offer an additional
opportunity to control the parameters of the
1D-MPC based devices. This work is aimed at
synthesis and investigation of magnetic prop-
erties of substituted ferrite-garnet films with
compositions described by general formula
Y3_X_yBiXRyFe5_ZMZO12 (R — Gd, Lu; M — Ga, A,
including compositions with compensation

temperature T, above room temperature.
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2. Experimental equipment and
procedures

The substituted ferrite-garnets magne-
tooptical layers were synthesized using the
reactive ion beam sputtering (RIBS) and
diode radio frequency sputtering (DRFS).
The targets of the following compositions
were used for magnetooptical layers sput-
tering:

No.1l — B|25Y05Fe5012;

No.2 — Bi; 5Gdg 5Fez gAly 20123

No.8 — Bij 5Gdq sFe, 5Gag 50125

No.4 — Big gGd 4Lug 7Fe4 1Alg 90123

No.5 — Bij 5Gd sFe4 5Alg 50+3-

The selection of target chemical composi-
tions was determined by the need for opti-
mization of films characteristics such as the
Faraday rotation angle value 6y, saturation
magnetization, coercive force H,., compensa-
tion temperature Tcomp and Curie tempera-
ture T, transmittance K,;, squareness ratio
of magnetooptical Faraday hysteresis loops
(FHLs) Kg. The targets were prepared by
conventional ceramic technique [5] in sev-
eral stages: (i) cold pressing of homogenized
mixtures at the pressure of 300 kg/cm?; (ii)
first solid-phase synthesis in air at atmos-
phere pressure and temperature 900°C for
8 hours; (iii) grinding, repeated homogeni-
zation and cold pressing of mixtures; and
(iv) second solid-phase synthesis at the same
conditions. According to X-ray phase analy-
sis, two phases of Bi,Fe,Oq4 and BiFeO; are
the main constituents of target No.l after
second solid-phase synthesis, mass fractions
of the phases were 22 % and 78 %, respec-
tively. In others targets, little shift of those
phase peaks as compared to the target No.1l
evidenced the presence phases comprising
Gd, Lu, Al

Single crystal plates of gadolinium-gal-
lium (GGG) and calcium-niobium-gallium
(CNGG) garnets with lattice parameters
ogaq = 1.2383 nm and opyge = 1.2507 nm
were used as substrates. The films were
crystallized using three different methods:
during deposition on hot substrate (in
situ), annealing in a vacuum chamber in
presence of oxygen and air annealing at
atmosphere pressure. The synthesis by
RIBS method was carried out at ion accel-
eration voltage U = 5 kV and ion beam cur-
rent I = 100 mA. The films were deposited
both in pure argon atmosphere and in
argon-oxygen mixture at different partial
pressures. The film deposition rate on cold
substrate was 7-10 nm/min, on hot sub-
strate (in situ), 1.5-2.5 nm/min. The an-
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nealing duration was varied from 5 to
20 minutes in vacuum chamber and from
0.5 to 15 hours in air. The synthesis by
DRFS method was carried out onto a hot
substrate at substrate temperature T, =
680—-700°C in argon or in argon with oxy-
gen addition. The discharge power was var-
ied from 5 to 8 kW. The deposition rate of
films synthesized by this method was about
10 nm/min. Optimum regimes of film syn-
thesis using both the methods are presented
in Table 1.

The lattice parameters of synthesized
films were determined using a DRON-2 dif-
fractometer. The surface state of sputtered
films as well as chemical composition of tar-
gets and films were determined using a
REM-106 raster electronic microscope with
energy dispersion spectrometer EDS-1.
Thickness £ and refractive index n of the
films were measured using a Bioclar PI po-
larization-interference microscope by double
immersion method. The film magnetooptical
characteristics (0p, H., Ky, Tg, Teomp) Were
determined from FHLs measured by Fara-
day magnetopolarimeter at 655 nm wave-
length in temperature range from 25 to
180°C. K, was measured by an SP-14 spec-
trophotometer in wavelength range from
400 to 750 nm.

