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Abstract

Rare-earth iron garnets (REIG) have recently become the materials platform of choice for
spintronic studiesfon ferrimagnetic insulators. However, thus far the materials studied have

mainly beem,REIG with a single rare earth species such as thulium, yttrium, or terbium iron
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garnets. In this study, we use magnetometry, ferromagnetic resonance, and magneto-optical
Kerr effect imaging to explore the continuous variation of magnetic properties as a function
of composition for Y,Tms. iron garnet (YxTmsIG) thin films grown by pulsed laser
deposition.on,gadelinium gallium garnet substrates. We report the tunability of the magnetic
anisotropysenergy, with full control achieved over the type of anisotropy (from perpendicular,
to isotropicgto an in-plane easy axis) on the same substrate. In addition, we report a
nonmonotonié®composition-dependent anisotropy term, which we ascribe to growth-induced
anisotropy.similar to what has been reported in garnet thin films grown by liquid-phase
epitaxy. Ferromagnetic resonance shows linear variation of the damping and the g-factor
across the composition range, consistent with prior theoretical work. Domain imaging reveals
differenceg ingeversal modes, remanant states, and domain sizes in YxTms. iron-garnet thin

films as a function of anisotropy.
Keywords: garnets, spintronics, thin films, pulsed laser deposition, magnetic materials
1. Introduction

With the advent of vapor-phase growth methods for preparing thin epitaxial oxide films,
including pulsed‘laser deposition (PLD) and sputtering, thin films of rare earth (RE) iron
garnet materials (REIG, formula unit REsFesO12) have been developed with desirable
properties for spintronic applications, including thulium (TmIG), terbium, europium,
samariumiand other REIG films with perpendicular magnetic anisotropy (PMA). Spin-orbit

B2 chiral spin textures,® ! and a relativistic domain wall velocity

torque switching,
approaching.the'magnon group velocity have been reported in Pt/TmIG and P/Bi:YIG

heterostructtires, making these materials promising candidates for memory or logic devices.[*-

7
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REIG materials are well-characterized, with studies having been performed from the 1950s to
the present day. REIG materials have three magnetic sublattices, comprised of 3 RE** ions
per formula_unit (FU) on dodecahedral (c) sites, 2 Fe**/FU ions on octahedral (a) sites, and 3
Fe**/FU ions,ondetrahedral (d) sites.[® The strongest superexchange coupling is an
antiferromagnetic interaction between the tetrahedral and octahedral iron. The dodecahedral
moments are alse,coupled antiparallel to the tetrahedral iron, and hence the three sublattices
form a collinearferrimagnet, with the Fe** d ions opposing the combined moment of the RE**
c and the Fe*f a ions,'® though noncollinear ordering can occur at low temperatures by
canting of the RE.moments.!!” Substitution of other cations has been explored extensively,
with many cations exhibiting a site preference, for instance, Sc** on the a sites, Si on the d
sites, and almestany RE element as well as yttrium (Y) on the c sites.*¥ Tuning the magnetic
properties/of REIG thin films, including the magnetization, anisotropy, coercivity,
magnetostriction,.compensation temperature and damping, has been investigated through
control of the RE¥ion, the RE:Fe ratio, oxygen content, and substrate strain.***%! In PLD or
sputtered garnet films, PMA can be introduced due to magnetoelastic anisotropy,****** and
has been cantrolled through strain engineering by varying the substrate epitaxial mismatch
strain*'*®! oFthéithermal mismatch straint*’*®! and by altering the magnetostriction
coefficients BYfully substituting the RE species on the c-site.**2) PMA of magnetoelastic
origin has‘also been achieved in strained Y1G®Y and in Bi-substituted Y1G,? which exhibit
lower damping‘than REIGs, and in garnets with multiple substitutions such as

(Dy,Ce)s(Fe,Al)s0,,.1°)

In contrastto these vapor-grown garnet films, the PMA in the liquid-phase-epitaxy-grown
(LPE) REIG thinfilms of the late 1900s was attributed primarily to growth-induced
anisotropy. This additional anisotropy energy was empirically shown to be a function of the

difference in ionic radius between the c-site ions, and was believed to be caused by
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preferential occupation of inequivalent c sites by different species.**! The perpendicular
anisotropy in PLD-grown Bi:YIG was attributed in part to growth-induced anisotropy.??
Also, iron vacancy ordering in Fe-deficient PLD-grown YIG was found to cause an
additional uniaxiakanisotropy.'® Other than these two studies, there have been scant reports

of growth-induced anisotropy in vapor-deposited REIG films.??

