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Magnetism and site occupancy in epitaxial Y-rich yttrium iron garnet films

Tingyu Su®,"" Shuai Ning ®,%* " Eunsoo Cho,? and Caroline A. Ross®?#

'Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
3School of Materials Science and Engineering, National Institute for Advanced Materials, Nankai University,

Tianjin, 300350, People’s Republic of China

® (Received 10 May 2021; revised 14 August 2021; accepted 17 August 2021; published 8 September 2021)

Y-rich yttrium iron garnet (Y-YIG) thin films were grown on gadolinium gallium garnet substrates using
pulsed laser deposition from a YFeO; target. The films are epitaxial on the substrate, and the unit cell of
(001)- and (111)-oriented Y-YIG undergoes a tetragonal or rhombohedral distortion, respectively. The Y-YIG has
lower room temperature magnetization but higher low-temperature magnetization than bulk YIG, and its Curie
temperature was in the range of 330-400 K, depending on the growth conditions. First-principles calculations
predict that Yg. antisite defects are more stable in octahedral than tetrahedral Fe sites. Temperature-dependent
magnetization measurements together with a superexchange dilution model and composition determined from
x-ray photoelectron spectroscopy indicate that nonmagnetic species (Y>* and vacancies) are predominantly
accommodated in the octahedral sites, but there is a significant occupancy of tetrahedral sites.

DOLI: 10.1103/PhysRevMaterials.5.094403

I. INTRODUCTION

Yttrium iron garnet (YIG, YsFe,Fe;0;,) has been inten-
sively studied for its useful magnetic and magnetic-optical
properties [1-3]. The garnet structure comprises three cation
sites, dodecahedral (c¢ sites), octahedral (a sites), and tetra-
hedral (d sites), which in YIG are occupied by Y3+, Fe’T,
and Fe>*, respectively. These sites may be occupied by many
different cations to form stable garnets that exhibit a wide
range of electronic properties. For example, Gilleo and Geller
[4] and Geller et al. [5,6]showed that AI’*, In**, Sc*, Ni?+,
Mn2t, Si*t, Ge*t, Ca?t, and Co?*t can substitute for the a-
or d-site Fe** in YIG, forming ferrimagnetic garnets with a
range of magnetic moments, Curie temperatures, and other
properties. The lattice parameter and magnetization vs tem-
perature of Y3Fes_ MO, (M = In**, Sc**, AP, or Ga’*)
depend on the amount of substitution x and which Fe" site
is occupied by the substituent [3]. Furthermore, the (c-site)
Y3 can be partially or completely replaced by rare earth ions
such as Gd, Sm, Eu, Tb, Lu, Ho, Tm, or Dy, allowing the
anisotropy, magnetostriction, compensation temperature, and
magnetization to be varied [7-9], or by Ce** or Bi**, forming
Ce:YIG or Bi:YIG with enhanced magneto-optical activity
compared with that of YIG [10-14].

The site preference of cations on the a, ¢, and d sites is
primarily governed by their ionic radius, with smaller ions
such as Si*" or AIP* preferentially occupying the tetrahedral
d sites, and larger ions such as rare earths occupying the
dodecahedral c sites [7,9]. Some substituents show a full range
of solid solubility, such as Al, Sm, or Ga in Y;AlFes_,0;,
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[15], Y5_,Sm,FesO, [16], and Y3Fes_,Ga, O, respectively
[17], where 0 < x < 5 and 0 < y < 3, but in other cases, the
extent of substitution is limited to a certain level, beyond
which a secondary phase will form. For example, for octahe-
dral In** substitution (Y3Fe,_,In,Fe;0,,), the threshold for
a detectable secondary phase [18] is x = 0.65, while for Ca>*
and Ti** cosubstitution, the maximum attainable value of x in
the single phase garnet [19] Y3_,Ca,Ti,Fes_,0, is 0.74.

