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La-, Lu-, and Sc-substituted yttrium iron garnet films with thickness of 100 nm were grown by liquid
phase epitaxy method using two types of fluxes — PbO-B203 and LiaM00O4-Y2(MoO4)s. The processes
of in-plane reversal magnetization and ferromagnetic resonance were investigated. Obtained parameters
are compared with parameters of micrometers thick films with the same compositions. The 100 nm thin
films demonstrate small in-plane saturations field and low Gilbert damping constant (= 10™*). The
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prospects of using lead-free flux are shown.

topics: liquid phase epitaxy, yttrium iron garnet, ferromagnetic resonance, low damping

1. Introduction

The yttrium iron garnet YsFe;O015 (YIG) is
a well-known ferrimagnetic material having the
smallest microwave losses [1]. It has been shown
that the YIG films are a prospective material for
microwave and magneto-optic (MO) devices [1-3]
as well as for nowadays applications such as spin-
tronics, magnonics, data processing, etc. [4-8|. For
the majority of novel applications, high-quality
YIG films of nanometer thickness are required.
There are different techniques to obtain high-
quality thin and ultra-thin YIG films, such as
liquid phase epitaxy (LPE) [9-11], pulsed laser
deposition (PLD) [12-18], RF-magnetron sputter-
ing [19-21], and chemical metal-organic decompo-
sition (CMOD) [22]. The high-quality YIG films
are usually grown on gadolinium gallium garnet
Gd3Gaz012 (GGG) substrates due to the good crys-
tal lattice constants matching (12.383 A for GGG
and 12.376 A for YIG). Some of the main param-
eters of YIG films from these reports are summa-
rized in Table I. All films have damping parameters
ranging from 10~* to 1073, however, LPE grown
films demonstrate lower inhomogeneous contribu-
tion AHy. Thus, one of the most promising meth-
ods, which satisfies the requirement for thin films, is
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the LPE. To control properties of YIG such as sat-
uration magnetization 4w My, saturation fields, fer-
romagnetic resonance (FMR) field, coercivity H.,
etc., substitution with different ions is used. In par-
ticular, it has been shown [23, 24] that using the
Sc?t ions increases 4mMj, decreases coercive field,
and changes magnetic anisotropy. Doping YIG with
La3* ions leads to decreasing film—substrate lattice
misfit and allows to obtain films with narrow FMR
linewidth [25] and thin nanometer films with very
low H. [9].

For the growth of garnet films by the LPE
method, the PbO-B303 (-BizO3)-based fluxes are
mostly used. However, the utilization of these fluxes
results in the appearance of Pb?t, Pb*t, and Pt*t
ions in grown films. The presence of these uncon-
trolled lead and platinum ion impurities has a neg-
ative effect on magnetic, optical, and microwave
properties, including the rise of microwave losses.
In order to avoid this problem, a lead-free flux on
the base of Li;uMoO,4 has been proposed for film
growth [26].

This work is focused on the investigation of
the growth process of substituted YIG films with
a thickness ~ 100 nm grown by the LPE method
both from PbO-based and lead-free fluxes and com-
parison of their magnetic properties.


http://doi.org/10.12693/APhysPolA.141.261
mailto:ii.syvorotka@carat.electron.ua

1. Syvorotka et al.

Parameters published for thin and ultra-thin YIG films on GGG. TABLE I
. Coercive FMR Inhomog. Gilbert
Thickness . . Frequency o .
Method ] field linewidth F [GHz| contribution damping
H. [Oe€] AH [Oe] AH, [O¢] a x1074
LPE [9] 83-113 <0.2 1.4-1.6 6.5 0.5-0.7 1.2-1.7
LPE [10] 100 - 3 6.0 1.6 2.8
LPE [11] 200 0.6 1.9 10.0 0.4 2.0
PLD [12] 17-200 < 2.0 3-9 10.0 1.2-4.0 2.2-7.0
PLD [13] 93 0.5 — — 4.56 11
PLD [14] 110-120 ~1 - - - -
PLD [15] 20-56 0.8 1.3-3.49 9.6 1.11-3.25 0.61-0.74
PLD [16] 10-84 0.1-0.6 4-32 9.41 - -
PLD [17] 100 - ~ 7 4.0 6.8 1.0
17 — ~4 4.0 2.4 7.2
PLD [18] 23 - - - 1.2 1.8
RF sputtering [19] 2400 - 12 9.78 - -
RF sputtering [20] 726 - 6-10 9.48 2.5-3 ~ 10
RF sputtering [21] 19-49 ~ 12 - - 3-6 2.4-8
CMOD |[22] 50 ~ 1.5 25 8.0 14 14
LPE (this study) 100 0.35 0.86¢ 4.0 0.29 1.3
500 - 0.79¢ 4.0 0.40 0.42
100° 0.38 3.8° 4.0 1.16 7.1