In this article, we describe the composition-dependent magnetic properties of yttrium-thulium
iron garnet{Y#mlIG) thin films grown epitaxially on garnet substrates and demonstrate the
presence of growth-induced perpendicular magnetic anisotropy. By varying the yttrium
concentration over a limited range, we can tune the magnetic anisotropy energy and obtain a
transition from perpendicular to isotropic to in-plane anisotropy. Magnetooptical Kerr effect
(MOKE) microscopy is used to determine the equilibrium domain size and the reversal mode
of YTmIG thin films with PMA. Broadband ferromagnetic resonance (FMR) measurements
show an‘increase in the damping and a decrease in the g-factor with increasing Tm content,
consistentswith the Kittel model for bulk RE garnet crystals. These results demonstrate a
method for continuously tuning a variety of REIG static and dynamic magnetic properties on

a single substratesfor spintronic applications.
2. GrowthiandsStructural Characterization

For this,study, Yo m341G (YTmIG) films ranging from 25 nm to 30 nm in thickness were
grown by PLD on (111) gadolinium gallium garnet (Gd3;GasO1,, GGG) substrates. YTmIG
films were also grown on (111) substrates with composition Gd,¢Cap4Gas 1M0o.25Zr0.65012
(substituted GGG or SGGG). The growth conditions (O, pressure, temperature, laser fluence)
used were Sifmilar to those used in our previous work,">*?% described in Methods. In order
to vary the composition x, YIG and TmIG targets were placed in the deposition chamber and

the laser was fired alternately at each for a few shots at a time, keeping the total number of
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shots per cycle at 35 and the total number of shots per film at 10*. Thus, the total number of
cycles was 285 for the co-deposited films. Film thicknesses were obtained by fitting x-ray
reflectometry.data. To obtain an estimate of the film composition, the growth rates for YIG
and TmIG filkmswere measured for calibration. The YIG growth rate is 1.28 times higher
than the TmIG growth rate, so the shot ratios were scaled by this factor to yield nominal
compositions. Aysummary of the samples grown, their thicknesses, and their nominal

compositions®sprovided in Table 1.

Table 1. Ratios of laser shots and nominal film compositions for Y:TmIG Films

Nominal'composition = Sample Recipe | Shots @ Shots Film
(Shot Ratio) YIG/ | TmlIG/cycle @ Thickness,
(Ymeg_X) FE5O 12
cycle nm

TmIG 0:35 Y:TmIG n/a n/a 29

Y051 1-Mau9l G 5:30 Y:TmIG 5 30 29
Yog3Tmy 171G 8:27 Y:TmIG 8 27 26
Y12TmyglG 12:23Y:TmIG | 12 23 29

YIG 35:0 Y:TmIG n/a n/a 37

In order toseharaCterize the structural properties of these films, high resolution x-ray
diffraction(HRXRD) 26 — @ symmetric scans about the (444) direction were performed
(Figure 1a). Thehigh crystalline quality of the samples is evident from the Laue fringes
present in each scan (also see the rocking curve analysis in Supporting Information Figure

S4). For the films with higher Y concentrations, the film peak was too close to the substrate
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peak to be fitted by a Gaussian function. Therefore, shear strain values were calculated by
fitting both the substrate and film peaks with a commercially available dynamical diffraction
software (Rigaku Globalfit). A model was constructed by considering the film to be an alloy
between tweshypothetical end-members whose (444) reflections were either to the left or to
the right of all of the film peaks studied. Then, Vegard’s law was used to calculate the lattice
parameter of theyfilms. By using the rhombohedral-to-hexagonal transformation described in
our previous'werk™ and making the assumptions that the films are fully strained to match
the substrate(I.e., the in-plane lattice parameters of the film and the substrate are equal) and
that the unit cell'side length is not significantly distorted by the shear strain, the unit cell

corner angle_g_(Figure 1b) for each film was calculated. The first assumption is well-

justified by‘eurprevious work which showed that garnet films on GGG remain
pseudomarphic (follow the substrate in-plane lattice parameter) up to thicknesses much
greater;than:30:nm.™ The second assumption is well-justified because it conserves unit cell
volume to within'0.01%. The shear strain is then equal to n/4 — /2. The shear strain values
and unit cell angles are displayed in Figure 1c. Error bars were calculated but were excluded

from the figure because they are smaller than the size of the displayed data points.
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Figure 1. Struetural Characterization of Y4,Tms«IG thin films. (a) HRXRD 260-o spectra
about the (444) reflection of five films of different composition. (b) Schematic depicting
the unit.cell defining the corner angle B. (c¢) Unit cell angle p (black squares) and shear
strain in radians (red circles) of the Y,Tms4IG thin films. (d) Reciprocal space map of
the Yo53Tmy 171G (642) reflection. The vertical alignment of the film and substrate peaks

with a common value of gx is indicative of pseudomorphic growth.