In garnets, the ideal ratio of c-site to a + d-site cations
is 3:5. Deviations from the ideal stoichiometry may be ac-
commodated by the formation of secondary phases or by the
presence of antisite defects, vacancies, or other point defects
within the garnet lattice. In the case of Y and other rare earth
(R) garnets, secondary phases include binary oxides of R or
Fe or R,Fe oxides such as the perovskite-structured orthofer-
rite phase RFeOs3. The yttria-iron oxide pseudobinary phase
diagram reveals that single phase YIG in air is stable over
only a small range of Y:Fe ratios [20], with excess Y leading
to a two-phase coexistence of YIG plus YFeOs and excess
Fe leading to coexistence of YIG plus hematite («-Fe,03) or
magnetite (Fe;Oq4) [2,21,22]. Similarly, SmsFes0;, coexists
with SmFeO; or Fe, 03 for excess Sm or excess Fe, respec-
tively [23], and EusFesO,, with EuFeO3 or Fe, O3 for excess
Eu or excess Fe, respectively [24].

These results argue against the formation of significantly
Y-rich or Fe-rich YIG when R:Fe differs from 0.6. How-
ever, the off-stoichiometric garnet phase may be promoted
in practice by epitaxial stabilization from a garnet-structured
substrate or by nonequilibrium growth methods such as vapor
phase deposition. Manuilov et al. [25] and Manuilov and
Grishin [26] analyzed epitaxial YIG with Y:Fe up to 0.74,
explaining the magnetic properties by the presence of Fe
vacancies, which preferentially occupy the a sites. As another
example, epitaxial TbIG films were grown by pulsed laser
deposition (PLD) with Tb:Fe = 0.75, and the excess Tb was
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assumed to be accommodated in the a sites [27]. Point defects
have also been found in polycrystalline YIG, including Fe
vacancies in YIG [28-30] and BiYIG [31] films grown at
high oxygen pressure and Yp. antisite defects in YIG [32].
These growth processes and epitaxial stabilization enable the
formation of garnet compositions that would not be stable in
bulk, offering opportunities for synthesis of materials with
diverse magnetic properties.

In this paper, we describe the structure and magnetic prop-
erties of epitaxial YIG thin films with a considerable excess Y
(Y:Fe ~ 1:1), a composition that at equilibrium would instead
form the orthoferrite phase YFeOs3. Our results indicate that
the excess Y preferably occupies the octahedral site, though
there is also a significant amount of tetrahedral Y and, in some
cases, Fe vacancies. The nonmagnetic Fe-site point defects
dilute the magnetic exchange coupling between the octahedral
and tetrahedral Fe sublattices and lower the Curie temperature
and the room-temperature magnetic moment of the Y-rich
YIG but raise the low-temperature moment. We use a superex-
change dilution model to explain the magnetic temperature
dependence of magnetization of Y-rich YIG and compare the
properties to those of YIG with other a-site substituents.

II. EXPERIMENTAL METHODS

Epitaxial garnet films were grown on gadolinium gallium
garnet (GGQ) substrates with (001) and (111) orientations by
pulsed laser ablation of a YFeO3 (YFO) target or a Y3FesOq;
(YIG) target. During growth, the temperature at the backside
of the substrate holder was maintained at Ty, = 900 °C, with
the substrate itself ~150°C cooler than Ty,,. The laser was
operated at a wavelength of 248 nm with repetition rate of 5
Hz. The oxygen vacancy concentration and cation stoichiom-
etry of PLD-grown thin films are significantly affected by the
growth conditions during deposition [33]. In this paper, sam-
ples were grown under O, pressures of 10 or 150 mTorr and
laser power of 300400 mJ/pulse (fluence of 2.0-2.55J/cm?).