3. Results and discussion

The films deposited by RIBS method on
hold substrates from all types of targets
and annealed in air during 0.5-15 hours at
temperatures 7T, < 600°C had amorphous
structures and did not display magnetic prop-
erties at room temperature. The lowest crys-
tallization temperature determined by appear-
ance of FHL was 600°C. The SEM-photo-
graphs of film surfaces deposited from target
No.2 and annealed at different T, are pre-
sented in Fig. 1. The crystallization extent of
films is seen to depend on T,. The morphol-
ogy of the film annealed at T, = 770 °C
shows a maximum homogeneity (Fig. 1, c¢).
For that film, maximum 0z and K, values
are observed. According to the microana-
lytical data, films with a higher Bi3* ion
concentration were obtained at lower T, and
T,. This is connected with an essential con-
densation temperature distinction of Bi con-
taining vapors in comparison with other gar-
net constitutive elements as well as with Bi
evaporation during annealing. The amount of
regions depleted of Bi (dark dots) and the size
of crystallites increases with increasing T, (to
1 ym at T, = 910°C). Decay of garnet phase
is observed at T, > 910°C (Fig. 1, e, f).
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Table 1. Optimal regimes of film synthesis

Reactive ion beam sputtering (U =5 kW, I = 100 mA)
1. On hot GGG substrate with crystallization in situ
Synthesis Chemical composition of targets
condition . . . .
Biy 5Y0.5F €501 | By sGdg sFe3 gAly 5045 | Biy 5Gdq sFe, 5Gag 504, | Big 9Gdy 4Lug 7Fey 1Al 6O
P,, Torr 5.10°6
P,,, Torr 51074
Pg,, Torr 0.5-107% 0.5.107% 0.6.107* 0.6.107*
T, °C 560 560 590 650
2. On cold substrate GGG with crystallization in air
P,, Torr 5.10°6
P,,, Torr 510°*
T,, °C (t,) 600-960 (3 h.)
3. On cold substrate GGG with crystallization in vacuum chamber
Syntl‘ie.sis Chemical composition of targets
condition Biy 5Gd; sFes gAli 201 ‘ Biy 5Y0.5F€5012
Pns, Torr 0.7
T, °C(t,) 650 (15 min) ‘ 520 (15 min)
Radiofrequency diode sputtering on hot substrate with crystallization in situ
Synthesis Chemical composition of targets (substrate)
condition | p; Gq. Fe, (Al O, (CNGG) Bi, 5Gd, sFe, sAlp 501, (GGG)
T, °C 700 680
P,,, Torr 61074
W, kW 8
Pgy,, Torr 1-10°4

Notation: P, — background pressure, P, — argon pressure, Py, — oxygen pressure, T, — substrate
temperature, U — accelerated voltage, I — ion beam current, T, — annealing temperature, ¢, —

annealing time, W — discharge power.

These processes are reflected in correspond-
ing FHLs that will be showed below.

An interesting peculiarity of crystal-
lization processes in films deposited from
targets Nos.2—4 is the inversion of FHLs at
T, exceeding a certain value (Fig. 2, a). For
example, samples of films deposited from
target No.2 and annealed at 7,>840°C have
the inverse sign of 67 and "left” FHLs as
compared to samples annealed at lower T,
and having "right” FHLs. For these sam-
ples, the T, increasing from 600 to 770°C is
accompanied by Oz increasing from mini-
mum to maximum value. This can evidence
both the increasing crystal phase volume in
the films and of thermoactivated redistribu-
tion of garnet constitutive elements with
garnet formation of other composition. In
our opinion, the second process is the key
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a

one in connection with decrease of 6 value
and its subsequent inversion at T,>840°C.
The maximum reverse value of Op is ob-
served at T, = 910°C. The 0y decrease at T,
910°C is due to the garnet phase decay. It
is to note that with increasing T,, K, de-
creases from 72 to 47 % at 655 nm wave-
length.

The film samples with "left” FHLs are
characterized by presence of compensation
temperature T, , exceeding room tempera-
ture and depending on Ta:Tcomp increases
from 40 to 145°C with T, increasing from
850 to 910°C.

