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In this study, the strain-induced change in the magnetic anisotropy of perpendicularly magnetized thin metals (TbFeCo and Pt/Co/Pt) deposited on
a polyethylene naphthalate flexible substrate was investigated. The in-plane uniaxial tensile strain was reversibly applied up to 2%. The magnetic
anisotropy was reversibly changed in both samples with applied stress. In the TbFeCo film, a marked change in magnetic anisotropy energy of
1.2 x 10°J/m?® was observed. In the Pt/Co/Pt film, where the thickness of Co was 2—4 monolayers, the stress-induced changes in interface and

volume contributions to magnetic anisotropy were individually determined. © 2016 The Japan Society of Applied Physics

he effects of stress on magnetic properties have been

studied for a long time. In some magnetic films, the

internal stress caused by lattice mismatch or film
deposition is known to have important effects on the mag-
netic anisotropy (MA).""? In recent years, multiple studies
have dealt with the voltage control of magnetic properties
in ferroelectric/ferromagnetic hybrid structures.*” In such
structures, the electric field on a ferroelectric material or
piezo transducer generates a strain that affects magnetic
properties via the inverse magnetostriction effect. However,
the maximum strain applied to such stacks is limited by
the performance of the ferroelectric material. This limitation
on the strain reduces the possibility of a large modulation
in magnetic properties. The use of an organic flexible sub-
strate can eliminate this limitation. Some magnetic films,%9
including giant magnetoresistance devices,'*'? tunneling
magnetoresistance devices,'>'* and spin Seebeck devices,'”
have been successfully formed on flexible substrates. One
requirement for flexible devices is that their properties should
not be changed after or while being strained. From another
point of view, however, it would be interesting if their prop-
erties can be greatly modulated with a strain. In most bulk
metals, plastic deformation occurs with a small strain on the
order of 0.1%. When metals are in the form of a thin film,
however, their yield strength increases,'®!” and the flexible
substrate/magnetic film structure becomes highly resil-
ient.!”!® For the in-plane magnetized films on flexible sub-
strates, the conversion of the direction of the magnetic easy
axis has been reported.'” In this paper, we report on the
strain-induced reversible modulation of the MA of perpen-
dicularly magnetized TbFeCo (TFC) and Pt/Co/Pt films
deposited on a poly(ethylene naphthalate) (PEN) substrate
[Figs. 1(a) and 1(b)].

Two kinds of structures were deposited on 50-um-thick
PEN substrates by rf sputtering. The TFC sample consisted
of Pt (4nm)/TbFeCo (6 nm)/Pt (4nm) layers. Sputtered
TbFeCo is known to have an amorphous structure.'” The
TFC target was composed of 22.4 at. % Tb, 69.2 at. % Fe, and
8.3 at. % Co. The Pt/Co/Pt sample consisted of Ta (3 nm)/
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Fig. 1. Schematics of the Hall bar device formed on the flexible substrate.
The red arrows indicate the magnetic easy axis switching from (a) the
perpendicular direction before stress application to (b) the in-plane direction
during stretching. The inset describes the scales of the Hall bar.

Pt (2nm)/Co (fc,)/Pt (2nm) layers from the substrate side,
where the thickness of the Co layer was #c, = 0.4-0.9 nm,
which is much smaller than that of the TFC layer. Thus, the
MA attributed to the Pt/Co interface was expected to be
important for the perpendicular magnetic anisotropy (PMA)
in this system. The X-ray diffraction peak by the (111) plane
of an fcc Pt layer was clearly confirmed, when a Pt layer
was deposited on a Si substrate with a Ta underlayer. The
thicknesses of the layers were determined from the deposition
rate of each material. The samples were cut into 3.5-mm-
wide rectangular pieces, and the deposited layers were
defined into 300-um-wide Hall bar shapes [see the inset of
Fig. 1(a)] by photolithography and Ar ion milling.
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Fig. 2. (a) Sample piece with a Hall bar attached to the tensile machine.
Distribution of the strains (b) parallel (e,) and (c) orthogonal (g,) to the

applied stress calculated by FEM under a nominal strain of 1%. The strain in
the epoxy is shown in gray because it is smaller than the color scale range.