Table I summarizes six Y-rich YIG samples analyzed in
this paper, and Tables S1 and S2 in the Supplemental Material
[34] summarize these and additional samples. High-resolution
x-ray diffraction (HRXRD) and asymmetric reciprocal space
mapping (RSM) were performed on SmartLab and Bruker

D8 diffractometers with Cu K, radiation (A = 1.5406 A)
and an incident beam Ge-(220) double-bounce monochroma-
tor. Thickness was measured by x-ray reflectometry (XRR)
and surface roughness by Cypher atomic force microscopy
(AFM). Magnetic hysteresis loops at temperatures of 10—
400 K were measured using a superconducting quantum
interference device (SQUID) magnetometer and a vibrating
sample magnetometer, subtracting the GGG background sig-
nals using a linear fit. X-ray magnetic circular dichroism
(XMCD) at the Fe L, 3 absorption edge was collected in total
fluorescence yield mode using the beamline 4-ID-C of the
Advanced Photon Source at Argonne National Laboratory at
160 K under a magnetic field H = 5000 Oe. X-ray photoelec-
tron spectra (XPS) were collected on a PHI Versaprobe II for
composition analysis.

Density functional theory (DFT) calculations were per-
formed with the Vienna Ab initio Simulation Package
(VASP). The Perdew-Burke-Ernzerhof functional was used.
The core-valence configurations were Y (4s°4p%4d'5s?), Fe
(3p%3d74s"), and O (2522p*). The effective U for the GGA +
U method was 5.3 eV for Fe. The energy cutoff was 500
eV, and k-point grids were maintained to a Monkhorst-Pack
2 x 2 x 2 mesh. All calculations were performed in a garnet
unit cell that contains 8 formula units (f.u.) of Y3FesOj,, and
structural characterization was performed using VESTA [35].

III. RESULTS AND DISCUSSION

A. Structure and composition analysis

HRXRD 20-w scans were used to determine the structure
and phase of the as-grown films on (001)- and (111)-oriented
GGG substrates. Full-range scans (260 = 15-80°) showed
only garnet peaks from the substrate and film, Fig. 1(c) with
no orthoferrite peaks. Scans around the primary substrate
peaks [Figs. 1(a) and 1(b)] reveal that, compared with YIG
films, the Y-YIG samples have a larger out-of-plane lattice
spacing, greater than that of YIG by 2.5% and 2.7% for the
67-nm-thick (001) and (111) samples, respectively. The lattice
spacing was higher for the thicker films which were formed at
a higher growth rate.

The in-plane structural information of Y-YIG films was
extracted from the RSMs of asymmetric diffraction peaks.

TABLE I. Summary of Y-YIG samples.

Growth condition Structure

Magnetism Composition

O, Laser Rate Thickness (t) M;@300K Teexp Tcfit ka ki (Y +V)Eed Y:Fe
Samples (mTorr) (mJ) (nm/h) (nm) Ad/d* (%) BP (deg.) (%) (emu cm™3) (K) (K) (100%) (100%) (MFEC fit) (XPS)
001_Y-YIG, 10 400 489402 81.54+04 2.88+0.01 90.00 2.88+0.01 79+4 344 35245 41.17 19.77 1.23 1.04
001_Y-YIG, 150 300 19.84+0.1 33.0+0.1 2.13+£0.01 90.00 2.13+0.01 89+5 390 388+5 3285 17.40 1.09 1.08
001_Y-YIGs 150 350 40.5+0.2 67.5+0.3 2.57+£0.01 90.00 2.57+0.01 76 +4 365 362+5 3899 19.20 1.19 1.03
111_Y-YIG, 10 400 450402 1250406 3.27+0.02 8876 0.12+0.00 65+3 335 330+£5 49.15 17.40 1.29 1.07
111_Y-YIG, 150 300 20.4+0.1 340402 2344001 89.11 0.08+£0.00 106+5 398 390+5 3544 12.53 1.04 1.05
111_Y-YIG; 150 350 40.5+£0.2 67.54+03 2.73+£0.01 88.96 0.10£0.00 84+4 368 362+5 4043 17.27 1.18 1.09

2Out-of-plane lattice spacing compared with that of YIG (lattice parameter 1.237 nm).
b Angle between unit cell base vectors.
“Volume expansion ratio compared with bulk YIG.
4The MFC model cannot distinguish between vacancies (V) and antisite Y on the Fe sites.
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FIG. 1. X-ray diffraction characterization. High resolution x-ray diffraction (HRXRD) 26-w scans of (a) (001) and (b) (111) Y-rich yttrium
iron garnet (Y-YIG) samples grown on gadolinium gallium garnet (GGG) substrates. S represents the substrate peak, which overlaps the
YIG peak, and L represents the peak from the Y-YIG films. (c) 260 = 15-80° scan of Y-YIG, samples with (001) (top) and (111) (bottom)

orientations.

