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Synthetic ferrimagnets are an attractive materials class for spintronics as they provide access to all-optical switching
of magnetization and, at the same time, allow for ultrafast domain wall motion at angular momentum compensation.
In this work, we systematically study the effects of strain on the perpendicular magnetic anisotropy and magnetization
compensation of Co/Gd and Co/Gd/Co/Gd synthetic ferrimagnets. Firstly, the spin reorientation transition of a bilayer
system is investigated in wedge type samples, where we report an increase in the perpendicular magnetic anisotropy
in the presence of in-plane strain. Using a model for magnetostatics and spin reorientation transition in this type of
system, we confirm that the observed changes in anisotropy field are mainly due to the Co magnetoelastic anisotropy.
Secondly, the magnetization compensation of a quadlayer is studied. We find that magnetization compensation of this
synthetic ferrimagnetic system is not altered by external strain. This confirms the resilience of this material system
against strain that may be induced during the integration process, making Co/Gd ferrimagnets suitable candidates for

spintronics applications.

I. INTRODUCTION

Recent advances in spintronics have opened new possi-
bilities for electronic applications beyond the CMOS stan-
dard. New concepts of high density and ultrafast non-volatile
data storage have been proposed in magnetic memories'?.
Throughout the years, magnetic memories have evolved®*
exploiting different geometries® and new material platforms
such as ferrimagnets® have been used to improve storage
density’, reading and writing speed® and energy efficiency®-1°.
At the same time, single-pulse optical-switching (AOS) of
magnetization has reduced the switching speed of the mag-
netization below ps timescale!!~!#. This bears promise for a
new generation of ultrafast data buffering, in a single chip that
integrates photonics with spintronics!>1

Ferrimagnets are a class of magnets with unbalanced
antiparallel-aligned sublattice moments. The compensation
of the two inequivalent sublattices, combines the advantages
of both antiferromagnets (antiparallel alignment of magnetic
moments) and ferromagnets (finite Zeeman coupling and spin
polarization)m'zo. Moreover, the drastic contrast between the
two sublattices in non-adiabatic dynamics, could potentially
accommodate AOS by a femtosecond laser pulse'>!°. Single-
pulse AOS is typically observed in rare earth—transition metal
(RE-TM) ferrimagnetic alloys like GdFeCo?° or in multilayer
synthetic ferrimagnet, such as Co/Gd and [Co/T b],222. In
particular, the one based on multilayer of Co/Gd is a good can-
didate for integrated opto-spintronics devices as it shows AOS
- without the constrains on the composition as imposed by al-
loy system?32* - and at the same time exhibits magnetic and
angular momentum compensation, allowing ultrafast domain
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wall motion?>%0. For instance, the integration of Co/Gd syn-
thetic ferrimagnets in an optically switchable magnetic tunnel
junction has been recently reported®’.

When it comes to technological implementation, strain
induced effects must be considered, which could be in-
curred from processing steps such as packaging and layer
deposition®®. Intrinsic stresses and strain could affect the
magnetic anisotropy via changes to the spin-orbit coupling
(SOC)? or to the magnetization compensation of ferrimag-
nets especially in RE-TM alloys**3! where compensation
temperature has been reported to be affected by strain3>33,
However, in spite of being omnipresent in applications3*—3°,
the effect of strain are not commonly studied in synthetic fer-
rimagnets. In this work, we present a systematic study of the
effects of strain on Co/Gd synthetic ferrimagnets. By the ap-
plication of external strain, using substrate bending, we in-
vestigate the impact of strain on the perpendicular magnetic
anisotropy (PMA) and the magnetization compensation of
[Co/Gd] and [Co/Gd], multilayers, respectively. Using wedge
samples in a bilayer system of Co/Gd and polar magneto-
optic Kerr effect (pMOKE) measurements, we confirm that
the PMA is increased by in-plane tensile strain and a negative
magnetostriction is reported. By including the contribution of
the strain-anisotropy for this system in a model for the mag-
netostatics, we show that the effects of strain on the magne-
tization are mainly due to the modification of the spin-orbit
coupling within the magnetic layer and at the the Pt/Co in-
terface that increases the magnetic anisotropy via magnetoe-
lastic coupling. Additionally, we find that the magnetization
compensation point is not affected significantly by strain, as
the magnetoelastic coupling affects the anisotropy rather than
the magnetization of the two sublattices. Our study explores
the mechanisms that underlie the influence of strain on the
magnetic anisotropy of Co/Gd ferrimagnets and contributes
to a better understanding of the magnetoelastic effects of fer-



rimagnetic multilayers. These results could be employed for
the optimization and development of spintronics devices, as
well as for potential applications in fields such as magnetic
memory and sensing.

