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Abstract

Voltage-tuning of the magnetic anisotropy is demonstrated in ferrimagnetic insulating rare earth
iron garnets on a piezoelectric substrate, (011)-oriented PMN-PT. A yttrium-substituted
dysprosium iron garnet (YDyIG) film 42 nm thick is grown via pulsed laser deposition followed by
a rapid thermal anneal to crystallize the garnet into =5 um diameter grains. The polycrystalline
film is magnetically isotropic in the film plane, with total anisotropy dominated by shape and
magnetoelastic contributions. Application of an electric field perpendicular to the substrate
breaks the in-plane symmetry leading to the development of an in-plane easy axis along [100]
and an intermediate axis along [011]. The results are explained in terms of the piezoelectric
remanent strain caused by poling the substrate, which is transferred to the YDylG and modulates
the magnetoelastic anisotropy.

Main Text

Rare earth iron garnets (REIGs) are a class of cubic ferrimagnetic insulators with composition
REsFes01, which have a wide range of tunable properties and hold interest for applications in
spintronic, magnonic and neuromorphic computing devices!™*. The low to moderate damping of
iron garnets> allows for fast spin wave dynamics and high domain wall speeds as demonstrated
in thulium iron garnet®® and bismuth substituted yttrium iron garnet®!2, In addition, a
Dzyaloshinskii-Moriya interaction (DMI) originating from the garnet/substrate interface has been
reported®3=%6, stabilizing homochiral domain walls. REIGs can be grown with perpendicular
magnetic anisotropy (PMA) due to magnetoelastic’'”*® or growth induced anisotropy®. PMA
provides a favorable configuration for manipulating the magnetization through spin orbit torque
via a current in an adjacent spin-Hall conductor layer, a more energy-efficient method than
conventional spin transfer torque?°.
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Magnetoelastic anisotropy is determined by the strain state and magnetoelastic properties of
the REIG, expressed by the magnetostriction coefficients Ai00 and Ai111 or the magnetoelastic
moduli B; and B, which describe the response in the <100> and <111> directions respectively.
Magnetoelastic anisotropy favors out of plane (OP) magnetization for a film with a compressive
in-plane (IP) strain state and positive magnetostriction coefficient, or tensile IP strain and a
negative magnetostriction coefficient?>?2, The strain in garnet films originates from lattice
mismatch?>?* or thermal expansion mismatch'®2> between the film and substrate. This implies
that active modulation of the anisotropy can be accomplished by depositing the film on a
piezoelectric substrate and applying strain with an applied voltage.

There have been several demonstrations of voltage-tuning of magnetic properties in a
magnetoelastic/piezoelectric composite, including bulk bonded composites?®?’, and magnetic
films grown directly on a piezoelectric substrate?®. For example, changes in anisotropy have been
reported for films and nanostructures of Ni?*3!, Co32734, CoFeB3°, SmCo3, and FesN3’ deposited
on PMN-PT [(PbMgo.33Nbo703)1.x(PbTiOs)x] substrates. Oxide films including magnetite3® and
YIG3°*! have also been grown on piezoelectric substrates and their properties modulated via
strain. The generation of magnons in YIG under an oscillating strain state, as well as spin transport
in YIG/Cr,03 has been investigated*?=*4. The damping of YIG has also been modified using voltage-
induced strain in YIG/PMN-PT heterostructures.*> However, voltage-induced anisotropy
modulation has yet to be demonstrated in rare-earth iron garnet films grown on a piezoelectric
substrate.

Here we show that modulating the strain in a REIG film by applying an electric field to the PMN-
PT substrate leads to a variation in the anisotropy. This change in anisotropy can be related to
the biaxial remanent strain imposed by poling the substrate. The REIG is yttrium-substituted
dysprosium iron garnet (Y1.2sDy1.7sFesO12 or YDyIG) grown on a (011)-oriented PMN-PT substrate
coated with a buffer layer (5 nm of silica), which prevents the formation of epitaxial orthoferrite
phases***7. YDyIG was selected because its magnetostriction coefficients have the same sign and
are larger than those of YIG, leading to a larger magnetoelastic anisotropy for polycrystalline
YDyIG than that of polycrystalline YIG films. Substitution of Y lowers the coercivity and
anisotropy, to enable larger strain-induced changes in anisotropy to be obtained. The
piezoelectric substrate is poled at different voltages to induce varying remanent strain states in
the film, and the magnetic anisotropy of the garnet is analyzed. These results give insights into
ferrimagnetic/piezoelectric heterostructures with adjustable anisotropy that may be useful for
neuromorphic and spintronic device applications.

