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Magnetic circular dichroism in the spectral region from 270 to 850 nm and Faraday rotation at the
wavelength of 655 nm in ultrathin (1.5–92.8 nm) films prepared by reactive ion beam sputtering of target
of nominal composition Bi2.8Y0.2Fe5O12 were studied. The observed effects of the “blue shift,” inversion of
the signs and change in the intensity of magneto-optical transitions, are discussed. It is demonstrated
that all studied nanoscale films reveal magnetic properties—and their composition depends on the
method of substrate surface pretreatment. © 2013 Optical Society of America
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1. Introduction

In recent years, thin and ultrathin (less than 300 nm)
highly bismuth-substituted yttrium iron garnet
(Bi:YIG) films have been actively studied due to their
role in device applications. For example, they are
widely used in magneto-photonic crystal structures
for magneto-optical (MO) devices [1–3]. Previous in-
vestigations [4–7] demonstrated that the properties
of ultrathin films may significantly differ from the
properties of thicker films. Sputtered ultrathin films
frequently have high optical absorption and contain
magnetically dead and/or passive interface and
surface layers. These properties result from the pres-
ence of nanocrystalls forming magnetic layers and
changing the composition of interfaces [6–9]. The
films obtained by different methods of deposition
have peculiarities. In addition, the methods of a
substrate surface pretreatment affect the “surface

morphology,” optical and magneto-optical properties
of the films [9]. This paper demonstrates that the in-
fluence of transition layers can be minimized and
that the nanoscale highly Bi:YIG can be synthesized
and used. The results of magnetic circular dichroism
(MCD) and Faraday rotation (FR) measurements of
ultrathin (1.5–92.8 nm) films, sputtered on pre-
treated Gd3Ga5O12 (GGG) substrates by Ar� ions
of different energy and current density, are discussed
in relation to the existing models [4,10,11] for Bi:IG.

2. Experiment

The ultrathin Bi:YIG films were prepared by reactive
ion beam sputtering (RIBS) of the target of nominal
composition Bi2.8Y0.2Fe5O12 on (111) GGG substrates
at room temperature in an argon–oxygen mixture.
The substrates were pretreated before film deposi-
tion by either low-energy Ar� plasma (A films) or
an Ar� ion beamwith ion energy of 1 keVand current
density of 2.5 mA · cm−2 (B films). The time of the ion
pretreatment was 5 min for all substrates. The film
thickness h was changed from 1.5 to 92.8 nm and
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calculated on the basis of the sputtering velocity of
5.8 nm per minute. The sputtered amorphous films
were crystallized by annealing at a temperature of
T � 650°C for 20 min [2,3,12].

The MCD effect was measured in the spectral re-
gion from 270 to 850 nm at magnetic field 5 kOe and
in the temperature interval from 300 to 8 K by the
Jobin–Yvon dichrograph model Mark IV. The MCD
signal was determined as

A � ��I� − I
−

�∕�I� − I
−

��∕h �cm−1�; (1)

where I� and I
−

are the intensities of right and left
circularly polarized light. The full thickness h of the
film was used to calculate A without correction for
the thickness of the sublayer nonmagnetic at room
temperature.

FR or Faraday hysteresis loops (FHLs) were mea-
sured by the compensation method using a custom-
made magneto-polarimeter at a wavelength of
λ � 655 nm in the temperature region from 293 to
423 K. A custom-mademagneto-polarimeter includes
a light source (semiconductor laser), polarizer, MO
modulator, electromagnet, compensator, analyzer,
and photodetector. A special holder with a heater
for temperature measurements, the sample, and a
Hall sensor to measure the intensity of the magnetic
field are placed in the gap of the electromagnet.
The analyzer and polarizer are in the position of
quenching of light.The compensator is a solenoidwith
diamagnetic glass (heavy flint) placed inside. The
magnetic field changes in the range from −5 to
5 kOe. The signal from the photodetector is supplied
to an electronic system and a personal computer with
a control program for amplifying and processing.

Specific FR ΘF , coercivity Hc, squareness coeffi-
cient Ks, saturation magnetic field Hs, Curie TC,
and compensation Tcomp temperatures were deter-
mined from FHLs.