All experiments were performed at 300 K. The anomalous
Hall resistance Ry, which is proportional to the perpendic-
ular component of the magnetization, was measured with a dc
current of 300 A to obtain the magnetization curves. A
tensile stress parallel to the current (x-direction) was applied
to the film with a screw-driven tensile machine [Fig. 2(a)].
Both ends of the rectangular sample piece were fixed to
the tensile machine by grippers with an initial distance of
d; ~5mm. The distance could be controlled by the screw.
The increase in distance between the grippers, Ad, was
measured with a microscope. A conductive epoxy was used
to connect copper wires to electrode pads on the Hall bar
device. The strain distribution of the sample with 200-um-
height half-ellipsoid conductive epoxy electrodes was calcu-
lated by the finite-element method (FEM). The results are
shown in Figs. 2(b) and 2(c). Here, we assumed that the
sample consisted of only the PEN substrate and conductive
epoxy electrodes because the total thickness of the metallic
layers was negligibly small (approximately 1/5000 that of
the PEN substrate). A linear-elastic FEM calculation was
conducted with a three-dimensional (3D) solid model using
Solidworks®. We used Young’s modulus and Poisson’s
ratio of 6.1 GPa and 0.43 for the PEN, and 2.41 GPa and 0.35
for the epoxy, respectively. The FEM calculation revealed
that the tensile strain at the center of the Hall bar was 1.08
times larger than the nominal strain because of the existence
of the conductive epoxy electrodes. The variation in tensile
strain where magnetization information was detected by Hall
probes was less than +0.001%. Therefore, the tensile strain
in the present samples, ¢, was ¢, = Ad/d; X 1.08. The com-
pressive strain in the orthogonal direction, &,, was ~1.10
times larger than that expected in the PEN substrate without
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Fig. 3. (a) Rya—H. curve of the TFC sample under various strains.

(b) Dependences of H, and squareness ratio on &,. The filled circles and open
triangles indicate the results measured while increasing and decreasing &,
respectively. The color of the filled circles corresponds to that of lines in (a).
(c) K, dependence on &,. The red open circles and a green filled circle were
obtained from the Ry —H, curves and Rya—H) curve, respectively. The
dashed blue line is the linear fit of the points.

the conductive epoxy electrodes. Accordingly, its effective
Poisson’s ratio became 1.10/1.08 ~ 1.02 times larger under
the influence of the electrodes; the observed difference is
negligible.

Figure 3(a) shows the magnetization curves of the TFC
sample observed at Ry,; under the applied strain. Here, a
perpendicular magnetic field H; was used to measure the
curves. As g, increased, the hysteresis of the Ry,;—H curve
vanished, i.e., the perpendicular direction became the hard
axis. As g, decreased, the coercivity H, and squareness ratio
(remanent Ry, divided by the saturated Ry,;) recovered
to their initial values, as shown in Fig. 3(b). That is, the easy
axis switched entirely and reversibly from the perpendicular
direction to the in-plane direction with an external stress.
Figure 3(c) shows a plot of the uniaxial PMA energy con-
stant K, with respect to . K, (= 3.4 x 10*J/m?) with ¢, =
0% was determined from the hard axis magnetization curve
reproduced from the Ryy—H) curve,”” where Hj is the in-
plane magnetic field in the x-direction. The saturation mag-
netization of the sample (0.47 T) was measured to determine
K, using a superconducting quantum interference magne-
tometer. When the sample had the in-plane easy axis under
a finite &,, K, as indicated by red points in Fig. 3(c), was
determined from the Ry,;—H) curve under the assumption
that the saturation magnetization was independent of e,.
From the result, the magnitude of the change in K, (AK)) of
1.2 X 10°J/m> was obtained with &, = 2%.

© 2016 The Japan Society of Applied Physics
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Fig. 4. (a) Rya—H, curves around H, of the Pt/Co/Pt (fc, = 0.8 nm)
sample under various strains. The entire curves are shown in the inset.
(b) Dependence of H. of Pt/Co/Pt (fc, = 0.8 nm) sample on &,.

Figure 4(a) shows the Ry, of the Pt/Co/Pt sample (tc, =
0.8 nm) under various strains. All of the curves show a square
hysteresis loop resulting from the PMA. H, increased with &,
and recovered to its initial value when the stress was removed
[Fig. 4(b)]. In the Pt/Co/Pt samples with various f¢, values,
the PMA energy constants K, and K, were determined by
applying an in-plane magnetic field to the x-direction (H,)
and y-direction (H,), respectively, under &, = 0 and 2.3%. The
normalized Ryai—Hy,) and hard axis magnetization curves
reproduced from them in the sample of 7, = 0.9 nm under
e,=0 and 2.3% are shown in the insets of Figs. 5(a) and
5(b). The average of the measured saturation magnetizations
(1.9T) of the samples with various fc, values was used to
calculate K, and K. Here, we note that the induced moment
in the Pt layer by the ferromagnetic proximity effect’ was
neglected to determine the saturation magnetization. K, and
K., respectively decreased and increased with the application
of &, at all 7¢, values [Figs. 5(a) and 5(b)]. Linear fitting in
the region 0.6 < ¢, < 0.9 nm shown in Figs. 5(a) and 5(b),
where the points seemed linear, was performed to distin-
guish the volume contribution to the PMA energy K,y
(intercept) and the interface PMA energy Ky (slope)
according to the equation K. (y) = Koy + 2Kea(ay)s/tco- >
The deviation of the points at smaller 7, values may be
attributed to a decrease in Curie temperature,”> an internal
strain due to the lattice mismatch,?® or interfacial mixing.>>
By linear fitting, the MA energy constants were determined
to be K,y =—(3.0£0.4) X 10°]/m’, K, = —(3.4 +£0.3) X
10°J/m?, K, s =0.29 + 0.0l mJ/m?, and K, = 0.31 + 0.01
mJ /m2 when &, =0. The changes in K., and K, were
smaller than our experimental error ~0.01 mJ/m? while
those in Ky were AK,y ~ =3 x 10*J/m? and AK,,, ~
9 x 10*J/m? with &, = 2.3%.