The lattice parameters of bulk TmIG and bulk Y1G are 1.2324 nm and 1.2377 nm
respectivelys(withia possible uncertainty of + 0.001nm determined from multiple reported
measurémmentsy € The lattice parameters of the GGG and SGGG substrates are 1.2376 nm
and 1.2480 nm respectively. It has been observed that the lattice parameters of c-site
substitutedsgarnets vary linearly between the two end-members.!*!! Therefore, YTmIG films
grown ongeither substrate are expected to exhibit tensile in plane strain which decreases with
increasing yttrim content. Figure 1c shows that as the composition changes from TmIG to
Y1G, the shear strain for films on GGG decreases from a tensile strain of 0.00153 to a

compressive strain of 0.000715, following the predicted trend. Bulk YIG has an excellent
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lattice match with GGG, but the Y1G film in our study is under in-plane compression. This is
consistent with reports of larger-than-bulk lattice parameters in YIG, which are often
attributed to_iron vacancy formation due to non-ideal stoichiometry®’ 2% but have also been
seen in stoichiometric Y1G and are not fully understood.” X-ray photoelectron spectroscopy
(XPS) measurements of our pure YIG film, when compared to a stoichiometric bulk crystal

(See Supportingalnformation) show that the film is iron-rich with Y:Fe = 0.511.

For the Yog3Tmay7IG and the Y1,Tm; glG films, a good fit to the Laue fringes of the high
resolution XRD"peaks was obtained using a multilayer model, i.e., relaxing the constraint that
the lattice parameter is uniform through the thickness of the film (Supporting Information
Figure S1and S2). The peaks were fitted with a combination of two layers of different lattice
parameters. We attribute this behavior to a through-thickness out-of-plane strain gradient that
leaves the film.pseudomorphic. Strain gradients have been reported in Y1G/GGG ! and do
not preclude garnet films from being pseudomorphict — indeed, a reciprocal space map
taken onthe™Y g3 Tm;, 171G film confirmed that it was fully strained in-plane throughout its
thickness (Figure 1d). Another possible source for the lattice parameter variation is cation
segregation.*Fhrough-thickness composition gradients have been observed in ultrathin
perovskite films grown under strain,*>% explained as a result of the accommodation of
strain energysbysthe segregation of differently-sized ions during growth. This mechanism
may appIRYTmIG if Y3* (the larger ion, Shannon radius 1.019 nm c.f. Tm**, 0.994 nm)&®!
is enriched near the substrate interface to reduce the in-plane tensile strain. However, XPS
depth profilesanalyses on these two films (Supporting Information Figure S3) did not find any
significantigradient in the composition, implying that the gradient in the lattice parameter
used to fit the XRD data results from a strain gradient. Regardless of the origin of the lattice

parameter gradient, the calculated unit cell angles follow the trend expected from the
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composition, and the analysis yields the average shear strain through the thickness of the

film.
3. VSM Characterization and Anisotropy Analysis

Vibrating sample'magnetometer (VSM) measurements were performed, Figure 2a,b, to
determinethe effect of Y:Tm composition on the magnetic hysteresis loops of films on GGG.
As the yttrium centent increases, the out-of-plane loops become increasingly sheared and the
in-plane saturation field decreases. Figure 2c shows the saturation magnetization M vs.
compositionskhessaturation magnetization increases with increasing yttrium content
consistent'with'the higher Ms of YIG compared to TmIG. The large paramagnetic
background signal of the GGG substrate prevented background subtraction for the out-of-
plane (hardraxis) hysteresis loop of the YIG/GGG film. The saturation magnetization Ms of
YIG was therefore measured from a YIG/SGGG sample that was grown simultaneously with
the Y1G/GGGw»AS shown in the Supporting Information, the films grown on GGG and SGGG
have identical'saturation magnetizations measured from the in-plane hysteresis loop. The

anisotropy.energy of all the films was also obtained from FMR measurements (see below).

The Y:Tmdratio has a profound impact on the magnetic anisotropy. TmIG/GGG exhibits
PMA, similar to previous reports.**5*"] Addition of Y reduces the anisotropy and

Yo.83 Tm2a7lG/GGG is close to isotropic, with similar in-plane and out-of-plane loops. A
further increase 1t Y content (as in Y1,Tm; glG) gives rise to an in-plane magnetic
anisotropy. To quantitatively extract the magnetic anisotropy energy (MAE) from VSM data,
we measure the'area enclosed by the H>0 portions of the easy and hard axis loops, after
eliminating'anyshysteresis by averaging the ascending and descending branches.*® The MAE
is plotted in Figure 3a, varying from 4.6 k m™ for TmIG/GGG (PMA) to ~0 for