For the (001) Y-YIG samples, RSMs of the (408) and (116)
peaks were measured to probe the two noncollinear in-plane
directions [100] and [110], respectively, whereas for the (111)
samples, (642) and (664) peaks were measured to probe [101]
and [112]. Examples are shown in Fig. 2 for 33—34-nm-thick
Y-YIG. The RSM shows that films with thickness # < 150 nm
are fully strained to match the in-plane lattice parameter of the
GGG substrate.

These data show that the Y-YIG forms an epitaxial film
with a coherent interface on both substrate orientations, with-
out secondary phases. The unit cell of Y-YIG/GGG (001) is
tetragonally distorted with c¢/a = 1.021-1.029, whereas the
unit cell of Y-YIG/GGG (111) has a rhombohedral distor-
tion along the body diagonal direction with corner angle of
88.8-89.1°. The unit cell dimensions are summarized in Ta-
ble I. The (001) Y-YIG samples undergo a lattice expansion
compared with bulk YIG, but the (111) Y-YIG samples have
almost the same unit cell volume as bulk YIG. AFM and XRR
characterization (Supplemental Material [34]) shows that the
(111) Y-YIG samples have smaller surface roughness than
(001) samples.

The Y:Fe ratio was quantified from the XPS spectra of Y
3d and Fe 3p peaks and normalized by the relative scattering
factor. The accuracy of quantification of the Y:Fe ratio is
~10% [36], and the results of all samples are summarized in
the last column of Table I. All films had Y:Fe of 1.04-1.09,
i.e., slightly richer in Y than the target composition and sig-
nificantly greater than the ratio of 0.6 for stoichiometric YIG.

B. DFT calculations

Excess Y in the single-phase garnet films may be in-
corporated within the structure as antisite defects where Y
occupies a Fe site or via the presence of Fe and O vacancies.
Prior modeling work [20] indicates that antisite defects Y,
Fey and oxygen vacancies Vg have lower formation energies
than cation vacancies Vg., Vy or Frenkel defects, and YE. is
therefore likely to be the dominant defect in the Y-YIG. We
modeled the magnetic and structural effects of Y. by replac-
ing one Fe with one Y in the YIG unit cell [8 f.u., Fig. 3(a)]
yielding Y/Fe = 0.641. The results show that the unit cell
volume expanded for Y-rich YIG by 0.72% and 0.74% for
octahedral (Yg. ,) and tetrahedral (Y. 4) antisite defects, re-
spectively. Compared with stoichiometric YIG [Fig. 3(b)], Y
antisite defects induce structural distortion [Figs. 3(c) and
3(d)]. The Y-O bond length of the dodecahedral site de-
creases by a small amount near the defect in common for
both Y., and Yge 4. For Yge 4, the Fe-O bond length of the
O shared with the d site is slightly extended, whereas for
Y. 4, the Fe-O bond length for the O shared with the a site
is slightly contracted. Here, Y., is more stable than Y. 4
by 133 meV/f.u., indicating a site preference for Y to occupy
the larger octahedral sites, which may be expected from the
greater ionic radius of Y3* (110 pm) than Fe** (65 pm).
This differs from prior work [20] which predicted a lower
formation energy for Yge 4 than the Yge 4.

In stoichiometric YIG, the strongest superexchange cou-
pling is antiferromagnetic between the d- and a-site Fe’*.