“film grown from PbO-B203 flux, *film grown from LisMoO4-Y2(MoQO4)s flux, “the peak-to-peak distance
on the FMR absorption derivative curve. Here, AHy;, is converted into full-width at half-maximum linewidth

AH = AHp, x /3

2. Experimental details

The two series of epitaxial iron garnet
films have been grown by LPE method. The
first one was La-substituted and Lu-, Sc-
substituted YIG films with calculated com-
pOSitiOHS Y2,93La0,07Fe5012 (YIG:La) and
Y2.1LugoFes555¢c0.45012  (YIG:Lu,Sc), respec-
tively. The films of this series were grown from
the flux based on PbO-B203 (PB). The second
series of YIG:La films was grown from LisMoO4—
Y2(MoOy)s (LM) flux. The Pb-free flux based on
Li;MoQOy4 has some advantages over the lead-based
one, the most important of which is the platinum
insolubility. A comparison of some of the properties
of both fluxes is presented in Table II [26].

All technological experiments were carried out
on air using the five-heating-zone LPE furnace
“Garnet-3” (LPAI, France). Substrates of the (111)-
oriented GGG single crystal, having both sur-
faces of epitaxial grade polishing, the thickness of
490-520 pm, and diameter of 3" and 1", were used
for PB and LM fluxes, respectively.

To keep the crucible temperature on the given
level in the range of 600-1200°C with high pre-
cision (£0.1°C), the furnace was modernized by
adding an adaptive double-loop feedback to tem-
perature regulation system. This, in combination
with specially developed software, enabled the up-
graded LPE machine to realize any growth run in

fully automatic mode. The high purity oxides Y503
(5N) and FeO3 (4N), and the doping ones, LayO3
(5N), LupO3 (5N) and SceO3 (4N), were used as
garnet formed components.

For the growth of the 1" diameter YIG:La films
using the LisMoO4—MoOs flux, the melt composi-
tion and molar ratios were chosen to ensure the gar-
net primary phase crystallization and remain in the
field of the LisMoO4—Y2(MoQOy)3 binary compound
on phase diagram [26]. All the melt components
(see Table IIT) with a total mass of 1.5 kg were pre-
melted together in a platinum crucible with an in-
ternal diameter of 90 mm and 90 mm in height.
The growth runs were carried out in the temper-
ature range of 950-1050°C. At that, the growth
rate of the YIG:La films was changed from 0.1
to 0.3 pm/min.

The series of the 3" diameter YIG:La and
YIG:Lu,Sc films were grown from a supersaturated
melt on the base of PbO-B;03 flux. To calculate
a charge composition for the growth of the films,
the mole ratios (Blank-Nielsen coefficients) [23-25]
were used. All the melt components (see Table IV)
with a total mass of 9 kg were pre-melted to-
gether in a platinum crucible with an internal di-
ameter of 120 mm and 180 mm in height. The
growth runs were carried out in the temperature
range 930-1000°C. In this case the growth rate of
YIG:La and YIG:Lu,Sc films was changed from 0.1
to 1.0 pm/min.
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Comparison of flux properties by [26].
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TABLE II

Properties

Fluxes

PbO-based LioMoOy4-based
volatility considerable negligible
at 900°C at 1200°C
viscosity low down to 800°C | low for all

compositions

chemical reactivity
with platinum

react readily

none

solubility
of garnets

~ 7.3 mol%
at 940°C

< 1.0 mol.%

phase stability

garnets are not
congruently
saturating

garnets are
congruently
saturating

solvent
incorporation

1-3 wt% Pb
at 900°C

no solvent related
impurities detected

toxicity fumes of PbO nontoxic
are very toxic
TABLE III
Melt composition on the base of LiaM0oO4—MoO3 flux.
Melt Molar percent of oxides [mol%]
components | YoO3 | LagO3 | MoOgs | LisMoQOy | Fe2Os
flux 12.73 | 0.31 | 39.14 37.51 -
garnet 3.83 0.09 - = 6.39
TABLE IV

Melt composition on the base of PbO-B203 flux.