Il. METHODS AND SAMPLE FABRICATION

The samples were grown on a 1.5 gm thick, thermally oxi-
dized SiOx on top of a 625 um thick Si substrate by DC mag-
netron sputtering in a chamber with a typical base pressure
of 5x 10~% mBar. To obtain a variable thickness (wedge)
along the sample surface, a shutter in the close proximity of
the sample is gradually closed during deposition. This al-
lows to study the compensation and spin reorientation tran-
sition (SRT) within a single sample. Two types of sam-
ples are realized. Firstly, a bilayer of Ta(4 nm)/Pt(4)/ Co(0-
2)/Gd(tgs)/TaN(4) with a constant Gd layer on top of a Co
wedge is considered to study the SRT. In addition, a quadlayer
of Ta(4)/Pt(4)/Co(0.6)/Gd(0-2)/Co(0.6)/Gd(1.5)/TaN(4), this
time with a Gd wedge, is grown to study the magnetization
compensation.

The magnetic properties of these wedge samples were in-
vestigated by pMOKE with a 658 nm laser. In this configura-
tion, we mostly probe the out-of-plane (OOP) component of
the Co magnetization®’ as we measure positive remanence in
Co dominated samples and negative remanence for Gd domi-
nated samples. According to Fig. 1 (a), the surface of the sam-
ple is scanned along the y-direction using a focused laser spot
with a spot-size of ~250 um diameter. Accordingly, the local
magnetic properties and hysteresis loops can be measured as
a function of layer thickness, with a negligible thickness gra-
dient < 0.025 nm within the used laser spot. All the measure-
ments are performed at room temperature. To apply in-plane
tensile strain to our multilayer, the substrate is mechanically
bent using a three-point method®®. A square sample of 1 by
1 cm is vertically constrained on two sides and pushed uni-
formly from below by a cylinder that has off-centered rotation
axis. The device generates a tensile strain in the plane of the
sample when the cylinder is rotated. As previously reported,
the tensile strain is uniaxial along x and uniform in the mea-
sured area of the sample. The in-plane strain magnitude is
0.1% and has been measured with a strain gauge (RS PRO).
More details about the strain generating device can be found
in section S1 of the supplementary information.

I1l. RESULTS AND DISCUSSION
A. Spin reorientation transition in Co/Gd bilayer

The use of magnetic materials for high density data storage
requires magnetic systems that are OOP magnetized>>*?. In
thin films, an OOP magnetic easy axis can be obtained by
magnetocrystalline anisotropy induced at the interface with
heavy metal*!*2. In addition to that, strain has been shown
to affect the magnetic easy axis direction in systems with
PMA*. To understand the effect of external strain on Co/Gd