094403-3



SU, NING, CHO, AND ROSS

PHYSICAL REVIEW MATERIALS 5, 094403 (2021)

h
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FIG. 2. Reciprocal space mapping (RSM) of Y-rich yttrium iron garnet (Y-YIG) samples. (a) (408) and (b) (116) asymmetric diffraction
peaks of 33 nm Y-YIG (001) sample. (c) (642) and (d) (664) asymmetric diffraction peaks of 34 nm Y-YIG (111) sample. Here, & = ¢,d,,, and
| = q,d,,, are dimensionless reciprocal vectors normalized by the substrate reciprocal lattice parameter, where ¢, g, are reciprocal vectors of
the films and d,,,,, dpy are corresponding plane spacings of the substrate [gadolinium gallium garnet (GGG), a = 12.377 Al (e.g., the (408)
peak is normalized to dy, for & and /; (642) peak to d,q; for & and d,;, for [). S represents the substrate and L the film reflection.

With three d-site and two a-site Fe’* per formula unit, the
material is ferrimagnetic with a net moment corresponding to
one Fe*t, ie., 5 wp/f.u. at low temperatures. Because Y3+
has almost zero moment, the antisite Yg. is equivalent to
removing an Fe’™ moment, which increases (decreases) the
magnetization by 5 up /f.u. when it is in the octahedral (tetra-
hedral) site. The effect of antisite defects on the magnetism
agrees with Ref. [20].

The replacement of Fe’* with Y3+ leads to small changes
of the Y and O moments as well. Particularly, Y3t in a or
d sites has slightly larger moments than Y>* in c sites, and
the small moment of Yg., (Yge4) is parallel to that of d-

site (a-site) Fe’*. Average moments of O increase (decrease)
with Ype s (Yre.q). However, these changes in the Y and O
moments are minor, and the main contribution to the magne-
tization is from the removal of Fe3*.

C. Magnetic properties of Y-YIG

In-plane magnetic hysteresis measurements of Y-YIG sam-
ples at different temperatures and fields up to 500 Oe are given
in Figs. 4 and 5. The contribution from the paramagnetic GGG
substrate is assumed to be linear for Hp,x < 500 Oe based
on measurements of bare substrates and was subtracted by
fitting the slope of the data at fields >200 Oe. The remaining

(d)

FIG. 3. (a) Unit cell of stoichiometric yttrium iron garnet (YIG). Green, gold, and purple correspond to dodecahedral, tetrahedral, and
octahedral sites, respectively. Enlarged structure of YIG with (b) no defects, (c) a Y., antisite defect, and (d) a Y. 4 antisite defect. Insets are

bond lengths in angstroms.
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FIG. 4. Magnetic properties and x-ray magnetic circular dichroism (XMCD) measurements of (111) Y-rich yttrium iron garnet (Y-YIG)
samples. (a) In-plane hysteresis loops at different temperatures of the 67.5 nm (111) Y-YIG sample. (b) Temperature dependence of saturation
magnetization and fitting by Dionne’s model for these three samples. (¢) XMCD spectra of the 34 nm (111) Y-YIG sample.

magnetization signal normalized by the volume of the Y-YIG
is summarized in Fig. 4(a) for a 67.5-nm-thick (111)-oriented
sample and Fig. 5(a) for a (001)-oriented sample which was
grown simultaneously. At room temperature (7' = 300K),
the saturation magnetization is M, j;; = 84 emu cm™> and
M; g0 = 76 emu cm 3, which are smaller than that of bulk
YIG, 140emucm™3, or a YIG film of similar thickness
(M yig = 137 emu cm~3, ¢t = 79nm) [37].

For the (111) Y-YIG sample, the saturation magnetization
increases monotonically with decreasing temperature, reach-
ing 240 & 12emucm ™ or 6.5 4 0.3 up/f.u.. The coercivity
H, increases at lower temperatures but remains small (H, <
4 QOe). The 3 Oe offset is attributed to the superconducting
magnets [38] and not to an exchange bias. Beaulieu et al.
[39] also found a monotonic increase in magnetization with
decreasing temperature for (111) YIG films. However, for the
(001)-oriented Y-YIG samples, the coercivity is much greater,
exceeding 100 Oe at 15 K, and the loops become sheared
< 70K, indicative of a change in the reversal mechanism.
The saturation magnetization increases with decreasing tem-
perature, but <70 K, the saturation magnetization extracted
from the 500 Oe loops starts to decrease. Mitra et al. [40]
found a decrease in magnetization of (111) YIG films at
low temperatures, attributed to antiparallel coupling of a ~6-
nm-thick Gd-rich garnet layer formed by interdiffusion, and
Suturin et al. [41] showed a ~10 nm Ga-rich low-moment
interdiffused layer in YIG/GGG grown by laser molecular
beam epitaxy. However, we believe that the drop in magne-
tization in our samples has a different origin. The processing