3. Magneto-Optical Relationships

MO effects in iron garnets (IGs) in geometry of
experiment (the magnetization is parallel to the
positive z direction) can be phenomenologically
described by a dielectric tensor [11,13]

ε̂ �
0
@

εxx −iεxy 0
iεxy εxx 0
0 0 εzz

1
A; (2)

where components εxx and εxy are complex,
εxx � ε0xx � iε00xx, and εxy � ε0xy � iε00xy. The value of εzz
is very close to εxx below TC and is equal to εxx above
TC. εxy relates to specific FR ΘF, MCD Δα, refractive
index n, and extinction coefficient k as

ε0xy � −�λ∕π��nΘF � kΔα∕4�; (3)

ε00xy � −�λ∕π��ΘFk − nΔα∕4�; (4)

where λ is the wavelength of transmitted light.

In the region of the small absorption above λ ∼
500 nm for Bi:YIG, the following approximations
are used:

ε0xy � −λnΘF∕π; (5)

ε00xy � λnΔα∕4π: (6)

For the shorter wavelength, the approximations
are not as good but the qualitative relationships be-
tween the line shapes of ε0xy and ε00xy and measured
spectra of ΘF and Δα should still hold.

In the literature, the spectral variation of FR and
the ellipticity (or MCD) in the visible and near-
infrared ranges and off-diagonal permittivity tensor
elements for Bi:YIG have been thoroughly investi-
gated using both molecular-orbital analysis [4,10,11]
and a charge-transfer transitions approach [10,11].
Current theories rely on the assumption that the
substitution of Bi results in an overlap between
the 6p orbital of Bi3�, the 2p orbital of O2−, and
the 3d orbital of Fe3�. This effect is quantum-
mechanically described as a spin-orbit interaction
that induces splitting in the energy levels of the cor-
responding orbitals. The most commonly used model
is based only on electro-dipole diamagnetic type tran-
sitions and was developed by Wittekoek et al. [14],
Dionne [11], and Helseth et al. [10,15]. Based on this
model, Deb et al. [4] describe the MO properties of
bismuth iron garnet (BIG) thin films in the spectral
region between 295 and 730 nm as three diamagnetic
type transitions with resonance wavelengths 299,
432, and 521 nm. The line shapes of these transitions
also dominate in εxy spectra for Bi:YIG [10]. Accord-
ing to [11], two diamagnetic transitions above
350 nm relate to octahedral [a] and tetrahedral (d)
sublattices and simultaneously participate in the
iron-pair transitions. A transition at 299 nm presum-
ably relates to the d sublattice [4,11]. As the magne-
tizations of a and d sublattices are opposite, a- and
d-coordinated Fe3� ions exhibit different signs of
transitions. In the structure of Bi:YIG, Md > Ma and
the d sublattice contributes the positive line shapes
of εxy [11,13].

4. Results and Discussion

All MCD spectra of A and B films in the investigated
range of thickness (at least for h > 5.8 nm) have the
form that is typical for spectra of IG with high con-
tent of Bi: two peaks of opposite signs and the point of
intersection with the wavelength axis (further “zero
point,” A � 0) [4,11,14]. The positions and ampli-
tudes of short-wave (λishw and Ai

shw) and long-wave
(λilw and Ai

lw) peaks as well as the value of wavelength
λizp for the zero point depend on the resonant fre-
quency, half width, and intensity (the density of ac-
tive ions and oscillator strength) of MO transitions
(i � A or B for A or B films, respectively) [11,13].
The MCD spectra for A and B films of thickness
h � 8.7 nm measured at T � 300 K are shown in
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Fig. 1 (lines 1 and 2). AA
lw and AA

shw of the spectrum of
A film have the same signs as Alw and Ashw of the
MCD spectra of Bi:YIG (Alw > 0 and Ashw < 0). In
contrast, the spectrum of the B film is inverted
(Alw < 0 and Ashw > 0). This means that in a B film
the orientation of sublattice magnetizations relative
to the direction of the external magnetic field is op-
posite to the one found in Bi:YIG. The spectrum of B
film is also shifted by an average of 30 nm in the
“blue” region relative to the spectrum of A film.
jAB