systems with PMA, we investigate bilayer samples consist-
ing of Ta(4 nm)/Pt(4)/ Co(0-2)/Gd(tg;)/TaN(4). Specifically,
the Co thickness is varied between 0 and 2 nm over a few
mm along the y direction, whereas 75, is constant (as in Fig.
1 (a)). In this system, the balance between the interfacial
anisotropy energy (magnetocrystalline anisotropy energy at
the Pt/Co interface) and demagnetization energy determines
the effective magnetic anisotropy. In such system, the demag-
netization energy increases with the thickness of the Co mag-
netic layer, and consequently, the magnetization will go from
out-of-plane (OOP) to in-plane (IP). To probe the magnetiza-
tion of our wedge sample, we record hysteresis loops from
the pMOKE signal. We repeat the measurement moving the
laser spot along the wedge in the y direction. Firstly, a sample
where t;,=0 is considered. This measurement can be seen in
Figs. 1 (b) and (c). Fig. 1 (b) reports the magnetic response of
the Ta(4 nm)/Pt(4)/Co(0-2)/TaN(4) sample to an OOP mag-
netic film for different tc,. The effective anisotropy K. sy was
estimated*! recording hysteresis loops with magnetic field ap-
plied OOP and IP and the corresponding anisotropy energy
per unit area is Ky, = 1.7 mJ/m2. Fortc, = 1.35 nm the square-
shaped loop indicates PMA with K, /= 1.5(2)x10° J/m?. A
value of M¢, = 1.3 MA/m was used in the calculation. As the
thickness of Co is increased (moving the laser spot along the
wedge direction - y) the remanence and squareness of the hys-
teresis loop decreases together with the PMA of the system.
For t¢, = 2.00 nm, the sample is IP magnetized and K, ¢ = -
0.8(2)x 10° J/m? is negative. The OOP to IP transition occurs
attc, = 1.85(2) nm in this system.

To investigate the effects of externally applied in-plane
strain, we repeat the measurement while the sample is me-
chanically bent. The magnetization is coupled to the ex-
ternal strain and can be described by the expression for the
anisotropy energy>:

—§7LSY8, (1)

Kyve = 2

where A, is the saturation magnetostriction, Y is the
Young’s modulus and ¢ is the strain. If the strain in the film
is non-zero, the magneto-elastic coupling of Co contributes
in principle to the effective anisotropy. Accordingly, the total
anisotropy K, s of the magnetic stack is expected to change in
the presence of external strain. Fig. 1 (c) shows the OOP hys-
teresis loops of Ta(4 nm)/Pt(4)/Co(1.85)/TaN(4) sample be-
fore (blue) and after (red) the application of &, = 0.1%. We
observe that the magnetization curves are changed in the pres-
ence of in-plane strain. The area enclosed between the two
curves below saturation can be calculated and is used to deter-
mine the magnetoelastic anisotropy Kj;z**. In this system, the
strain-induced magnetoelastic anisotropy Kyz = 0.02 mJ /m?
is positive, as we expect from a material with negative mag-
netostriction like Co***3. More details about the calculations
of magnetoelastic anisotropy can be found in section S1 of
the supplementary information. Accordingly, the PMA is in-
creased by the applied strain, i.e. the system is expected to
be OOP magnetized for thicker Co if compared to samples
without strain.
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FIG. 1: (a) Sample sketch of the Co/Gd synthetic ferrimagnet used for the spin reorientation transition studies. The red arrow indicates the direction of the
applied tensile strain. (b) hysteresis loops of a Pt/Co/TaN stack for different Co thicknesses, the magnetic field was in the OOP direction, along z. (c) OOP
hysteresis loops of Pt/Co(1.85 nm)/TaN before (blue) and after (red) application of 0.1% in-plane strain. (d) MOKE intensity scan at remanence (no applied
magnetic field) of Pt/Co/Gd/TaN films along the Co wedge before (solid lines) and during (dashed lines) the application of in-plane strain. Three different
thicknesses of the Gd layer #;,=0, 1 and 3 nm have been considered and are reported, in order, in black, blue and orange.

After this preliminary study on Pt/Co systems, we focused
our attention on the magnetostriction of Co/Gd multilayers.
In Co-Gd alloys the magnetostriction has been reported to be
strongly dependent on the composition>>*¢ due to the struc-
tural modification occurring with different atomic content. In
contrast to this case, the effects of magnetostriction of a mul-
tilayer, are expected to be dependent on the magnetoelastic
coupling of the individual layers*’.