conditions used in this paper are like those used to make
TmIG/GGG films in Ref. [42], which had an interdiffused
layer of only 1 nm thickness. The drop in magnetization
occurred only for (001)-oriented Y-YIG films and not for
(111)-oriented films, and the decrease was greatest for the
thickest film, 001_Y-YIG;, which is inconsistent with an
interfacial origin. The drop in magnetization is also larger
than that expected from a magnon anomaly proposed by
Shamoto et al. [43].

We instead attribute the decrease in magnetization of
(001)-oriented samples at low temperature to incomplete sat-
uration of the magnetization at the maximum field of the
measurement. The field range was limited to 500 Oe to en-
sure a linear contribution from the substrate: at larger fields
(H > 1000 Oe) and low temperatures (<25 K), the GGG sig-
nal becomes large and nonlinear, which precludes an accurate
background subtraction. However, 500 Oe field range is in-
adequate to saturate the harder (001)-oriented samples at low
temperatures (Supplemental Materials [34]), and the magneti-
zation is underestimated as a result. For YIG and presumably
Y-YIG, the easy axis is (111), which does not lie in the film
plane for either sample orientation. The film is also subject to
uniaxial shape anisotropy, a growth-induced anisotropy, and
magnetoelastic anisotropy terms. The higher in-plane coerciv-
ities fields for (001) Y-YIG than (111) Y-YIG suggest higher
magnetic anisotropy or greater pinning of the domain walls
during reversal for this orientation.

Antiparallel ordering of the Fe sublattices is confirmed
by XMCD measurement of a Y-YIG film, summarized
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FIG. 5. Magnetic properties of (001) Y-rich yttrium iron garnet (Y-YIG) samples. In-plane hysteresis loops obtained after subtracting linear
background signal (a) T = 100-340K and (b) T = 15-70K for the 67.5 nm thick film. (c) Magnetization measured at 500 Oe, and fitting

results using Dionne’s model for three samples.

in Fig. 4(c). The appearance of two peaks with opposite
signs around the shoulders of the main peak at the L;
absorption edge confirms that the Fe ions occupy two
antiparallel sublattices, as found in YIG [44,45]. There-
fore, we rewrite the chemical formula of Y-YIG as
{Y}s[Feo.1—ka)(Y, Va)2kal(Fes.q—xa)(Y, Va)3.4a)O12, where
k, and k; stand for the fractional substitution by nonmagnetic
species Yg. or vacancies V in the a and d sublattices, with
0 < ky, kg < 1. From the higher formation energy of tetrahe-
dral Yg. vs octahedral Y. antisite defects, we expect k; < k.
A preferential a-site Y occupancy is expected to lower the
magnetic moment of the octahedral sublattice and increase
the low-temperature magnetic moment of Y-YIG compared
with that of YIG [3] (~5 ug/f.u.). This is consistent with the
extrapolated zero temperature results in Figs. 4(b) and 5(c).
To quantitively analyze the a- and d-site substitution,
Dionne’s superexchange dilution model [46] combined with
Néel’s molecular field theory is used to fit the temperature
dependence of saturation magnetization [Fig. 4(b)]. The ex-
pression for the molecular field coefficients of Y-YIG are
adopted from Dionne’s work [46] and converted to SI units:

Nyg = —345.3(1 — 0.87k,),

Nao = —738.3(1 — 1.26k,),

Nyg = Ny = +1101.7(1 — 0.25k, — 0.38k,), ()
where k, and k; are the fractional substitutions defined above,

and N;; represents the molecular field coefficients between
sites 7 and j.