Our prior work has shown that polycrystalline DylG (DysFesO12) grown on Si exhibits PMA2>48,
Film growth and characterization was carried out as described in Supplementary Materials. The
as-deposited amorphous film is crystallized by RTA and develops IP tensile strain on cooling due
to the larger thermal expansion of garnets compared to Si. Both magnetostriction coefficients of
DyIG, A100 and A111, are negative. This ensures that any of the randomly oriented grains in the
polycrystalline film will have the same sign of magnetoelastic anisotropy. Polycrystalline DyIG has
a magnetostriction coefficient that can be approximated® as As = 0.4 A100+0.6 X111 = -8.54x10°C.



At room temperature DylG/Si has a high coercivity, e.g., 200 mT in our earlier work® and a low
saturation magnetization (M) of 31 kA/m°® due to the proximity to its compensation
temperature of 220 K, and exhibits a perpendicular magnetic anisotropy resulting from
magnetostriction, e.g., with an anisotropy field of 0.53 T in our earlier work?. In contrast, YIG
also forms a polycrystalline film on Si, but its small negative magnetostriction coefficients yield
As=-2.14x10°%°. As a result of the smaller magnetoelastic anisotropy and larger Ms compared to
DyIG, films of YIG/Si do not exhibit PMA. By substituting Dy for Y, the anisotropy and Ms can be
tuned over a wide range. A composition of Y1.,5Dy1.75Fes012 (YDyIG) forms a PMA film on Si with
lower coercivity and higher M; than that of DylG*® and was selected for this work. The lower
coercivity composition was selected to make the effects of voltage-induced strain more
prominent.

Films of 42 nm thick YDyIG/Si crystallized as single-phase garnet with no secondary phases, Figure
1(a). Hysteresis loops, Figure 1(b), show an OP easy axis, M; of 60 kA/m, and coercivity poHc = 75
mT. However, films grown and annealed directly on a PMN-PT substrate produced peaks
characteristic of an orthoferrite film, (Y,Dy)FeOs, Figure 1(a). The orthoferrite forms due to
epitaxial growth on the perovskite-structured PMN-PT despite the (Y,Dy):Fe ratio of 0.6 instead
of 1, the value for a stoichiometric orthoferrite. As a comparison, films grown from a YIG target
similarly formed yttrium orthoferrite on a SrTiOs substrate®® due to epitaxial stabilization of the
orthoferrite. A barrier layer is therefore required to prevent epitaxial growth, and this was
provided by 5 nm amorphous silica. Grazing incidence X-ray diffraction (GIXD) of the 42 nm
YDyIG/5 nm SiO,/PMN-PT after crystallization, Figure 1(a), shows single phase polycrystalline
garnet peaks, confirming the effectiveness of the silica barrier.

Grain structure and surface topography were investigated via image-quality electron backscatter
diffraction (IQ-EBSD) and atomic force microscopy (AFM) images. 1Q-EBSD is shown in Figures
2(a,b) for YDyIG/Si and in Figure 2(c,d) for YDyIG/SiO2/PMN-PT. The grains in these films are
around 5 pum in size. Each grain shows a pattern of radiating lines which are attributed to low
angle grain boundaries that form as the advancing crystallization front becomes unstable.*®
Surface topography of the uncoated Si substrate shows a sub-0.1 nm average roughness,
whereas the uncoated PMN-PT substrate, Figure 3(a), has a roughness R, = 0.83 nm. This
roughness is attributed to the ferroelectric domain structure and associated height differences
in the piezoelectric substrate. Deposition of the 5 nm silica layer does not affect the roughness,
but it leads to a reduction in the length scale of the domains, Figure 3(b). Since this change
precedes our magnetometry measurements, it does not affect our results. After the final 42 nm
of YDyIG is deposited and annealed, 100 nm-sized features are evident over the domain
structure in Figure 3(c), and the roughness increases to 1.41 nm. The grain boundaries and
radiating features within the grains can be seen in the higher magnification AFM images, Figure
3(d). The YDyIG on both substrates therefore consists of large plate-like grains (=5 um diameter,
42 nm thick) with random crystallographic orientation.