Y0.83TM.171G/GGG and -3.1 kJ m™ for Y1,Tm, glG/GGG (i.e. in-plane easy axis).
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The MAE in the (111)-oriented epitaxial iron garnet films can be written as follows, with Ep
and Eop the energy when the magnetization is oriented in plane (IP) or out of plane (OP)

respectively:

MAE =i gesige= K, + K
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Figure 2.40ut-of-plane (a) and in-plane (b) VSM hysteresis loops from the Y,Tms.
«IG/GGG_thin films. To account for the difference in VSM sensitivity in the in-plane
and out-of-plane geometries, the in-plane Ms was scaled to match the out-of-plane Mg
for each film™The YIG out-of-plane hysteresis loop is omitted because its large out-of-
plane saturation field impeded background subtraction. (c) Saturation magnetization as

a function of Y content in Y, Tma, I G/GGG.
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This expression includes the magnetocrystalline energy Ki, the magnetoelastic energy which
is a function of magnetostriction A;11, Shear strain %G - ﬁ) and shear modulus c44, and the

shape anisotfFopYapoMs2/2. The expression is modified from prior work***! by adding a
uniaxial growth anisotropy Kg. K, which is plotted in Fig. 3b, represents the sum of
anisotropies that compete with the shape anisotropy to yield PMA when |Ky [> |[Kshape|- The
sign convention gives a positive MAE for films with PMA. The magnetocrystalline

contribution is.small for REIGs at room temperaturel®.

The substitution.of Y for Tm affects the anisotropy terms in Eq. [1]. First, the M of YIG is
higher thamthatof TmIG so substituting Y will increase the shape anisotropy and lower
PMA. Second, increasing Y raises the lattice parameter which lowers the tensile shear strain,

and Y alsogdowers the magnetostriction. Bulk YIG has a lower 4, than TmIG, -2.73 x 10

for YIG and -5.2 x 10 ® for TmIG."®! The lower strain and magnetostriction resulting from Y

substitution therefore reduces the magnetoelastic contribution to PMA.
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Figure 3. Extracted anisotropy and magnetostriction data. (a) Total magnetic
anisotropyatincluding shape anisotropy) calculated by integrating the area between the
out-of-plane and in-plane hysteresis loops in Figure 2. (b) Uniaxial anisotropy (not
including shape anisotropy), calculated from both VSM and FMR data. The x=3 point
(Y1G) was derived from FMR not VSM. (c) Calculated effective magnetostriction ;11 eff
for the YiTms 4G films derived from Equation 1 and the FMR K, values. The dotted

line is the interpolated anisotropy from the rule of mixtures.

In Eq. L°the shape anisotropy term is obtained from M, the unit cell angle S is determined
from the XRD analysis, and the shear modulus ca4 is taken as that of YIG!®!, 766 GPa.
Reported c44 values for YIG, EulG, and GdIG are within 3% of each other, indicating that c44
for iron garnets is weakly dependent on the rare-earth species.’® The bulk K; = -610 J m™ for
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YIG and -580 J m™ for TmIG® provides a negligible contribution to the total anisotropy of
the samples. Taking these bulk values as a reference, K1/12 is approximately 50 J m™, two
orders of magnitude lower than the observed shape and uniaxial anisotropies. Without
consideringhKemWe.derive effective values of A111 ¢ &S shown in Figure 3c. Two striking
features ofithese data are immediately evident. First, the value of A111 ¢sr for both endmembers
TmIG and ¥ 1Gx(based on the anisotropy energy determined by FMR) are larger than the bulk
values. Second; there is an increase (rather than a decrease) of 1111 ¢sf With Y content for the
films containing both Y and Tm. For bulk garnets®!, the magnetostriction follows the rule of
mixtures, I.e., a linear interpolation between the two endmembers, but in our films the
intermediate compositions have an effective magnetostriction far greater than those of YIG

and TmIG.

These observations suggest that there is an additional source of anisotropy beyond the
magnetocrystalline, shape, and magnetoelastic anisotropy terms, identified by the term Kg in
Eqg. [1]..@nepossible origin of the additional anisotropy is growth-induced ordering of the
dodecahedral-site cations, similar to what has been observed in thicker films of mixed-
compositionigarnets grown by liquid phase epitaxy (LPE).?* The mechanism for this form of
anisotropy is the preferential incorporation of rare-earth cations into inequivalent
dodecahedralssites in the crystal lattice on the basis of their size. This broken symmetry yields
an additiehal@ifiiaxial anisotropy term in (111)-oriented films.!**! Growth-induced anisotropy
is proportional to.x(3-x)* where x is the yttrium content (0 < x < 3), i.e., the growth-induced
anisotropyswould be maximized for a Y:Tm = 1:1 composition.”**! On the basis that K¢ = 0
for the emdmembers TmIG and YIG, and that X111 IS given by a linear interpolation between
the magnetostriction of the endmembers, we determine K¢ for the intermediate compositions

as shown in Table 2. For this calculation, the nominal compositions from Table 1 were used.
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Note that, for consistency, FMR data was used to derive K, and the interpolated A111 because

the anisotropy field of YIG was not measurable by VSM.