To study the magnetostriction of a Co/Gd multilayer, a con-
stant layer of Gd on top of the Co wedge is added. To perform
thickness dependent studies, a thickness 7G; = 1 nm and 3 nm
is considered. In the bilayer system, the magnetization in the
Gd layers is mainly induced at the interface with the Co layer,
and couples anti-parallel the Co magnetization?!. Accord-
ingly, t¢c, required to reach SRT is expected to change with in-
creasing tGd48. To compare the SRT of Ta(4 nm)/Pt(4)/Co(0-
2)/Gd(tG4)/TaN(4) samples with different ¢, we performed
remanent intensity scan along our Co wedge, in addition
to hysteresis loop measurements. After the sample is sat-
urated with an OOP magnetic field of 1T, we determine
the thickness-dependent remanence from the pMOKE signal
without external magnetic field. The remanent intensity scans
are reported in Fig. 1 (d). As the pMOKE signal is mainly
sensitive to the OOP component of Co magnetization, the nor-
malized remanent intensity will drop to zero at the SRT, when
the magnetization rotates IP. The SRT can be observed in Fig.
1 (d) in samples with different thicknesses of Gd before and
after the application of strain. As previously reported*® the
critical thickness #c, = t. at which SRT occurs, changes sig-
nificantly in the presence of a Gd layer. For all the considered

samples, the in-plane strain shifts the OOP to IP transition
towards larger Co thickness. This suggests that the effective
magnetostriction of the Co/Gd bilayer is negative and its value
As = —10(5) x 1079 is not significantly altered by the pres-
ence of the Gd layer.

To obtain a quantitative understanding of the shape of the
spin reorientation boundary, we employ an analytical model*®
describing the magnetostatic free energy of the anisotropy,
which is zero at the SRT boundary. The first constituent ener-
gies of the model are the demagnetization energies of the Co
layer

1 R 1 2
Eyco= FHo /0 M¢,dg = iqucoy 2

and of the Gd layer

1 X
EqGa= 5#0/0 Mgqexp(—2q/Aga)dq =

(3)
1 —2x
ZﬂoMcz;led (1 —exp (7@1))

where Ag, is the characteristic decay length of the Gd mag-
netization, which is induced at the Co/Gd interface, M, is the
magnetization of the Co layer, Mg, is the effective Gd mag-
netization at the interface between Co and Gd and x and y
are, respectively, the Gd and Co thicknesses in the diagram of
Fig.2 (a). The plot axes in Fig.2 (a) have been inverted for a
better comparison with the other figures. The magnetocrys-
talline anisotropy is included with the term
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and it is also considered to decay with a characteristic de-
cay length Ax and magnitude AK. The second term in Eq.
4 phenomenologically addressed the experimentally observed
decay in the effective anisotropy, which may be caused by
sputter induced disordering of the Co*’. Using a numeri-
cal fit to the experimentally determined SRT, the parame-
ters Ag, Agq and AK for our Co/Gd bilayer are determined.
All the other parameters were either experimentally measured
or taken from literature and are reported in Table S.1 , sec-
tion S2 of the supplementary information. In addition to the
anisotropy term, an additional energy term E,;;, is included in
the model. E,,;, takes into account the mixing at the magnetic
layer interfaces where the local net magnetization is zero.
More details about the expression for this term and the de-
termination of the fitting parameters can be found in the sup-
plementary information and in the work of Kools et al.*8. In
this model, the expression of the total free energy density per
unit area is, considering all the terms mentioned so far:

Ejor = —Eg — Epix+ Eqco +EqGa- 5

The magnetocrystalline anisotropy energy per unit area Kj,
due to the Pt/Co interface is assumed constant.

Eq. 5, describing the total energy of a
Ta(4nm)/Pt(4)/Co(tc,)/Gd(tGs)/TaN(4) sample, can be
solved for y (tc,) by imposing E;,; = 0 (spin reorientation
transition). The solution for the SRT obtained with the model
described above is reported in Fig. 2 (a) with a blue solid line
in a phase diagram where 754 (X) and f¢, (y) are continuously
varied from 0 to 3 nm and from O to 2 nm, respectively.
Together with the calculations, the SRT measured experimen-
tally without externally applied strain is reported with blue
diamonds in Fig. 2 (a). The experimental data, follow well
the general trend of the calculations. Discrepancies between
model and experimental values for 75, = 0, might be due to
additional mixing between the layers.