The magnetic hysteresis loops of YDyIG/SiO2/PMN-PT, Figure 1(c), show Ms = 60 kA/m, and
coercivity poHc = 20 mT for both IP and OP directions. The anisotropy was determined from the



area between the anhysteretic IP and OP curves.?! The YDyIG/SiO2/PMN-PT sample in Figure 1(c)
is nearly isotropic, but the saturation field is slightly lower in the OP direction. We calculate a
weak net anisotropy Knet = (750+10) J/m? (error bar reflects one-sigma uncertainty of the
estimated value) with an OP easy axis, and the calculated anisotropy field is poHk = 2Knet/Ms = 25
mT. The shape anisotropy®? (uoMs%/2) contributes -(3200+10) J/m3, implying that the
magnetoelastic anisotropy is (3950+20) J/m3. Growth induced anisotropy is not considered here
since the film is annealed after the deposition, eliminating any structural or chemical ordering,
and magnetocrystalline anisotropy is neglected because the film is polycrystalline. Following the
same process, the calculated magnetoelastic anisotropy of YDyIG/Si is (5900+20) J/m3. The lower
anisotropy of YDyIG/SiO2/PMN-PT vs. YDyIG/Si suggests a lower tensile strain in the former
sample. PMN-PT undergoes several structural changes between room temperature and 750 °C
53 i.e., its thermal expansion is not linear, but above 200 °C its thermal expansion is slightly larger
than that of Si, oipmn-pt = 5x10° K% vs. aisi = 4x10°° K1 5% at 200 °C, which would reduce the
thermal mismatch strain and anisotropy of YDylG/SiO2/PMN-PT. The 5 nm silica layer has
negligible effects on the strain state due to its small thickness.

The anisotropy of YDyIG/SiO,/PMN-PT was modulated via the piezoelectric deformation of the
substrate (Supplementary Materials). For convenience we refer to the orthogonal IP substrate
directions @, = [100] and @, = [011], and the OP direction @5 = [011]. Hysteresis loops were
measured both before and after poling in all three directions @;, @,, and @;. Figure 4(a) gives the
loops in the unpoled state for a 5 mm x 5 mm sample that was cut from the same substrate as
the sample in Figure 1(c). The sample of Figure 4(a) had an IP easy axis in the unpoled state with
coercivity poHc = 20 mT, Ms = 71 kA/m, and anisotropy of Knet * 300 J m™ between the IP and OP
directions. The difference between the two samples, Figs. 1(c) and 4(a), is attributed to a non-
uniform film growth across the 10 mm x 10 mm area of film deposition, and/or strain relaxation
during sample cutting or processing the electrodes.

Figures 4(b-d) show the hysteresis loops after applying a poling voltage of (150, 300, and 450) V
respectively and then measuring the hysteresis at zero voltage. The magnetic anisotropy is
changed in a nonvolatile manner by poling, and that poling breaks the symmetry between the @,
and @, IP directions. Table | shows the magnetic anisotropy energies determined from the
anhysteretic curves. Increasing the poling voltage makes the @; [011] the hardest and @, [011]
the easiest direction of magnetization, with @, [100] an intermediate axis. To confirm the results,
the same measurements were conducted on an additional sample (see Figure S1 and Table S1),
yielding similar trends in anisotropy.

Klz,.l m'3 K31,J m'3 Ksz,.l m'3 €11, 10'6 €22, 10'6
0V (DEPOLED) |207+16 2865 3072 1140+10 1290
150 V | 469 2270 1801 1010 660
300V ' 568 2679 2111 1190 770
450 V (POLED) | 826 2186 1360 1040 420



Table I: Magnetoelastic anisotropy energy between different directions of YDylG/SiO,/PMN-PT
film after poling with voltages up to 450 V. Values of strain are calculated from Egs. [1-3].
Anisotropy energy has an error of +16 J m and strain has an error of +10°°.