The magnetization of each sublattice is given by
Hom
My(T) = nagamsJ B,y I:ﬁ(Ndde + NadMa)]a
B

Hom
M (T) = nagauBJBJ[k—T(NdaMd + NMMa)],
B

M(T) = Mg — M|, @

where n; is the volume density of Fe** of the a and d sublat-
tices, g, = g4 = 2 is the Landé factor, and By is the Brillouin
function (J =L+ S =0+ % = %).

Using a nonlinear least square fitting algorithm from MAT-
LAB, k, and k; values were obtained by fitting Dionne’s
model to the experimental data, and the results are summa-
rized in Table I. Figure 4(b) shows the fitting of (111)-oriented
Y-YIG samples grown at different conditions. For the (001)-
oriented samples, the fit is carried out for the temperature
range of 100400 K, and the results are shown in Fig. 5(c).

The (Y + Fe):Fe ratio of Y-YIG samples can be calculated
by substituting the fitted k, and k; values into the chemical
formula {Y}3[Fez.(1—ka) (Y, Va)2kal(Fes.0—ka) (Y, Va)ska)O12
and is shown in Table I. The vacancies and Y antisite defects
cannot be distinguished by the model. In the case of no va-
cancies, Y : Fe = (3 4+ 2k, + 3ks)/(5 — 2k, — 3k;). For the
samples Y-YIG; grown at 300 mJ laser energy and 150 mTorr
oxygen, corresponding to a low growth rate, the (Y + V):Fe
atomic ratios calculated from the fit, 1.04 for (111)-oriented
and 1.09 for (100)-oriented films, agree very well with Y:Fe
determined from XPS, 1.05 and 1.08, respectively, and are
like the target stoichiometry of 1.00. This suggests that there
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is a negligible population of V, and V,, and the excess Y is
accommodated in the Fe sites.

For the Y-YIG, and Y-YIG; grown samples grown with
lower O, or higher laser power corresponding to a higher
growth rate, the Y:Fe ratio from XPS remains at 1.03-1.09,
whereas (Y + V):Fe has a value of ~1.2-1.3. This indicates
a more complex site occupancy. Table S3 in the Supplemental
Material [34] shows the vacancy concentration estimated from
the data, which ranges from 0.32 to 0.77 out of the five total a
and d sites, though the individual occupancy of Y and Vg, on
each site cannot be separately determined. Here, Vg, implies
the additional presence of oxygen vacancies or higher valence
Fe for charge balance. These defects may also modify the pa-
rameters in the superexchange model, for example, weakening
the ferrimagnetic coupling and lowering the Curie tempera-
ture beyond the effects of the nonmagnetic substituents. We
speculate that the greater amount of Vg, proposed to exist
in samples Y-YIG; and Y-YIG; is due to their faster growth
rate, though a more systematic study of deposition conditions
would be required to verify this.

Accommodation of Y only on the octahedral sites would
imply k, = 0.55 and k; = 0 for a net composition of Y:
Fe = 1.05. Considering the Y-YIG, samples, the fit gave
k, = 0.35 and 0.33 and k; = 0.13 and 0.17 for the (111)-
and (100)-oriented samples, respectively. This indicates that
the Ype, antisite dominates, but there is also a large frac-
tion of tetrahedral Ype , antisite defects. The other samples
also showed large amounts of Yg. 4. The large fraction of
Yr.s may be surprising, given the small size of the tetra-
hedral site, but the structure can distort, and DFT showed
that the Yg. 4 antisites are only modestly unfavorable com-
pared with the Y , antisites. Based on the energy difference
of 0.113 eV at equilibrium, at the growth temperature, we
would expect ~25% of the Yg. to be in tetrahedral sites.
A consequence of the presence of Yg., as well as Ype,
is the value of the low-temperature saturation magnetiza-
tion, which extrapolates to 6-6.5 ug/f.u. for the (111) and
5.5 ug/f.u. for the (001)-oriented Y-YIG films. This is larger
than that of YIG (5 ug/f.u.) but smaller than the value ex-
pected for complete octahedral substitution of the excess Y,
~10 ug/f.u.