To include the effects of strain, a magnetoelastic anisotropy
Kyr is added to Eq. 5 that becomes

Ejor = —Eg — Epix — Kye +Eqco +EqGa- (6)

In our case Kyg = 0.02 mJ/m?> corresponds to the value of
magnetoelastic anisotropy induced with 0.1% externally ap-
plied in-plane strain in our experiments. As showed in Fig.
1 (d), we do not observe significant changes to Ky;r with in-
creasing fgy. Again considering the SRT-boundary to be at
E;,; = 0, the solution of Eq. 6 (that includes the magnetoe-
lastic term) is reported in Fig. 2 (a) with an orange solid line.
As expected from a material with negative magnetostriction,
Kyr sums to K and the PMA is enhanced by in-plane strain.
The SRT calculated including Kjr to Eq. 6 is consequently
shifted to larger values of 7¢,. This trend is in agreement with
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FIG. 2: (a) 2D phase diagram of the SRT of the a
Ta(4nm)/Pt(4)/Co(tc,)/Gd(tg)/TaN(4) stack as a function of 7, (x) and f¢,
(y). The axes have been inverted for a better comparison with other figures.

Blue diamonds and red squares correspond to the experimental data,
reported without and with strain applied, respectively. The solid lines
indicate the calculated values using the model for the magnetostatics and Eq.
6. A magnetoelastic anisotropy Ky = 0 and 0.02 mJ/m? is considered,
respectively, for the blue and orange curve. (b) Spin reorientation transition
of a Ta(4)/Pt(4)/Co(tc,)/Gd(t;4)/TaN(4) sample calculated for values of
tg4=0, 1 and 3 nm and plotted as a function of 7¢,. The SRT is represented
here by a step function. Solid and dashed lines consider Kyz = 0 and 0.02
mJ/m?, respectively.

the experimentally determined SRT when and external strain
& = 0.1% is applied (orange squares in Fig.2 (a)).

Another way to visualize the SRT is solving Eq. 6 for fixed
values of tg, and obtaining the critical thickness of ¢, such
that E,,; = 0. Then, the SRT can be represented as a step
function in the diagram of Fig. 2 (b), analogue to the MOKE
remanence scan shown in Fig. 1 (d). The values of Gd thick-
nesses considered are G = 0, 1 and 3 nm and are plotted in
Fig. 2 (b) with solid lines in black, blue and orange, in order.
Solid lines consider Kyz = 0 mJ/m?. Dashed lines consider
instead Ky = 0.02 mJ/m? in Fig. 2 (b). The information
contained here can be correlated to the experimental rema-
nent intensity scan in Fig. 1 (d). Comparing Fig. 2 (b) with
Fig. 1 (d), a similar behavior can be observed. Firstly we can
note that the model predicts the SRT to shift when the thick-
ness of the Gd layer is tg; > 0. Secondly, we observe a similar
shift of the SRT point in Fig. 2 (b) and Fig. 1 (d) due to the
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FIG. 3: (a) Layerstack consisting of a Co/Gd quadlayer used to obtain magnetization compensation. In this case, the bottom Gd layer is varied along the sample
surface while all the other layers thickness is kept constant. (b) Coercivity and (c) remanent pMOKE intensity scan as a function of #5;. Measurements before
(blue) and after (orange) application of in-plane strain are reported. (d) Hysteresis loops in the Co dominated and (e) Gd dominated state. Both curves with
(orange) and without (blue) in-plane strain applied are shown. The magnetic field was applied in the OOP direction, along z.

effect of magnetoelastic anisotropy and of the external strain,
respectively. As we expect from a material with negative mag-
netostriction, K adds to Ky, therefore the PMA is increased
and the Co/Gd bilayer stays OOP magnetized for thicker Co
(corresponding to larger E; c,). We confirm that the major ef-
fect of strain on the Ta(4 nm)/Pt(4)/ Co(0-2)/Gd(t;,)/TaN(4)
sample is the alteration of the PMA. Moreover, the estimated
effective magnetostriction of the stack - A, = —10(5) x 107°
- is not significantly altered by the presence of the Gd layer in
the thickness range considered.

In this section, we examined the impact of in-plane strain
on the effective PMA of a Co/Gd ferrimagnetic bilayer. Our
results suggest negative magnetostriction of the stack for the
investigated thickness values. We employ a recent model for
the magnetostatics of these type of systems, where we include
the effects of strain purely as magnetoelastic anisotropy. Our
experimental findings are in good agreement with the predic-
tions made by this model, providing deeper understanding of
the response of this material platform to external strain.