shwj slightly differs from jAA
shwj, but jAB

lwj is less
than jAA

lwj by 12%. In comparison to the spectrum
of A film, B films exhibit broadening of the short-
wavelength peak near 320 nm and a dip of the
long-wavelength peak near 425 nm. This is typical
for IG compounds with diamagnetic diluted d sublat-
tice [11,15,16]. Presumably, the diamagnetic dilution
leads to the reversal of the MCD spectrum of B film.
As a result, the relative change of values and reorien-
tation of magnetizations of a and d sublattices
occur in the external magnetic field (so-called spin-
reorientation transition from one ferrimagnetic
(FIM) phase to another [17]).

Sixfold MCD intensity reduction, further “blue
shift,” and explicit dips in MCD peaks for spectra
of 5.8 nm film (Fig. 1, line 3) indicate the increase
of diamagnetic dilution that occurs with further de-
crease of the B-film thickness. The MCD amplitudes
for A films of thicknesses 5.8, 2.9, and 1.5 nm are the
same and account for 60% of the MCD signal of the
thick films. However, a decrease of the A-film thick-
ness results in the “blue shift” of spectra as well. The

MCD spectra of 5.8 and 2.9 nm A films at 300 K are
shown in Fig. 1 (line 4) and Fig. 2(a) (black solid line),
respectively. MO activity at 300 K for a B film of
thicknesses less than 5.8 nm is absent. In order to
identify the MO properties, 2.9 nm B-film MCD spec-
tra in the temperature range from 300 to 8 K were
measured [Fig. 2(a)]. The weak MO activity occurs
at T ≤ 250 K. At temperatures from 250 to 150 K,
the MCD signal is positive in all spectral regions
besides the negative peaks near 500 and above
700 nm—and it is observed in the wide range of
wavelengths. The spectra at these temperatures
are not typical for Bi:YIG.

A spectral dependence with distinct peaks at wave-
lengths of 310, 340, 390, and 435 nm characteristic
for MCD spectra of Bi:YIG [11,15,16] is observed
at T � 80 K. At these low temperatures, the sign
of MCD is inverted.

The temperature dependences of peak amplitudes
AB
shw and AB

lw for 2.9 nm B film are shown in Fig. 2(b).
The values of AB

shw and AB
lw at any temperature cor-

respond to the values of MCD at λBshw � 305 nm
and λBlw � 392 nm.

As temperature decreases, 2.9 nm B-film MCD
spectra demonstrate magnetic phase transition from
a paramagnetic (PM) phase to a FIM phase. Accord-
ing toMCD spectra [Fig. 2(a)], the Curie temperature
TC for 2.9 nm B film is approximately 130 K. Near
and below this temperature, the magnetic order
starts to form. A completely magnetic order is formed
at T � 80 K. At temperatures from 250 to 130 K,
where MCD signal is not zero, only a short-range
magnetic order exists. The magnetic system splits
into separate small clusters, and the MCD spectrum
is shaped by individual contributions generated by
these clusters. Similar temperature dependences of
the magnetic order and the magnetizations in the
vicinity of phase transition are typical for magnetics
with thicknesses of several cell parameters, those
with partial loss of translational invariance, and
those significantly diluted by diamagnetic ions [18].
In comparison to 2.9 nm B film, 5.8 nm B film at tem-
peratures from 300 to 8 K shows 2.3-fold increase of
Alw and a “blue shift” of 7 nm in the spectrum. A
similar increase of MO effects with decreasing

Fig. 1. MCD spectra for (1) 8.7 nm and (4) 5.8 nm A films and for
(2) 8.7 nm and (3) 5.8 nm B films at 300 K.

Fig. 2. (a) MCD spectra for 2.9 nm A film at temperature of 300 K and B film at different temperatures. The values of the MCD signal are
twofold increased for B film at temperatures of 200 and 250 K and are halved for A film. (b) Peak amplitudes of MCD spectra versus
temperature for 2.9 nm B film (1, short; 2, long-wavelength).
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temperatures occurs in BIG films as well [19].
Changes in the refractive index, cell parameter,
and magnetization affect the spectrum. In addition,
with decreases of temperature to 8 K in 5.8 nm B
film, the contribution to MO effects is provided by
a layer that is more diamagnetic diluted and non-
magnetic at room temperature. This layer has a
smaller lattice parameter and a weak exchange
interaction. As a result, when the temperature
decreases, the “blue shift” of the MCD spectrum is
observed.