Fig. 2, b shows the 6 temperature de-
pendences for samples of the same film with
"right” and "left” FHLs. In film annealed
at T, = 770°C, Oy remains constant up to
90°C and then decreases when temperature

Functional materials, 17, 1, 2010
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WD=10.4mm
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WD=10.7mm
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Fig. 1. SEM surface images of film samples deposited from target No.2 and annealed at different tempera-
tures: a) no annealing; b) T, = 635°C; c¢) T, = 770°C; d) T, = 850°C; e) T, = 910°C; f) T, = 960°C.

approaches T¢. In film annealed at T, =
850°C, 6y decreases with increasing tem-
perature, when T,,,, attains 40°C, 6p
changes its sign, attains a maximum at
145°C and decreases tending to T, as in
samples with "right” FHLs.

In [6], the B8y sign change at increasing
T, in films of compensational compositions
is explained by oxidation of Fe2* to Fed3*.
However, our film chemical composition
data confirm the hypothesis of thermoacti-
vated redistribution of garnet constitutive
elements in film during the annealing. An-
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nealing of films at T, > 770°C results in a
substantial reduction of bismuth content
and in respectively increasing abundance of
other elements, including gadolinium. In-
creasing of rare-earth ions Gd3* fraction in
dodecahedral sites of garnet with increasing
T, results in Tcomp elevation up to room
value, change of 0y sign and appearance of
"left” FHLs. Note that dependences similar
to those in Fig. 2 were observed for films
deposited from targets No.3 and No.4 only
the T, values at which 6 sign inverses were
changed.
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Fig. 2. 05 (T,) dependence for film samples obtained by RIBS from target No.2 (a) and temperature

dependences of 0 for that film samples annealed at T, = 770°C (1) and T, = 850°C (2) (b).

Table 2. Technical characteristics of synthesized films

Chemical composition 05, deg/um H, Oe K,, % Te, °C h, um
of target (substrate) A =655 nm
Reactive ion beam sputtering
on hot GGG substrate (in situ)

Bi, 5 5Fe5045 -2.2 264 78 >180 0.30

Bi, ;Gd; sFe; gAly 5045 -1.8 239 78 >180 0.41

Bi; 5Gd, sFe, 5Gag 504, -1.3 176 79 180 0.35
Bij ¢Gd, 4Lu, sFe, 1Alp 9045 -0.8 151 81 150 0.38

on cold GGG substrate with annealing on air

Bi, 5Yo sFegn12 -2.0 189 78 >180 1.2

Bi, ;Gd; sFe; gAly 5045 -1.9 289 58 >180 0.7

Bi, 5Gd, sFe, 5Gap 5045 -1.5 339 55 180 1.0
Big oGd4 4Lu, ,Fe, 1Al 9040 -0.8 377 53 150 0.8

on cold GGG substrate with annealing in chamber
Bi, 5Gd, sFe, 5Alp 5045 1.9 206 82 - 0.9
Bi, 5 5Fe5045 3.2 194 80 - 0.3
Diode radiofrequency sputtering
on hot substrate (in situ)

Bi; 5Gd, gFe, 5Aly 504, (CNGG) 0.4 656 81 - 0.7

Bi, 5Gd, sFe, sAl; 504, (GGG) 0.75 635 82 - 0.6

As we determined,

the

best charac-

evidences the presence of magnetization

teristics (sets of parameters) have the films
synthesized by RIBS from targets No.1 and
No.2 with crystallization in situ and with
crystallization in wvacuum (Table 2). The
FHLs for films crystallized by annealing in
chamber are presented in Fig. 4. Maximum
values of Oy and K, are 3.2 and 1.9 deg/um,
80 and 82 %, respectively (see Table 2).
The H, for those films are high enough that
also evidence their polycrystallinity and
high stresses therein. The slope of FHLs
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vector plane component. The FHLs smooth-
ness and linearity evidence a rather high
homogeneity of the films.