B. Magnetization compensation in quadlayer systems

In ferrimagnets, magnetization compensation can be
achieved. This occurs when the net magnetization M_,'O, =
M_(';d +A/fCO vanishes because the magnetization, coming from
the two sub-lattices, is equal in magnitude and opposite in
sign.

In recent studies, changes to the saturation magnetization
in the presence of strain were reported in epitaxial films>!
and rare earth free ferrimagnets’®. To study the effects
of strain on magnetization compensation of synthetic fer-
rimagnets, we consider a quadlayer sample*® consisting of
Ta(4 nm)/Pt(4)/Co(0.6)/Gd(0-2)/Co(0.6)/Gd(1.5)/TaN(4) as
schematically drawn in Fig. 3 (a). In this case, the thickness of

the bottom Gd layer is varied between 0 and 2 nm over a few
mm, whereas all the other layers have constant thickness. The
reason for this choice is that compared to the Co/Gd bilayer,
the magnetic volume of the Co is doubled while the number
of Co/Gd interfaces where magnetization is induced in the Gd
through direct exchange with the Co, is tripled. In this way
magnetization compensation can be more readily achieved.

The growing thickness of Gd, increases the contribution of
Mga to M. For this reason, some areas of the wedge sam-
ple will be Co-dominated (for #G4 < fcomp) and other will be
Gd-dominated (for 7G4 > teomp) With Myy = 0 at 1G4 = teomp-
Here, fcomp is the thickness where magnetization compensa-
tion is obtained. At magnetization compensation two effects
are expected: a divergence of the coercivity and a sign change
in the remanent pMOKE signal (Kerr rotation, normalized to
its value in absence of Gd). The measurements for coercivity
and intensity are reported in Figs. 3 (b) and (c), respectively.
The coercivity data were extracted from hysteresis loops mea-
sured across the wedge direction (along y). The reason for
the sign change in the pMOKE signal, is the alignment of the
Gd magnetization along the field direction, in the Gd domi-
nated regime. We report magnetization compensation in this
quad-layer for fgy = 1.25 nm.

In a similar fashion to what we have done investigating the
PMA in the bilayer system, we repeat the experiment in the
presence of €, =0.1% in-plane strain. The results are reported
in orange in Figs. 3 (b) and (c). Remarkably, the compensa-
tion point of the Co/Gd quadlayer is unchanged by the appli-
cation of this externally applied strain.

Figs. 3 (d) and (e) contain OOP hysteresis loops
of Ta(4 nm)/Pt(4)/Co(0.6)/Gd(t54)/Co(0.6)/Gd(1.5)/TaN(4)
samples for G4, = 1.15 nm and 5, = 1.35 nm, respectively,
and further show the effects of magnetization compensation.
The sample is in this case OOP magnetized. As the thickness
of Gd is increased, the magnetization of the sample goes from



Co dominated (Fig. 3 (d)) to Gd dominated (Fig. 3 (e)). The
inversion of hysteresis loops happens because for 754 > 1.25
nm the Co-magnetization aligns antiparallel to the field, lead-
ing to the change in sign of the pMOKE signal. When the
measurement is repeated in the presence of &, = 0.1% strain
(orange line), no significant changes to the remanent intensity
or coercivity are reported, if compared to the unstrained case
(blue line). This suggests that magnetization compensation
can be achieved in these multilayer systems in the presence of
external strain and, most importantly, that the magnetization
compensation point is unaffected, in contrast with what has
been recently observed in ferrimagnetic alloys233.

In the related work of Wang and coworkers?? strain is ob-
served to induce changes to the compensation temperature of
GdFeCo ferrimagnetic alloys and those changes in compen-
sation are attributed to lattice constant variation with strain.
As explained by first principle calculations, this lattice strain
alters the exchange coupling strength in GdFeCo and the mo-
ment of the Gd accordingly. This might be different in the
case of synthetic ferrimagnets.