Film Molar percent of oxides [mol%]

comp. PbO [B20O3|Y203|LasO3|LuzOgs|Fex03|Sca03
YIG:La 81.01| 5.19 | 0.40 | 0.04 - 13.36 -
YIG:Lu,Sc|80.08| 5.13 | 0.33 - 0.14 | 14.07 | 0.25

To dissolve the garnet-forming component com-
pletely and homogenize the melt, the crucible con-
tent was maintained at a temperature of 100-150 °C
above the saturation temperature for the garnet
phase. After a reliable homogenization, the melt
temperature was slowly decreased to the desired
temperature of growth and a prepared substrate
held horizontally in a special holder was dipped
into the fluxed melt and kept there for an appro-
priate time depending on the film thickness needed.
During growth, the substrate was reversely rotated
at the rate of 10-60 rpm. After the withdrawal of
the substrate with grown film from the melt, the
rotation rate was increased to 200-400 rpm to re-
move any residual flux from the film surface. The
thickness of the grown films was determined by the
weighting method, taking into account the com-
puted density of the film.

The saturation magnetization was measured at
room temperature using the homemade inductive
magnetometer for non-destructive testing of the
large epitaxial garnet layers up to 3 inches in di-
ameter. A slow sweeping in-plane magnetic field in
the range of £160 Oe was generated by a driving
coil with a period of 16 s. The signal induced in the
pick-up coil was proportional to the derivative of
magnetization with respect to the driving external
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Fig. 1. Setup for FMR measurements.

field. Integration of the signal with respect to the
driving field gave the magnetic moment dependence
upon the applied field.

Ferromagnetic resonance was measured at a per-
pendicularly applied magnetic field in the fre-
quency range of 1.0-12.0 GHz by the short-cut
strip-line resonator method using broadband radio-
spectrometer (LAS, France). The principle of mea-
surements is similar to [27-29]. The set-up for FMR
measurements is presented in Fig. 1. The sample for
FMR measurement was fabricated by chemical etch-
ing in the form of a disk with a diameter of 1-2 mm.

The film compositions were determined by SEM
DS-130C (Akashi, Japan) equipped with electron
microprobe analysis attachment using YAl3;(BO3)4,
FeySisOg, PbTe, and metallic Pt as standards. The
weight content of Pb, Pt, Y, Fe, and O in the film
was estimated for all grown films.

3. Results and discussion

Usually, the thickness of ordinary films with a mi-
crometer or tens micrometer thickness obtained by
the LPE method determines the duration of the
film growth process, taking the growth rate into ac-
count. To obtain thinner films, it is necessary to use
a low growth rate and short growth time. For the de-
termination of all needed technological parameters,
the series of YIG-based films with different thick-
nesses were grown at different temperatures. It was
found that the growth rate depends on the time for
films grown from the PB fluxes. Figure 2 shows the
time dependence of growth rate f(t) for YIG-based
films grown in series. It can be seen that the f(t)
for films grown from PB fluxes is non-linear as well
as approximate to exponential dependence. It is es-
tablished that the non-linear behaviour of this de-
pendence preserves any growth temperatures. Such
changes of f(t) during the growth process signifi-
cantly complicate the production of thin films with
sub-micrometer thickness. However, when using the
LM flux, the growth rate remains constant for each
growth time, which ensures the controllability of the
film growth process. This fact is an essential advan-
tage of the LM flux. In addition, in the films grown
from the LM flux, the uncontrolled impurities of Pt
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Parameters of grown films. TABLE V
Gilbert Inh . In-pl
. Thickness Specific bias ' e.r " (.)mo.g oP a%le Coercive
Flux Film damping | contribution saturation
h field H., [Oe] . field H. [O€]
a x107? AH, [Oe¢] field H, [Oe]
100 nm 1666 13.2 0.29 2.1 0.35
PB YIG:La 500 nm 1736 4.23 0.40 - -
6.06 um 1740 1.24 0.47 24.2 0.25
YIG:Lu,Sc 500 nm 1860 8.31 0.43 4.5 0.29
LM VIGLa 5.90 pm 1733 24.4 2.98 19.6 0.39
100 nm 1470 71.1 1.16 1.9 0.38
T T T T T T T The carried out investigations of in-plane mag-
10k & (1) B YIG:Lu,Sc from PbO-B,O, (AT =22°C) | . .
_ BT erd nemmn e w1 netization revgrsal have .shovvn t.hat the satura-
£ (3) A YiGiLa from PbO-B,0, (AT = 3°C) tion field Hy increases with the increasing thick-
E osp (4) @ YIGiLa from Li,MoO,-Y,(MoO,), ness of films grown from both fluxes. Typical in-
E ol . —— plane magnetization hysteresis loops are shown
o 2@ T in Fig. 3. Note that the 100 nm thin YIG:La
© films demonstrate low Hg (~ 2 Oe). Coercive field
= O4r T 1 H,., however, changes insignificantly for all films
% @ (see Table V).
5 0.2 T,=950°C T In common practice for estimating the dissipa-
To=s6s°C tion energy in YIG, the FMR linewidth AH is used.
O 0 o op 40> 800 808 300 This quantity is represented as the sum of contri-
. butions to linewidth from various dissipation mech-
Growth time [sec] .
anisms [30]
Fig. 2. The growth rate dependence upon growth