The Curie temperature of the Y-YIG samples was deter-
mined by empirical interpolation for 7 > 150K based on
Bloch’s law: M = My[1 — (T /T.)” ]’ yielding a value of T: exp
and also from Dionne’s superexchange model yielding a value
T.q at M = 0. The results are summarized in Table I and
show that the two methods agree to within 8 K. (Table S1 in
the Supplemental Material [34] shows the Bloch law fit for the
additional samples). Compared with YIG [47] (T, = 559K),
the Curie temperature of Y-YIG is considerably lower by
170-200 K. The Y substitution on both a and d sites lowers
the density of Fe-O-Fe bonds and therefore weakens the intra-
sublattice (within a and d) and intersublattice (between a and
d) exchange coupling, causing a drop in Curie temperature.
The Curie temperature of bulk Y3[IngsFe;s](Fe;)O;, and
Y3[Sco75Fe; 25]1(Fes )0y, reported by Gilleo and Geller [3] is
~480 and 420 K, respectively, and the greater substitution for
Yi3[YFe](Fes;)O;, implies that the Curie temperature should
be even lower, which agrees with our observations. The Curie
temperature of Y-YIG samples is lowest for the higher growth

rate samples, which is consistent with the possible presence
of larger amounts of other defects such as vacancies.

The structural and magnetic results show that epitaxially
grown garnet can accommodate a large nonideality in the
Y:Fe ratio that would drive formation of other phases (i.e.,
the perovskite YFeOs3) in a bulk material or one not stabi-
lized by epitaxy. Despite the size difference between Y3+ and
Fe’*, the data support the incorporation of excess Y by the
formation of Y. antisite defects. This occurs for both a and
d sites, though with a greater fraction of a-site Y, leading
to increased low-temperature saturation magnetization com-
pared with that of YIG. The presence of Yg. and potentially
other defects, especially in high growth rate films, lowers the
Curie temperature to 340-390 K, and the room temperature
magnetization of Y-YIG is smaller than that of YIG. Excess
Y therefore behaves like other nonmagnetic substituents with
an octahedral site preference. The formation of the Y-YIG
nonequilibrium phase using PLD with epitaxial stabilization
leads to properties that are not found in bulk garnets, and
this strategy may also be extended to other thin film garnet
compositions.

IV. SUMMARY

Y-substituted YIG with a Y:Fe ratio ~1:1 was epitaxially
grown on GGG substrates using PLD. There was no evidence
of secondary phases, and x-ray diffraction revealed that the
films have high structural quality but that the unit cell un-
derwent tetragonal and rhombohedral distortion for (001)-
and (111)-oriented substrates, respectively. Compared with
stoichiometric YIG, the Curie temperature of Y-YIG is much
lower, T. = 330-390 K, and is sensitive to the growth condi-
tions, and the low-temperature saturation magnetization of the
Y-YIG is higher than that of YIG. The structural and magnetic
data indicate that the excess Y is accommodated as antisite de-
fects on the Fe sites. The fitting of the temperature-dependent
magnetization by a superexchange model indicates that Y
preferentially occupies the octahedral site, as expected from
its lower formation energy, but there is a significant amount
of tetrahedral Y., and in some cases, V. are also likely to
be present. The excess Y modifies the magnetic properties of
YIG in a manner that resembles that of other nonmagnetic
substituents with a preference for the a sites. The key dif-
ference is that, for a Y:Fe ratio ~ 1:1, the perovskite YFeOj3
is the thermodynamically stable phase rather than the garnet
Y;3[YFe](Fe3;)Oy, and Y-YIG is only formed due to its epi-
taxial stabilization on a garnet substrate. We may similarly
expect that other rare earth garnets Rz, ,Fes_,Oj, could be
grown with a large excess of rare earth, opening a range of
interesting properties not found in bulk garnets.
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