Synthetic ferrimagnets have the two sublattices con-
fined in separate layers and the Gd magnetization is in-
duced at the Co/Gd interface where the exchange energy is
maximum?!23. In synthetic ferrimagnets, magnetization com-
pensation is due to the balance in Co magnetization and the Gd
magnetization?*3 in the individual layers and the total mag-
netic moment per unit area M, is obtained by integrating the
magnetization of the Co and Gd sublattices over the respective
layer thicknesses.

In multilayer samples with PMA, the dominant effect of in-
plane strain in the order of 0.1% is the alteration of the spin or-
bit coupling within one layer™’. This alters the magnetocrys-
talline anisotropy energy of the system>! rather than the mag-
netic moment of Co and Gd within one layer. Accordingly,
in a ferrimagnetic multilayer in-plane strain is not expected to
affect the induced magnetic moment from the Co onto the Gd,
thus not altering magnetization compensation. This is consis-
tent with our observations of a strain-independent magnetiza-
tion compensation in a synthetic ferrimagnet for the magni-
tudes of strain considered.

IV. CONCLUSIONS

This work reveals the effect that external strain has on PMA
and magnetization compensation of Co/Gd systems at room
temperature. Growing wedge samples, where the thickness of
one of the magnetic layers was varied, has allowed us to deter-
mine thickness dependent transition in the magnetostatics of
this multilayer system. Deliberate in-plane strain was applied
to the sample. In a bilayer Pt/Co/Gd system, we experimen-
tally show that a sizable magnetoelastic coupling changes the
SRT in the presence of strain. The contribution of the strain-
anisotropy for this system has been included in a model for the
magnetostatics, describing the experimental observations well
if an effective negative magnetostriction is considered. In a
Pt/Co/Gd/Co/Gd quadlayer we obtain magnetization compen-
sation of the two sub-lattices by varying the thickness of the

bottom Gd layer. Here, we find that the application of in-plane
strain does not affect the magnetization compensation. The
induced magnetic moment from the Co onto the Gd, being an
interface effect in a multilayer system, is not altered by such
mechanical deformation. To conclude, this work provides a
broad understanding of the magnetoelastic properties of these
multilayer systems. As PMA and magnetic compensation are
maintained in the presence of externally applied strain, this
material system is a good candidate for technological imple-
mentation of ferrimagnets.

SUPPLEMENTARY MATERIAL

See supplementary material for magnetostatics model for
the spin reorientation transition and for more details about the
setup used for application of strain.
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S1 -Application of strain

To obtain information about the magnetoelastic properties of the material, the substrate was
bent mechanically with a 3 point bending sample holder, as shown schematically in Fig. S1 (a).
A square sample of 1 by 1 cm is vertically constrained on two sides and pushed uniformly from
below by a cylinder that has an off-centered rotation axis. The device generates a tensile strain
in the plane of the sample up to 0.1 % when the cylinder is rotated by 90°. The strain is mostly

uniaxial and has been measured with a strain gauge on the substrate surface.

\

‘\f{‘e_._ ~
a L b) =
AN
g
L
L @ g
p 4 > . .
-100 0 100
B, (mT)

FIG. S 1: (a) schematic of the three point bending method used to externally strain the sample. The strain is mostly
uniaxial along the x direction. (b) hysteresis loops measured before (blue) and during (red) application of in-plane
strain for a sample of Pt/Co(1.85 nm)/Ta. The area highlighted in red corresponds to the magnetoelastic energy in the

strained system. The magnetic field was applied along the OOP direction (z).

Magnetic hysteresis loops are recorded before and after the application of the tensile strain
and are used to estimate the magnetoelastic anisotropy. As previously reported!-> the magnetic
anisotropy K, is linked to the energy stored in the magnetization curves. For example the PMA
energy is given by the area enclosed between the magnetic loops measured with field along IP and
OOP direction. If then the strain in the film is non-zero, the magneto-elastic coupling contributes
in principle to the effective anisotropy. Two hysteresis loops measurements, before and after the
application of strain, are sufficient to estimate Kyr. Indeed the total anisotropy of the system
is K.ry = K, and K,rr = Ky + Kyg before and after the application of strain, respectively. The
magnetoelastic anisotropy Ky g = —%QLSY € is linked to reversible part of the hysteresis loops (close

to the saturation) according to>
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3
Kyr = M,AE = _E;LSYS (Sl)

where AE is the anisotropy energy measured by the difference in area enclosed between the
strained and unstrained curves below saturation, € is the strain A, is the magnetostriction and Y is
the Young’s mudulus of the material. In our case € = 0.1% and Y=200 GPa. AE corresponds to
the reversible part, i.e. the red marked area in Fig. S1 (b). The value of magnetoelastic anisotropy
was calculated using the value of saturation magnetization (M;) of the stack taken from literature

and reported in Table S I.