The observed change in MA energy by strain was expected
to be caused by the modulation of the magnetoelastic energy.
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Fig. 5. 1/tc, dependences of (a) K. and (b) K., in Pt/Co/Pt samples
under &, = 0 and 2.3%. Normalized Hall resistance R};,; and in-plane
magnetization M ﬂ(y) curves under H, [inset in (a)] and H, [inset in (b)] with
&, = 0% (solid line) and 2.3% (dashed line) in the sample of 7c, = 0.9 nm.

In the TFC sample case, if the TFC layer is assumed to have
an isotropic amorphous structure, the following magnetoe-
lastic energy expression can be used: Eine = —3Ye, /2,
where A and Y are respectively the magnetostriction constant
and Young’s modulus of the magnetic layer. By substituting
Y =65GPa, which is the value for amorphous TbFe,,2"
As can be deduced from AK, (=1.2x10°J/m?® with
e, =2%). The estimated value of A, was small (6.1 x 107)
compared with the previous result determined by the direct
measurement of the magnetostriction constant in a TFC film
(As = 3.4 x 1074).') This may be attributed to the difference
in the substrate or thickness of TFC, i.e., our film was much
thinner and K, was also an order of magnitude smaller than
those in previous reports.'®?” The AK, we obtained in the
TFC sample (1.2 x 103J/m?) was an order of magnitude
larger than the result for the DyFeCo film (AK,=2.0 X
10*J/m*)?® deposited on a glass substrate. This is because of
the large applied strain despite the small As.

In the Pt/Co/Pt samples, we determined K, and
K.\(zy)v individually. The results clearly indicated that the
change in PMA was mainly caused by the modulation of not
Ky(zy).s but Koy . The magnetoelastic energy in a cubic
structure is generally expressed as

1 1 1
E .= B |:811 (a% - §) + 622<a§ - §> + £33 <a§ - 5)i|

+ 2Bs(ennaiar + e3ara3 + €31031), (D
where B; and B, are the magnetoelastic coupling constants,
and a; and ¢;; (i, j = 1, 2, and 3) are respectively the direction
cosine of the magnetization direction and the strain tensor
with respect to the crystal axis. From this equation, the
magnetoelastic energy expression in a (111)-oriented poly-
crystal was derived on the basis of a previous discussion’” as

© 2016 The Japan Society of Applied Physics
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follows. When a very thin magnetic film sticks to a substrate,
the expansion in the x-direction, &, and the contraction in the
y-direction, &, of the magnetic layer correspond to those of
the substrate (&, = —vgpex, Where vy, = 0.43 is the Poisson’s
ratio of the PEN substrate in the present case). &, and &, can
be used to determine the strain of the magnetic layer for the
z-direction (g,), which also depends on its own Poisson’s
Tatio Viag:>")

Vmag Umag(l — Usub)

£, = (ex+ &) =~—

X+

I = Umag 1 = Umag

As a result, the MA changes can be derived as

B, + 2B
47Jawm% @)

B
AI(zx,v = { Z](l + Vsub)

B 6ma l_su
+5F_mﬁliL1ﬁ“%

1- Vmag

Magnetoelastic coupling constants can be expressed using
the magnetostriction constants Ajop and 4;1; and the elastic
constant Cjj as B] = —3/11()0(C1] - C12)/2 and Bz = —3/1]]1C44.
By substituting vy,,, = 0.3 (the value in ordinary metals) and
¢;j of an fcc Co (c1; =304 GPa, ¢jp =154 GPa, and cyy =
75 GPa?Y), the magnetostriction constants were estimated
to be A190 =7 X 107 and 4;;; = =1 x 107>, These values are
roughly the same as those observed on a glass substrate in
Pt/Co multilayers.*?

As mentioned above, when a Pt/Co/Pt sample is stretched,
there should be a compressive strain along the z-direction in
the layers, which reduces the distance between the Pt and Co
layers. This is expected to cause the change in Ky
because an orbital hybridization at the Pt/Co interface is
known to be important for interfacial PMA.*>¥ The interesting
point, however, was that K, s was almost independent of
the strain application in the present case within the experi-
mental error (~0.01 mJ/m?). By considering this error, the
change in K.y s was ~3% at most, whereas that in K y(,yy
was ~10-30%. To understand the strain effect on K yys,
further theoretical study is needed.

In conclusion, we prepared TFC and Pt/Co/Pt samples
on flexible PEN substrates, and both showed PMA. When
a huge (2%) in-plane uniaxial tensile stress was applied,
reversible changes in MA were observed. The TFC sample
demonstrated a marked switching of the magnetic easy axis
owing to the large strain enabled by the high resilience of
the flexible substrate/thin metal layers. PMA in Pt/Co/Pt
was divided into volume and interfacial contributions using
samples with various Co thicknesses. The change in volume
contribution to PMA was in accordance with the conven-
tional magnetoelastic energy modulation, while the interface
MA remained almost constant.
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