Applying a voltage along the [011] direction of the (011)-oriented PMN-PT generates a strain
(denoted ¢;;, referring to coordinate axes @;) such that €;;#€,, leading to a difference in
magnetic anisotropy energy along d; and d,, the in-plane directions. Considering only
magnetoelastic anisotropy and shape anisotropy contributions, the anisotropy may be written
(see Supplementary Materials)

3, E

Ky, = Elsm(fn — €22) [1]
3 E

K3 = %Ms? - Eﬂsm(ezz — Véqq) [2]
3 E

K3, = %Msz - E/’lsm(fn — V€33) [3]

where Kj is the magnetic anisotropy between directions i and j. Eq [1] represents the IP
anisotropy. The shape anisotropy presented in Egs. [2] and [3] is %MSZ =(3170+6) J m3. Eisthe

elastic modulus of the film = 200 GPa, vis Poisson’s ratio = 0.29, and A is the magnetostriction
coefficient of polycrystalline YDylG®®. From the Y:Dy ratio of the sample, As of YDyIG is
interpolated as 0.417\s,yic+0.583As pyic = -5.87x10°®. Substituting these values and solving Egs. [1-
3] yields the calculated tensile strain states €;; and €,, shown in Table I. Increasing the poling
voltage has little effect on €;;, but reduces the magnitude of €,,, making @, an easier axis
compared to ;.

Remanent strain generated by poling the (011)-oriented PMN-PT is dictated by the change in the
domain configuration caused by poling then relaxing the electric field. The bulk PMN-PT is
rhombohedral but has a composition near the morphotropic phase boundary. In the
rhombohedral phase the polarization lies along the <111> directions. After growth and annealing
of the garnet film, the unpoled substrate is expected to exhibit domains of all eight variants as it
cools through its phase transformation temperatures. Four of the domains have polarization IP
with components along @, and @, (i.e., [111], [111], [111] and [111]) and the other four have an
OP component along d; and IP along @, but no component along @, (i.e., [111], [111], [111] and
[111])%7. Applying an OP voltage selects the two domains with components of polarization
parallel to the electric field ([111] and [111] for a field along +d3), and after the field is removed
the sample has an increased or a dominant population of those domains. The reduction or
elimination of domains with polarization components along @, causes a compressive strain in the
a, direction which is non-volatile. This explains the reduction in the tensile strain €,, in the
YDyIG, whereas the strain €, is little affected.

The data (Table I) shows an increasing anisotropy with poling voltage, though the 300 V
measurement does not fit a monotonic trend. We therefore focus on the 450 V data to analyze
strain changes resulting from poling. Although the volume fractions of the differently oriented
ferroelectric domains at remanence is not known, we can estimate an upper bound for the
change in strain of 1300x10® along @, corresponding to reorientation of half the domains (those



with IP polarization) into the favored [111] and [111] domains®’. This is in reasonable agreement
with the strain change of (870+£20)x10® along @, deduced from the anisotropy measurements of
the sample after poling with 450 V.