time for YIG-based films grown from different
fluxes.

T T
1073
s (@
£ o J
H —— 5.6 um film
0534 ——100 nmfilm
» g 0 20 -10 10 20
In-plane magnetic field [Oe]
< 00 ——
E Fl m( )
Z w
:
| g o i
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-1.0 ; : In-glane magnetig field [Oe] ]|
30 20 -10 0 10 20 30

In-plane magnetic field [Oe]

Fig. 3. Typical in-plane magnetization hysteresis
loops of 5.9 pm and 100 nm YIG:La film at room
temperature. The insets (a) and (b) show typical
field dependence of the in-plane magnetic suscepti-
bility.

or Pb were not detected. The concentration of un-
controlled Pb and Pt ion impurities in films grown
from the PB flux depends on growth conditions and
lies in the range of 0.05-0.6 and 0.02-0.15 at.%, re-
spectively. The results obtained suggest that the use
of the LM flux is promising for the growth of very
thin films.

where AHy is an inhomogeneous contribution
and AH;, is a contribution to linewidth due to
rapid-relaxation, slow-relaxation, and the valence—
exchange mechanism. The parameter AHg is pro-
portional to the rate of the magnetization change
and related the Gilbert damping constant a by the
following relation

a OM
AHg = — — 2
G ')/M ot ( )
where 7 is the gyromagnetic ratio (2.8 MHz/Oe

for YIG).

All YIG-based films grown from the PB flux
demonstrate a quite narrow FMR linewidth. The
typical FMR spectra of 100 nm and 6 pm thin
YIG:La films are presented in Fig. 4. The peak-
to-peak distance on the FMR absorption deriva-
tive curve AH,,is equal to 0.5 Oe at a frequency of
4.0 GHz. The films grown from the LM flux man-
ifest a larger linewidth, and the AHp,at the same
frequency is equal to 2.2 and 3.4 Oe for 100 nm and
6 pm films, respectively (Fig. 5). Such considerable
discrepancy in AHp, can be explained by the dif-
ference in growth mechanisms of films grown from
the PB and LM fluxes.

The resonant field H, versus frequency F' can be
fitted by the Kittel equation for out-of-plane mea-
surements

F=x |Hr_Hzo|v (3)

where H,, is a specific bias field or effective mag-
netization.
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Fig. 4. FMR spectra YIG:La films grown from
PbO*B203 ﬂux.

x10°% x10
2 T T /£ T 6
Frequence - 4.0 GHz
ﬁ 5.90 um
YIG:La I
1F 1006 from Li,0-MoO, ““ 43
-— | =
s )/ |
T o .......d/ | ’N‘lr /\/ A 0
E [ /\/
o 0 ,’
© AH_ =224 Oe AH, =3.440e ||
-1 |H, = 2896.6 Oe H, =3145.8 Oe M 4-3
| |
| |
-2 1 1 2 1 -6
2800 2850 2900 3100 3150 3200

Perpendicular magnetic field [Oe]

Fig. 5. FMR spectra of YIG:La films grown from
LiQMOO4*Y2(MOO4)3 ﬁuX.

Linear extrapolation of the resonant field depen-
dence of the resonant frequency to F' = 0 gives
the value of specific bias field H,,, which accord-
ing to [31], can be presented as

H., =4nMs — H,, (4)
where 47w M is saturation magnetization and H, is
an effective anisotropy field.

Figure 6 shows frequency dependence of resonant
field for films grown from both fluxes. It is seen that
H,, for 500 nm and 6 pm films is close to value
of saturation magnetization of YIG (~ 1750 G)
and Sc-substituted YIG (~ 1900 G) and is consis-
tent with published data [23]. However, for 100 nm
YIG:La films H,, are lower than 4w M, for more
thick films of the same composition. This fact indi-
cates a significant difference in the anisotropy fields.
The calculated values of H,, are present in Table V.