Figure 3 shows the changes in the intensity of MO
effects [Fig. 3(a), specific FR ΘF and FHLs; Fig. 3(b),
MCD of long-wave peak amplitude Alw] with increas-
ing A- and B-film thicknesses from 1.5 to 23.2 nm and
T � 300 K and the corresponding magnetic phase
diagram for B films [Fig. 3(b)]. The sign of ΘF at
λ � 655 nm is opposite to the sign of Alw, as it should
be for the Bi:YIG [4,11,15,16].

The MO properties of A and B films thicker than
12 nm change slightly. Size effects (a significant
change of MO and magnetic properties of films)
are observed at thicknesses less than the critical
hcr ≈ 11 nm. Dependences of ΘF�h� and Alw�h� for
B films are especially interesting due to the sign in-
version in the vicinity of hcr and a maximum at
h � 8.7 nm. For B films, a weakMO activity at 300 K
is present for 5.8 nm film (Fig. 1, line 3) and absent
for films of thicknesses less than 5.8 nm. For the
films of thicknesses less than 5.8 nm, the FR angle
ΘF becomes too small to measure within our detec-
tion limit. The phenomenon of the sign inversion
of MO effects with the changes in B-film thickness
was reproduced very well.

A films are characterized by “right” FHLs and in-
plane or partly in-plane magnetic anisotropy in the
whole region of thickness, as are conventional thick
(h ≥ 100 nm) Bi:YIG films. As A-film thickness de-
creases, a saturated field Hs increases 4–5 fold
relative to the value measured in thick films—
approaching 4.5 kOe for ultrathin films. B films have
“left” FHLs and perpendicular anisotropy (Ks �
0.8–0.9) at h < hcr and “right” FHLs at h > hcr.

The thickness dependence of HC for B films has a
maximum near hcr � 11 nm (Fig. 4) that is charac-
teristic of the temperature dependences of the
coercive force in the vicinity of compensation
temperature [17].

Thus, the results of MO measurements indicate
that several phase transitions occur as the B-film
thickness decreases [Fig. 3(b)]. The first phase tran-
sition from type-I FIM to type-II FIM, which is a
manifestation of the compensation point in the exter-
nal magnetic field [17], occurs in the vicinity of the
critical thickness hcr and depends on the external
magnetic field and temperature of measurements.
For sufficiently strong fields, this transition will be
occurring through the intermediate spin-flop phase.
At this point FIM appears as antiferromagnetic (this
area is indicated by red dotted lines in Fig. 3).
According to the measurements at different temper-
atures for B films with thicknesses close to hcr, the
orientation of sublattice magnetizations with respect
to the external magnetic field is opposite at two tem-
perature intervals: from 0 K to Tcomp Ma �Mc > Md
and from Tcomp to TC Ma �Mc < Md. Here Mc is a
magnetization of the dodecahedral fcg sublattice
due to substitution of Gd3� ions. Films of thickness
11.1 and 9.7 nm have Tcomp of 301 and 343 K, respec-
tively. The B film of thickness 11.6 nm has Tcomp at
temperatures below room and TC ≈ 393 K. The films

Fig. 3. Thickness dependences of (a) specific FR ΘF and (b) MCD long-wave peak Alw of ultrathin (1) A and (2) B films at saturated fields
and temperature of 300 K. FHLs of the films at some thicknesses (not at equal scales) are shown in the insets of (a). (b) additionally shows
observed magnetic phases for B films.

Fig. 4. Thickness dependence of HC for B films at 300 K.

6602 APPLIED OPTICS / Vol. 52, No. 26 / 10 September 2013



of composition Bi2.8Y0.2Fe5O12 must have TC ≈
630 K [19]. As B-film thickness decreases, Tcomp
increases and exists for a certain range of film thick-
nesses; meanwhile, TC decreases. As thickness drops
to 5 nm, a second phase transition from the FIM
phase to the PM phase occurs [Fig. 3(b)].