Table 2. Interpolated Magnetostriction and Calculated Kg for YTmIG/GGG Films

Sample Interpolated Growth-Induced
A111, X10° Anisotropy Energy Kg (J

(FMR-derived) | m®)

™TmIG -17.12+0.04 0
Yo.51 T2 49lG -16.78+0.03 2890+20
Yo.83TM2171G -16.56+0.04 2580+10
Y12Tmy 16 -16.32+0.08 3470+10
YIG -15.11+0.04 0

Growth-induiced anisotropy has been studied mainly in LPE-grown garnets,?*3-1 put

recently its existence was inferred in PLD-grown Bi:YIG thin films?? through an analysis
similar to thisswerk. In LPE growth, YTmIG films would not be expected to exhibit growth-
induced anisotropy because the ionic size difference of 2.5 pm between Y3* and Tm*" ions is
smaller than the size difference of 5 pm required for the onset of growth-induced
anisotropyst*LEhis could imply that growth-induced anisotropy appears more readily under

the non-equtlibrium conditions that prevail during in PLD growth.

However, growth-induced anisotropy from dodecahedral ordering alone cannot explain the

large excess magnetostriction in the TmlG and YIG films compared to bulk. EulG films were
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also reported to have a magnetostriction exceeding the bulk values.™! A significant
difference in c44 values for PLD-grown garnets appears unlikely, because a study on LPE-
grown Bi:Y1G.showed c4, very close to bulk.[*? One possibility is the existence of growth-
induced anisetrepy.from cation ordering on the iron sublattice. Previous work on iron-
deficient YJIG has shown that vacancies preferentially form on the octahedral sublattice
during PLDsgrowth, giving rise to an additional growth induced anisotropy.[ZS] OurYIGis
Fe-rich (see"Supporting Information section 4). Therefore, there may be two forms of growth-
induced anisotropy operating in the YTmIG films: one induced by ordering of Y and Tm on
the dodecahedralsites (observed unequivocally in the non-monotonic variation of Aj11 eff) and
one induced by ordering of antisites, vacancies or other point defects resulting from non-ideal
stoichiometrys(ebserved in the higher-than-bulk magnetostrictions of the end-member films).
However, ‘additional work simultaneously varying the dodecahedral and the

octahedral/tetrahedral site occupancies would be necessary to confirm this hypothesis.
4. FMR €haracterization

The dynamic magnetic properties of the YTmIG films were studied with broadband
perpendicular.EMR spectroscopy based on the vector network analyzer (VNA) technique.[**
%] A staticout-af-plane magnetic field up to poH = 2.2 T was swept while a fixed microwave
field with @ frequency as high as 40 GHz was applied via a coplanar waveguide with a 100
um widg center conductor. For certain positions on the films, multiple closely-spaced
resonances were gbserved (see Supporting Information section 5), which we ascribe to
regions with slightly different anisotropy values. As we will show later, such regions were
observedwia MOKE microscopy. For all samples except for the pure YIG film, regions with

a single resonance could be found,; fits to the single-peak data were used to calculate the
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materials parameters as described below. Broad resonances in the spectra originate from the

GGG substrates (Supporting Information section 6).

The complex suseeptibilities of the films were extracted from the complex transmission
parameters Sy; via the relationships derived in reference 44 (Figure 4a). Then, using the
procedure described in reference 43, the effective magnetization M and the Landé g-factor

were extracted using the Kittel equation for the perpendicular geometry:

_ 2rf
|7 | 4y

+M eff [2]

res

In this expression, Hyes is the resonance field, f is the excitation frequency, and vy is the
gyromagnetic ratio (gug)/h where pg is the Bohr magneton and h is the reduced Planck

constant. ln"order to confirm the agreement between the VSM measurements and the FMR

results, K, is extracted from Mt from the equation®"*"]

2K, 3]

Meﬁ =Ms_
M

The resultsofsthese calculations are presented in Figure 3b, where we can see good
agreement between the VSM-derived and FMR-derived anisotropy values. This also provides
an independent:eonfirmation of the existence of the excess anisotropy discussed in the

previous'section:

The damping e was extracted using the expression:

__A4naf

AH
[vlpo

+ AH, [4]
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where AH is the experimentally observed linewidth determined from fitting the S,; data with
the complex susceptibility and AHj is the inhomogeneous broadening linewidth."®!