Films of B|15Gd15Fe45A|05012 composi-
tion (target No. 5) were obtained by DRFS.
The crystallization was carried out in situ
during the deposition onto hot GGG and
CNGG substrates. The FHLs of those films
are shown in Fig. 5. The film on CNGG is
characterized by "left” FHL, that on GGG,
by “"right” FHL. That testifies for the for-
mation of garnets with different composi-
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Fig. 3. Dependences element content on T, in
film obtained by RIBS from target No. 2.
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Fig. 4. FHLs of films deposited from targets No.
1 (1) and No. 2 (2) by RIBS on cold substrate
with crystallization by annealing in chamber.
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Fig. 5. FHLs of films obtained on GGG (1)
and CNGG (2) substrates by DRFS of target
No. 5.

tion on these substrates. The films are char-
acterized by high value of FHL squareness
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ratio K, amounting 0.89 and 0.84 for films
on GGG and CNGG, respectively. Such high
K values were not obtained for films depos-
ited by other methods. Perhaps this is a
consequence of high uniaxial anisotropy
that is characteristic for films obtained by
that method [6, 7]. The transmittance for
these films at A = 655 nm is 82 and 81 %,
respectively.

4. Conclusions

Using reactive ion beam and diode radio
frequency sputtering and different crystal-
lization techniques, the films of substituted
ferrite-garnets of general formula
Y3—x—yBinyFe5—zMzO12 (Where R — Gd, LU;
M — Ga, Al), have been synthesized, in-
cluding the films with compensation tem-
perature above room temperature. Depend-
ence of compensation temperature on the
annealing temperature has been established
for films of compensational compositions.
This is connected with thermoactivated re-
distribution of garnet constitutive elements
and formation of garnet with different com-
position. The best magnetooptical charac-
teristics (Op,,4, = 3-20 deg/um, K, = 80 %)
show the films synthesized by RIBS with
crystallization by annealing in vacuum
chamber in the presence of oxygen which can
be used in 1D-MPC based devices. The films
with high FHL squareness ratio have been
obtained by radio frequency diode sputtering
method. Such films can be used in devices for
thermomagnetic data recording.
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CuHTE3 Ta BJIACTHBOCTI ILIIBOK 3aMilleHHMX
¢depur-rpaHaTiB AJA OJHOBHMiPHHX MATHITO(OTOHHHX
KPHCTAJIB

B.H.Bepxcancoruii, A.B.Kapaeéaiinixos, O.T .Mintoxkosa,
T.B.Muxaiinoéa, A.P.Ilpoxonoé, O.M.IllanowHnirxose

3 BUKOPHCTAHHSAM pPi3HMX MeTOJIiB HamWUJEHHSA Ta CcHOocobiB Kpucramisalii oTpuMaHO
IIiBKH 3aMileHnX (PepUT-IPaHATiB 3araJbHOl (PopMyan Y:,,_X_yBiXRyFe5_ZMZO12 (R — Gd, Lu;
M — Ga, Al), y Tomy umcai ckJaamiB 3 TeMIeparypono KoMmileHcanii Buige KimuaTHOI. ITo-
CHimKeHO BILINUB CKJAAy MillleHi, yMOB HAIMJEHHsS 1 Bigmamay Ha oporec KpucraJrisarii,
ckJax, MopdoJIorilo moBepxHi, onTuuHi Ta Mar"iroounTwuuHi BiaactuBocTi mwiaiBok. IIposemeno
BUMipIOBaHHSA TeMIIepaTypd MArHITHOI KommeHcallil IJIiBOK, JOCIiAKeHO 3aJe’KHIiCTb TeMIIe-
parypu KomIleHcalril Bix ckiaamy wmimieHi i temmeparypu Bigmany. Busmaueno omrumaabHIL
PeKUMHU CHHTE3y ILIiBOK 3 IOCUTH BHCOKHMHU 3HAUEHHSMHU KyTa (apameiBCbKOro o0epTaHHs
i xoedimienTa mpomyckamHs, a TAKOMK ILIIBOK 3 JOCHUTh BHCOKMM Koe(dillieHTOM IPSIMOKYT-
HocTi merJai ricrepesucy. Ilepmri MoKyTh OyTH BUKOPHCTAHI K MArHiTHi mapu y marairodo-
TOHHUX KPHUCTAJAX, APYIi — y IIPUCTPOSAX MATHITOOITUYHOI'O BAIUCY.
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