A films do not have the compensation temperature
and have a single FIM phase; i.e., the orientation of
sublattice magnetizations remains constant in the
whole range of thicknesses.

A “blue shift” of MCD spectra as thickness de-
creases also strongly indicates the change of film
composition. Figure 5 shows the position of charac-
teristic points λlw, λzp, and λshw in MCD spectra as
a function of thickness for A and B films. The “blue
shift” of the spectra is observed for both A and B films
with thicknesses below 15 nm [Fig. 5(b)]. The most
significant changes occur in the spectrum of B films.
The maximum values of the “blue shift” of character-
istic points are δBlw � 48 nm, δBzp � 27 nm, and δBshw �
13 nm for B films and δAlw � 4 nm, δAzp � 10 nm, and
δAshw � 1 nm for A films. For comparison, Table 1
shows the positions of characteristic points deter-
mined either from spectra of MCD (FR ellipticity)
or elements of tensor εxy for Bi:IG of different compo-
sitions. In Fig. 5(b), the positions of characteristic
points for compound Nos. 5, 14, and 6 from Table 1
are also shown by horizontal lines.

As one can see, the changes in the content of Fe3�
and Bi3� ions identically and significantly change
the λlw, but differently affect λshw. As the content of
Bi3� ions decreases, all characteristic points shift
equally. In the case of dilution of Gd, Ga, and Al
(Table 1, film No. 6), λlw experiences strong “blue
shift” and λshw almost remains unchanged.

Both a decrease of B-film thickness in our experi-
ments and a decrease of Bi and/or Fe content in other
films of different composition in general lead to the
same result: “blue shift” of MO transitions. There-
fore, Bi and Fe contents decrease too while B-film
thickness decreases from 23.2 to 1.5 nm. Positions
of characteristic points λAlw, λAzp, and λAshw of MCD

spectra of A films vary slightly. According to x-ray
diffraction patterns [9], the composition of 100 nm
A film and, consequently, the A film with thickness
of 10 nm is close to a target one (a � 1.2602 nm).

Both “blue shift” and decreases in the intensity of
MO effects (Fig. 3) can be explained by the nature of
MO transitions. First, the change of local crystal
fields affecting octahedral and tetrahedral Fe3� ions
influences transition frequency [11,13]. Therefore,
the lattice parameter and geometry of interatomic
bonds affect λlw, λzp, and λshw. The lattice parameter
is reduced faster with decreases in Bi content and
slower with increases in Ga content. Similarly, the
distortion of octahedra and tetrahedra leads to a
change in transition frequencies. Second, those MO
transitions in Fe3� ions induced by Bi give the larg-
est contribution to the spectrum and participate in
the transitions between a- and d-coordinated Fe3�
ions. The content of Fe3� and Bi3� ions affects the
energy of correlation intersublattice exchange and
the number of magnetically intersublattice links
(links with an admixture of Bi states) [11] that define
the number of MO active Fe3� ions. In addition,
diamagnetic dilution leads to the appearance of local
noncollinear spins [18] and difficulty of the intersu-
blattice charge transfer that results in an increase of
the energy of MO transitions.

The sharp “red shift” of the characteristic points
for B films at hcr [Fig. 5(b)] is caused by the observed
compensation point. At this point, MO effects are cre-
ated by Fe3� ions that are linked by the strongest ex-
change interactions and have the maximum number
of neighbors of Bi and Fe. These small parts of films
have a greater lattice parameter. Unequal shifts of
λlw and λshw with substitution of Bi by Gd and Fe
by Ga are caused by different changes of energy,
by half-linewidths, and by splitting parameters of
MO transitions. As a consequence, these two cases
demonstrate different contributions of the line
shapes of MO transitions to the spectrum.

Insignificant dilution of diamagnetic ions is also
present for A films of thickness less than 10 nm.

Fig. 5. “Blue shift” of positions of long-wave peaks (1) λAlw and (2) λBlw, short-wave peaks (5) λAshw and (6) λBshw, and zero points (3) λAzp and
(4) λBzp with decreasing thickness for A and B films, respectively, at 300 K. Filled stars: corresponding positions for 5.8 and 2.9 nm B films at
8 K.
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However, the growth of structural disorder and elas-
tic stresses that change the crystalline electric fields
is the main cause of the “blue shift” when film thick-
ness decreases to less than 5 nm. The significant
increase of Hs indicates the elastic stress increases.