Exemplary fits.for AH and H are displayed in Figure 4b.

The extracted g-factor values (Figure 4c) show a monotonic increase from 1.5744+0.0007 for
TmIG to 1.7701+0.0004 for x = 1.2. These values are significantly lower than the value of 2
expected for a free electron. In order to explain the values and trends in g-factor with x, we
can apply assimple two-sublattice model based on the Landau-Lifshitz (LL) equation which
was originally derived by Kittel™ to describe g-factors in rare-earth-substituted YIG. The
central assumption in this model are that the damping on the rare-earth sublattice is much
larger thanfthe damping on the iron sublattice; upon making this assumption and solving the
secular equation for the coupled LL equations for the rare earth and the net iron moments we

obtain the'simple‘relationship

_ gaMa+Mp) [Mp|
Gefr == 3. = 9a (1 —m) [5]

where Ma and Mg are the saturation moments of the resultant iron and the rare-earth
sublattices; respectively (note that in this model M and Mg have opposite signs). It is
unknown how the M is apportioned between the iron and rare earth sublattices. Following
Kittel, we /make'the additional assumption that Ma is identically equal to the M; of YIG and

that Ma+Mg is identically equal to the M of a particular YTmIG sample:

Mg(YTmMIG)
derf = Gvic —;/15(}'10) [6]
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Figure 4. (a)izRepresentative fits of FMR spectra from the Y51 Tm,491G thin film. (b)
Representative fits of AH versus frequency (black) and Hy versus frequency (red) from
the Y5 lma4elG thin film. (d) g-factor versus x. The red points are calculated by the
Kittel model,.and the dotted line is the linear fit to the data. (¢) Damping versus

composition, X. The red point is from a previously reported Y1G film.

Using the measured values for the Ms of YIG and YTmIG, we obtain the theoretical estimate
of gerr Which is plotted in Figure 4c. Both the model and the experimental values converge for
the YIG/GGGHfilm, which possesses a bulk-like g factor of 2.0132+0.0003. However, while
the modelagrees with the experiment in that both show a linear dependence of ges on the Y
concentration, the slope of the model curve is steeper than that of the experiment. This is
likely due testhessublattice contributions to Mg in TmIG being different than in YIG —a
possibilitysdiscussed in Ref. 49. To investigate this possibility, we can further manipulate the
Kittel model by relaxing the assumption that Ma=My,g and instead allowing Mx to vary. To

obtain a linear dependence, we assume instead that |[Mg|/Ma varies linearly with x and obtain:
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Here, (IMg|/Ma)o Is the magnetization ratio when x=0. A linear fit of our data to this

expressioniyields'the empirical expression:
g = (1.584 + 0.009) + (0.145 + 0.006)x [8]

By matching slopes and using our experimentally measured value for ga (the g-factor
measured for X=3), we calculate that (|Mg|/Ma)o= 0.0720+0.0006. To check for consistency,
we can calculate the new predicted y-intercept of the g-factor using this value; we obtain
1.578+0.002mwhich is within the error bar for our fit. Therefore, we can conclude that our
assumption is correct: |Mg|/Ma varies linearly with x, even though Ma is not a constant equal
to My,c. Interestingly, our results are at odds with a previous report that M a stays constant in
Y 2.4.x TMyBig sFes,GayO1, (for constant y).PY Sum rule analysis via x-ray absorption
spectrometryix-ray magnetic circular dichroism (XAS/XMCD) may help shed light on this

discrepancys

The damping values extracted from the FMR data are displayed in Figure 4d. Due to the
multiple resenances mentioned earlier, a value for g was obtained for YIG but a could not be
extracted from'the data. Therefore, the red data point in Figure 4d is from Y1G grown
previously-by our group using a similar PLD growth process.”” The damping values show a
monotoni¢ linear decrease from (1.32 +0.02) x 10 2 for TmIG to the previously reported YIG
value of (2.2+0.2),x 10 ™. This is expected because rare-earth ions such as Tm*" are known to
relax rapidly compared to Fe ions.*”! The TmIG value of « is comparable to previously
reported Values.*? This is in good agreement with Kittel’s microscopic model of the

linewidth in RE-substituted Y1GP* and previous experimental work in Sm-substituted
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YIG. The linear decrease of damping with Y content suggests that low-damping YTmIG

films with PMA can be grown by leveraging growth-induced and strain-induced anisotropy.
5. MOKEfAnalysis and Domain Characterization

As we haverseenjithe easy axis loops for the TmIG, Y51 Tm,49lG and Yo g3Tmy 171G samples
display increasing amounts of shear as the Y content increases. This is indicative of domain
formation iR, PMA thin films. With decreasing uniaxial anisotropy, thin films with PMA
cannot support a uniform out-of-plane magnetization at remanence and instead form stripe
domains tesreduce magnetostatic energy.®>>"! Our recent work on TmIG using scanning