S2 - Magnetostatics model for the Spin Reorientation Transition

In the expression of the free energy, a term describing the effect of intermixing at the multilayer

system interfaces is added. The expression is

Epix = L0 J§* M2, + (Mcaexp(—q/Aca))” dg =

1 2 1 2 2agx (8.2)
aaudf -+ ottty (1 -exp (222) ).

Therefore, the total energy E;oy = —Ex — Epix — Kme + Eq.co + Eq,Ga» including all the terms
will be:

Eyor = —K, +AK (1 —exp (;L—f(x» — K — SpoaoM2,x
~toAcaME, (1—exp (F45) ) + LuoMZ,y (S.3)
+}1;,L0Méled (1 —exp (%)) :
Here x and y are, respectively, the Gd and Co thicknesses in the phase diagram of Fig. S2. The
value of the parameters used in our model are listed in Table S I .
The values of Ax, Agq and Ak are instead determined using a numerical fit and are reported
in Table S I. To fit this equation to the phase diagram obtained experimentally, it is convenient

to find the Co-thickness (y) where the anisotropy energy (E;,,) is equal to zero (spin reorientation

transition, SRT). Solving Eq. S.3 for y gives:

yo(x) = Méuo (‘ (KS —AK (1 —Xp (ﬁ»)) ~ HoaoMe,x (S.4)

—poAgaM?, (1 —exp (‘fé’f’“)) + T HoME  AGa (1 —exp (1—3‘)
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Parameter Value Description
K 1.7 mJ/m? Interfacial anisotropy (from exp.)
Kure 0.02 mJ/m? Magnetoelastic anisotropy (from exp.)
Mc, 1.3 MA/m Cobalt magnetization (from exp.)
Mgy 1.4 MA/m Gadolinium magnetization at Co/Gd interface (from Ref.%)
aop 0.13 (-) Growth parameter of intermixing region (from exp.)
Ak 0.51(15) nm Change of PMA energy characteristic decay length (Fit parameter)
AGd 0.59(22) nm Gd magnetization decay characteristic decay length (Fit parameter)
Ak 3.96(41)x10* J/m? Change of PMA energy (Fit parameter)

TABLE S I: Parameters used in the model for the magnetostatics of uncompensated Co/Gd synthetic ferrimagnets
used for the calculations of the SRT. The term Kjr is considered zero for when external strain is not applied to the

sample.

Note that for determining the fit parameters, the measurements were taken without externally
applied strain. Accordingly, the magnetoelastic energy term Ky g is set to zero in Eq. S.4. The
experimental data used for the numerical fit are reported in Fig. S2. The sample used for the
numerical fit, explores a wide thickness range (Gd from O to 6 nm) in a double wedge fashion
to improve accuracy. Consequently, the dimensions of this sample exceed the 1x1 cm size of
the bending device. For this reason, single wedge samples have been deposited for the strain-
dependent study. This means that, on top of the Co wedge, a Gd layer with a constant thickness
has been sputtered. Three independent samples have been prepared and studied with Gd thickness
tG4 =0, 1 and 3 nm, in order and are reported in Fig. 1 (d) and Fig. 2 (a) of the main text.

The feature around 7G4;=2 nm in Fig. S2 is not captured by out toy model, and might be due to

the additional intermixing caused during sputtering, not included in Eq. S.3.
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FIG. S 2: Values for the SRT obtained experimentally on a Ta(4nm)/Pt(4)/ Co(tc,)/Gd(tGqa)/TaN (4) sample and

used to extract the fitting parameters in Eq. S.4.
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