The Gilbert damping constant can be esti-
mated using the frequency dependence of the FMR
linewidth. For this purpose, experimental points are
approximated by the least squares method with the
following expression [29]

2
AHpy = AHy + ——

F,
V3

()
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Fig. 6. Resonant field vs frequency for YIG-based

films grown from different fluxes.

6 T T ¥ T
® (590 ym)a =2.44:10“ AH = 2.98 Oe
5 - ® (100nm)a =7.11x10" AH = 1.16 Oe YIG:La from 4
Li,Mo0,-Y,(MoO,),
°
4+ -
[ 7
O >
= 3 a
-3 o
o
I 'y @ YIGiLa (100 nm)a = 1.32<10" AH, = 0.29 Oe
< 2r @ YIG:La (500 nm) o = 4.23:10° AH, = 0.40 Oe |
@ YIG:La (6.06 um) a = 1.24:10° AH, = 0.47 Oe
(4
1 _—
. %Wt—}f%* YIG-based films
B from PbO-B.O
0 1 L 1 2,3
0 5 10 15 20

Frequence [GHZz]

Fig. 7. Frequency dependencies of the FMR
linewidth for YIG-based films grown from PbO-
BQO3 and LiQMOO4*Y2(MOO4)3 ﬂuxes.

where AHp, is the peak-to-peak distance on the
FMR absorption derivative curve, and F' is a fre-
quency.

Figure 7 shows the obtained frequency de-
pendencies of the FMR linewidth. Films grown
from PB flux with the thickness of 500 nm and
thicker demonstrate the ultra-low Gilbert damping
(~1075). For the 100 nm films grown from both
fluxes, « is larger by order (~ 107%).

All measured parameters of grown films are
present in Table V. The value of Gilbert damp-
ing constant for 100 nm thin film grown from
PB flux is close for thin YIG films obtained by
LPE [9-11] and PLD [16, 17] methods, where « is
equal to 10™* and considerably smaller in compar-
ison with other YIG films obtained by PLD [13],
CMOD [22] and RF-sputtering [20, 21]. At the
same time, the values of inhomogeneous contribu-
tion AHy and FMR linewidth are smaller in com-
parison with all films obtained by LPE [9-11] and
significantly smaller in comparison with films ob-
tained by PLD [12, 13, 15-18], sputtering [19-21]
and CMOD [22] method (see Table I).
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The values of Gilbert damping constant, AH
and FMR linewidth for 100 nm thin film grown
from LM flux are slightly higher in comparison
with film grown from PB flux and other YIG films
grown from PbO-based fluxes by LPE [9-11], close
for some PLD films [12, 17] and lower in compari-
son with sputtering [20, 21] and CMOD [22] films
(see Table I).

The values of coercivity H. for 100 nm thin
films grown both from PB and LM fluxes are
close for YIG films obtained by LPE [9, 11] and
PLD [13, 16] method and considerably smaller in
comparison with films obtained by sputtering [21]
and CMOD [22].

4. Conclusions

The LPE growth conditions were determined
for 100 nm YIG-based films being grown from
PbO-B503 and LisMoO4~Y2(MoOy)3 fluxes. It was
found that the film growth rate depends signifi-
cantly on the growth time for PbO-B2O3 flux, and
for LioMoO4—Y2(MoOy)s flux it is independent. Be-
sides, in films grown from lead-free flux, the uncon-
trolled impurities of Pt or Pb were not detected.
All grown 100 nm YIG:La films demonstrate nar-
row FMR linewidth, low in-plane saturation fields
(2 Oe), and extremely small in-plane coercive fields
(0.35 Oe). The films of YIG:Lu,Sc of 500 nm thick-
ness demonstrate higher in-plane saturation field Hg
(4.5 Oe) but smaller coercivity (0.29 Oe). However,
films differ significantly in their microwave losses. In
part, 100 nm YIG:La films grown from PbO-B503
and LioMoO4—Y2(MoOy4)s fluxes have the Gilbert
damping constant of about 1 x 10™% and 7 x 1074,
respectively.

Despite the slightly higher Gilbert damping
value, the low growth rate, independence from
growth time, and the absence of uncontrolled impu-
rities such as Pb and Pt, as well as flux non-toxicity,
make the fluxed melts on the base of LiaMoOy—
Y2(MoOy,)s more attractive and promising for con-
trolled growth of very thin YIG-based films. At the
same time, the growth mechanisms and the origin
of higher damping of the film grown from lead-free
flux still need further investigation.
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