(58] showed labyrinthine arrays of stripe domains. According to

transmissiOA™X=ray microscopy
the seminal work on stripe domains by Kooy and Enz,”! the loop shearing and the saturation

field will increase as M; increases and K, decreases.
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Polar @oscopy was used to image the domain morphologies of the TmIG and the

Yo,51TrrMs. In order to maximize contrast, an LED light source with a wavelength of

457 nm W@Before imaging, an out of-plane AC demagnetization process with an
exponentia ying oscillating magnetic field was performed to promote a low-energy
multid“ An image taken at saturation was subtracted to reduce nonmagnetic
contrast. Representative images are displayed in Figure 5. In order to quantify the domain

spacing, two-dimensional fast Fourier transforms (2D FFT) were performed on the MOKE
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images and radial average intensities were extracted (Figure 5¢). Gaussian peaks were fitted
to these radial intensity distributions to determine the average stripe spacing. In order to
account for the effect of nonuniformity in the PLD growth, images were taken at multiple
points on the,samples and the resulting stripe spacings were averaged. As expected from the
Kooy-Enzsmodel, as more yttrium is added to the film, causing M; to increase and K, to
decrease, the equilibrium stripe spacing decreases. The average equilibrium stripe spacing is
15pum+6pum foFTmIG and is 4um+3um for Y51 Tm49lG. Here, the reported error bars are
the sample standard deviations of the extracted domain sizes for these two films. The spread
in domain sizes across the films indicates some inhomogeneity in magnetic properties (e.g.,
uniaxial anisotropy and saturation magnetization) which likely explains the multiple
resonances ebserved in FMR. From these domain size values, we can apply the model of
Kaplan and Gehring®® in order to extract the domain wall energies of these films. This
analytical. model, which is a limiting case of the more general Kooy-Enz model®” for the
situation wheresthe film thickness is much less than the domain period, can be summarized in

the equation:
b w
Dy = texp (”? + 1) exp(%) [9]

Here, Ds is the stripe domain width, t is the film thickness, b is a model-dependent constant
approximately equal to -0.666, o, is the domain wall energy, and Ky is the dipolar energy
constant quSZIZ. From this, we can calculate the domain wall energies of TmIG and
Yo.51Tm2491G displayed in Table 3. These values are well in-line with reported bulk domain
wall energies<in'fare-earth garnets, which are generally between 0.2 x 10 and 1 x 10

J/m?. 8

The TmIG and Y5 Tm,49lG films are well above the thickness at which a crossover from

Néel to Bloch walls have been observed in TmIG.®! By assuming that the walls are 180°
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2
Bloch walls we are able to estimate the exchange stiffness in these films as A = 1‘;

u

These

estimates are alsospresented in Table 3 (the FMR-derived values for K, were used). The
TmIG film‘has aslightly lower exchange stiffness than the YTmIG film. Literature values for
the exchange stiffness constants of undiluted garnets (i.e. garnets with no diamagnetic
substitution,on the iron sublattice) are rare. However, the reported value for YIG is lower
than the réported Value for the undiluted rare-earth garnet ThsErgsFesO1,® implying that

the additiomofeY,to rare-earth garnets changes the exchange stiffness.

Table 3. Caleulated Domain Wall Energy and Exchange Stiffness for TmIG and

Y051 TmMo49lG

Material Domain Wall Energy (10°J m®) | Exchange Stiffness (1072 J m™)
TmIG 0.527+0.002 2.09+0.002
Yo.51 Ty 4916 0.535+0.002 2.42+0.002

MOKE microscope hysteresis loops were collected to determine the reversal mechanism
under DC fields for TmIG (Figure 6a) and the Y51 Tm,.49lG (Figure 6b) after saturation at £
50 mT. Far TmIG, low-field domain nucleation occurred at defects such as surface scratches
in the substrate and domain growth proceeded outwards from these defects. This process of
nucleation‘on‘defects is repeatable, with reverse domains appearing at similar locations and
applied fields for both the forward and reverse branches. Some regions of the film bounded
by surface scratches switched within one field increment without forming domains. Also, the
film has a non-zero remanence, as large regions remain un-switched at zero applied field. The

surface scratches are present in the substrate prior to deposition, and the film grown at those
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locations is likely to have a different thickness, strain state and anisotropy from the film on

smooth regions, providing a barrier for domain propagation and/or a site for nucleation.