It should be noted that the sputtering method and
crystallization process of garnet films with high Bi
content significantly affect MO properties. According
to atomic force microscopy investigations [9], the
crystallites’ size in A films is greater than in B films.
As the thickness of B films increases, the crystallite
size increases as well. So, the difference between λlw,
λzp, and λshw for A and B films and films with the
same Bi3� and Fe3� ion content (Table 1), obtained
by different methods, can be explained by the differ-
ence in the local crystal fields of a- and d-coordinated
Fe3� ions. The last is caused by the different forma-
tion of A and B films [9] and different geometry of
interatomic bonds [21].

Similar reasoning may provide explanation of the
above results for A and B films. In [22,23] it was
shown that ion bombardment of the garnet sample
(substrates bulk or film) damages its surface.
Bombardment-induced bond angle disorder of the
surface is associated with preferential resputtering
of oxygen.

The effect of ion pretreatment of a GGG surface for
A films is considerably smaller than for B films owing
to the smallness of the energy and ion current den-
sity. The damaged amorphous layer in this case is
less than 1 nm in depth [22].

The pretreatment of the GGG substrate surface by
Ar� ions of 1 keV energy (B films) leads to the forma-
tion of a damaged amorphous layer on the GGG sur-
face that is several nanometers in depth [23]. This
layer may contain Ga and Gd oxides. During the crys-
tallization annealing the solid phase reaction occurs
in the bulk of this layer and the garnet phase
containing Ga, Gd, Y, Bi, and Fe is formed. Due to
the fact that in the initial amorphous film the sub-
strate and the film elements in transition layers

are distributed unevenly, the garnet films of compo-
sition �BiGdY�3�FeGa�5O12 will have variable
element contents across the film thickness during
the crystallization process. A decrease of the film
thickness leads to an increase in the volume fraction
of the surface damaged layer of the GGG substrate
and an increase in the content of Ga and Gd in
the general film composition. Therefore, in the vicin-
ity of critical thickness hcr the concentrational spin-
orientational phase transition occurs andΘF,AB

lw,HC

and λilw, λ
i
shw, λ

i
zp, respectively, change (Figs. 1–5).

Despite the fact that films consist of nanocrystal-
lites of different composition, the B film of thickness
near hcr � 11 nm behaves as a uniform film of
composition �BiGdY�3Fe3.7Ga1.3O12. For the film
A � 0 in the all-spectral range [Fig. 3(b)], Tcomp is
close to room temperature, HC is maximal (Fig. 4),
and Ma �Mc � Md. At this concentration, Ga3�

replaces mainly d-coordinated Fe3� ions and the
fraction of d-coordinated Fe3� ions is kd ≈ 0.9 [18].
The content of Ga3� does not exceed 1 at:∕f :u:

The B film of thickness 8.7 nm, characterized by
the maximum value of ΘF and opposite signs of A
(Fig. 3), behaves as a uniform film of composition
�BiGdY�3Fe3.3Ga1.7O12. With increases in Ga content
from 1.3 to 1.7 at:∕f :u: in the general composition of
film, the absolute values of ΘF and A increase due to
corresponding augmentation of total magnetization
and change of Tcomp (the measurements were made
at a temperature 300 K that is lower than Tcomp). A
further increase of Ga in the films with h < 8.7 nm
leads to a change of the Fe fraction in sublattices
(kd ≤ 0.8), a significant decrease of intersublattice
links, and, as a consequence, total magnetization,
TC, ΘF, and A. According to this, the B films with
thickness of several cell parameters are greatly sub-
stituted by Ga ions (about 2 at:∕f :u:).