The magnetoelectric coupling may be estimated from the electric field € (450 V divided by the
thickness of the substrate, 500 pum, i.e., € = 9x10° V m™) and the resulting change in magnetic
properties. Using a definition of converse magnetoelectric coefficient based on the change in
magnetization with electric field ame = po(dM/dE)®®, where dM is taken as the change in
remanent magnetization, the largest change in M is =20 kA/m at 450 V. This yields dme = 2.8x10
7's m’, similar to values reported for FeRh alloys on PMN-PT of (2 to 10)x107 s m™ 580 byt
smaller than that of FeGa/PMN-PT (2.7x10®¢ s m™)%!, FeRh/BaTiOs (1.6x10° s m™)%2 and
CoyFeSi/PMN-PT (1x10° s m™1), all of which involve metallic magnetic films. Considering
magnetic oxide films on ferroelectric substrates, Lao7Sr03Mn0O3/PMN-PT yielded ame = 6.4x10% s
m1%* and YIG/PMN-PZT yielded a maximum ame = 1.8x107 s m™ ®, smaller than the present
result. Alternatively, a magnetoelectric coefficient can also be defined as the change in
anisotropy field (Hx) with electric field, &, = Ho(dHk/dE). The biggest change in anisotropy
between poled and unpoled states is AKs; = 1712 J m™ corresponding to a 48.2 mT change in
MoHk. The magnetoelectric coefficient is then a;,, = 5.4x10% s m™L. This is larger than values
reported for the change in anisotropy field by ferromagnetic resonance for 4.9 um YIG/PMN-PT,
yielding a;,,. = 5.4x10° s m™* %, or for 10-40 um YIG-PZT with a;,, = 1-1.5x10° s m1 67,

In summary, we demonstrate nonvolatile voltage-tunable anisotropy from converse
magnetoelectric coupling in a RE garnet film grown directly on a piezoelectric substrate. We first
demonstrated the growth of single-phase polycrystalline garnet, Y1.2sDy1.75FesO12 (YDyIG), on a
(011)-oriented PMN-PT substrate by PLD followed by rapid thermal annealing at 750 °C, using a
5 nm silica barrier layer to prevent the formation of epitaxial orthoferrite phases. The 42 nm thick
annealed YDyIG film consists of randomly oriented grains of 5 um diameter with internal radially
oriented low angle grain boundaries. The magnetic hysteresis curves indicate the presence of a
perpendicular magnetic anisotropy contribution due to tensile thermal mismatch strain in the
garnet combined with its negative magnetostriction.

Poling the substrate with an OP electric field leads to a reduction in the tensile strain along the
[011] IP direction. The film acquired an easy axis along [011] and an intermediate axis along [100]
with the OP direction [011] the hard axis. The change in anisotropy of the YDyIG film is in
reasonable agreement with the expected change in strain and the estimated magnetostriction
coefficient of the YDyIG. The converse magnetoelectric coupling is larger than or comparable to
other reports of magnetic oxide films on ferroelectric substrates. The active control of anisotropy
via voltage in a rare earth garnet is a useful step towards the development of magnetoelectric
spintronic devices.

Supplementary Material
See Supplementary Material for the calculation of anisotropy from biaxial strain and details of
growth and characterization methods.
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Figure 1. (a) GIXD of YDyIG/Si (orange), YDylG/PMN-PT (green), and YDyIG/SiO,/PMN-PT (red).
Data has been vertically shifted for clarity. Orthoferrite and substrate peaks are labeled with
boxes and black triangles respectively. Garnet reference peaks are plotted as blue bars on the
horizontal axis and are labeled with black stars on the scans. (b,c) Magnetic hysteresis loops
measured IP and OP of 41.6 nm thick YDyIG on (b) Si and (c) SiO2/PMN-PT.

Figure 2. EBSD 1Q-Images of (a,b) YDylIG/Si and (c,d) YDyIG/SiO>/PMN-PT. Images (a,c) are 10
#m x 10 um and images (b,d) are 5 yum x 5 um. Both samples show grains roughly 5 um in
diameter with radiating contrast attributed to low angle grain boundaries.
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Figure 3. AFM images of surface topography at different stages of heterostructure growth. (a)
PMN-PT substrate, (b) 5nm SiOz/PMN-PT, and (c) 42 nm YDyIG/SiO>/PMN-PT. (a-c) are all 5 um
x 5um in size; (d) 2 um x 2 um of 42 nm YDyIG/SiO»/PMN-PT, where grain boundaries exhibit
faint contrast. Average roughness R, is labelled.
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Figure 4. Hysteresis loops of YDylG/SiO:/PMN-PT measured in all three principal directions, (a)
unpoled and (b-d) after poling at different voltages then removing the electric field. Inset shows
the poling configuration with both top and bottom electrodes. The device is poled along the
[011] OP direction. The direction of the applied external field is indicated with plot colors in the
legend of (a).
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