For Y51 TM2.491G, magnetic reversal occurs in a more continuous manner, with labyrinthine
stripe domains occupying the full area as the field approaches zero. Near zero applied field,
domain expansion occurs in a similar manner to that described in the Kooy-Enz model, "
with the majority domains expanding and the minority domains staying the same width but
becoming moressparse. The surface scratches in the film perturb the domain structure, with
reverse domainstending to nucleate parallel to the scratches before expanding away from the
scratches. However, domain nucleation is less clearly defect-mediated than for the TmIG
film. The locations at which the domains parallel to the scratches branch into the regions
adjacent to the scratches are different for the forward and reverse branches, and the reversal
process is'more homogeneous. The film has zero remanence at zero applied field

corresponding to the presence of labyrinthine stripe domains.

The Y g3 Tmz471G sample has a magnetic anisotropy energy about two orders of magnitude
lower than,that of the other samples, and was expected to have a continuously varying
magnetization.texture and/or weak stripe domains rather than the strong stripe domains seen
in the Yo.5:hma46!G sample.5%%1 However, it exhibited no contrast in the MOKE microscope

which may indicate a predominantly in plane or uniform magnetization.
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Figure 6. hysteresis loops of TmIG (a) and Yos1Fe»49lG (b) demonstrating the

differenc ersal mechanism for these two films. In each panel, one picture from

the “re ,,@ branch of the hysteresis loops is shown to whether domains occur in the

same locations in the ascending and descending branches. The “reverse” images were

saturated at +50 mT and the others were saturated at -50 mT.

This article is protected by copyright. All rights reserved.



6. Conclusion

In this study, a systematic exploration of PLD-grown Y,TmsIG films was carried out across
the range ofsubstitution x = 0 to 3. All the films are epitaxially matched to GGG and SGGG
substrates ' with 'good crystalline quality. Films on GGG with x = 0.83 and 1.2 exhibit a
through-thiekness lattice parameter gradient which is attributed to a variation in strain rather
than composition; and the films remain pseudomorphic to the substrate. Y-substitution has
dramatic effeetsyon the anisotropy of YTmIG thin films on GGG, with as little as x = 0.8
causing a reorientation from PMA to an in-plane easy axis. Films containing both Y and Tm
exhibit a growth-induced anisotropy which varies non-monotonically with Y content. The
observationristamong the first reports of a growth-induced anisotropy in PLD-grown garnet
films and it'occurs with a cation pair, Y:Tm, which is not expected to show this form of
anisotropy based.on the small difference in their ionic radii. The domain morphologies and
DC switchingsbehavior of the TmIG and the Y51 Tm;.491G film differed. TmIG has a larger
equilibrium domain size than Yo s1Fe; 491G, and it reverses by the movement of domain walls
across large(10s pum) regions of the film. In contrast, Yos1Fe2.49lG exhibits zero remanence
(also visibleyin.its sheared hysteresis loop) and reverses through stripe domain growth similar
to the classical Kooy-Enz model. FMR measurements showed that the g-factor varied with
yttrium content, and the variation was compared with a simple model for RE-substituted Y1G
films. Damping was also found to vary linearly with Y content, in agreement with previously
reported data on LPE-grown films. Through the range of growth-induced and magnetoelastic
anisotropy,.domain structure, damping, and g-factor on a single substrate, Y-substitution
provides an important control parameter for designing PLD-grown garnet thin films for

spintronic device applications.
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Methods

Thin FilmmGrowth: All films were grown via pulsed laser deposition with a laser pulse
energy of 300 mJ; a laser repetition rate of 10 Hz, a substrate-target distance of 8 cm, a
substrate heater temperature of 900°C with the substrate surface ~150 °C lower, and a O,
pressure 0f:150 mTorr. The number of shots per deposition was kept at 10,000 for each film,
and the number of shots per cycle was kept at 35 for the codeposited films. Commercially

available Y4Gand TmIG targets and (S)GGG substrates from MTI Corp. were used.

Thin Filme€haracterization: 26-o scans and reciprocal space maps were carried out using a
Bruker D8'Discover diffractometer. The average lattice parameters of the films were
extracted by fitting the 20-w scans using the Rigaku Globalfit software (described in main
text). In- andiout=of-plane VSM hysteresis loops were collected in a DMS 880A VSM.
MOKE microscope images were collected with a custom-built MOKE microscope system. In

order to maximize MOKE contrast, a blue LED light source (wavelength = 457nm) was used.

Certain commercial equipment, instruments, or materials are identified in this paper to foster
understanding. Such identification does not imply recommendation or endorsement by the
National Institute:of Standards and Technology, nor does it imply that the materials or

equipment identified are necessarily the best available for the purpose.
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compositions studied, and Y-substitution enables the tunability of the magnetic anisotropy. A

significant composition-dependent growth-induced contribution to the anisotropy is also

found te.eperatedn YTmIG.
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