As Ga is distributed unevenly across the thickness
of thick B films, the compensation plane must
exist where the composition of the film is

Table 1. Position of Characteristic Points for Bi-Substituted IGs of Different Compositions

Position of Characteristic Points

Nos. Composition λlw λzp λshw Synthesis Method References

1 Bi3Fe5O12 496 413 369 PLD [4]
2 Bi2.8Y0.2Fe5O12

a(A films, h > 24 nm) 490 436 373 RIBS This work
3 Bi2.8Y0.2Fe5O12

a(B films, h > 24 nm) 486 415 360 RIBS This work
4 Bi1Gd1.5Y0.5Fe4.2Al0.8O12 469 413 359 RIBS [8,9]
5 Bi1.07Y1.93Fe5O12 472 415 365 LPE [16]
6 Bi1.02Gd1.98Fe4.26Ga0.41Al0.33O12 450 396 360 LPE [16]
7 Bi0.5LU2.5Fe5O12 468 401 356 LPE [15]
8 Bi0.7Lu2.3Fe4.7Ga0.3O12 461 381 352 LPE [15]
9 Bi0.7Lu2.3Fe4.4Ga0.6O12 454 372 347 LPE [15]
10 Bi0.5Tm2.5Fe3.9Ga1.1O12 450 383 320 LPE [13]
11 Bi0.47Y2.53Fe5O12 456 399 358 — [11]
12 Bi0.48Y2.53Fe4.5Al0.5O12 449 391 356 — [11]
13 Bi0.3Pb01Sm0.7Gd0.2Lu1.7Fe4.3Al0.5Sc0.2O12 447 400 350 LPE [20]
14 Bi0.3Y2.7Fe5O12 452 391 345 LPE [14]
aIndicates the nominal composition of the film (target composition). Unsubstituted by nonmagnetic ions (Ga, Al, etc.), compounds with

different concentrations of Bi are bold. PLD, pulsed laser deposition; LPE, liquid phase epitaxy.
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�BiGdY�3Fe3.7Ga1.3O12. The compensation plane is
located at a distance 8.7 nm from the substrate as
ΘF�h� and A�h� have maxima (Fig. 2). The fast drop
in Ga and Gd content is expected in the thickness re-
gion higher than 8.7 nm. Presumably, the volume
composition of B film in the thickness region higher
than 12 nm is Bi2.8Y0.2Fe5O12. The gradient distribu-
tion of the elements is confirmed by our experiments
on double-layer nanostructures [24].

It should be noted that MCD spectra in the region
of strong magnetic ordering for all films are typical
for the compounds with large number of Bi (Bi > 2
at. per f.u.). This conclusion is also supported by
a higher TC for Bi, Gd, and Ga:YIG than for
Ga:YIG [13,18].

5. Conclusion

The MO properties of sputtered ultrathin (1.5–
92.8 nm) bismuth-substituted IG films prepared
by RIBS of target of nominal composition
Bi2.8Y0.2Fe5O12 were studied. The substrates of
GGG before film deposition were pretreated by either
low-energy Ar� plasma (A films) or an Ar� ion beam
with energy of 1 keV (B films).

In the case of B films, the substrate surface pre-
treatment leads to the substrate surface destruction
and amorphization. As the film thickness decreases
(below 15 nm), MCD spectra of B films demonstrate
features of Ga and Gd dilution: the “blue shift” and
change in intensity of MO transitions. MCD and FR
measurements at 300 K show that as B-film thick-
ness decreases, a series of magnetic phase transi-
tions appears. Inversion of signs observed at the
critical thickness of hcr � 11 nm suggests a concen-
trational spin-orientation phase transition. Accord-
ing to MCD spectra measurements at different
temperature for 2.9 nmB films, both long-rangemag-
netic order and MCD spectra typical for IG are
formed at temperatures less than 130 K. As a result,
when thickness approaches 5 nm, the second phase
transition from the FIM phase to the PM phase oc-
curs. The distribution of Ga is not uniform along
the film thickness, and the thickness of the film-
substrate transition layer of B films is 15 nm.

The influence of the substrate surface pretreat-
ment on the properties of A films is much less pro-
nounced. MO activity at 300 K is present through
all thickness ranges, even for the films of thickness
1.5 and 2.9 nm. Inverse effects are absent and “blue
shift” is negligible. However, decreases of the inten-
sity of MO transitions are still observed at thick-
nesses less than hcr � 11 nm.

This work was supported by the Ministry of Edu-
cation and Science of Ukraine and the State Fund for
Fundamental Research of Ukraine.
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