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In situ manipulation of magnetic anisotropy in magnetite thin films

A. Brandlmaier,* S. Gepriigs, M. Weiler, A. Boger, and M. Opel
Walther-Meissner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany

H. Huebl, C. Bihler, and M. S. Brandt
Walter Schottky Institut, Technische Universitit Miinchen, 85748 Garching, Germany

B. Botters and D. Grundler
Physik-Department E10, Technische Universitit Miinchen, 85748 Garching, Germany

R. Gross and S. T. B. Goennenwein’
Walther-Meissner-Institut, Bayerische Akademie der Wissenschaften and Physik-Department E23, Technische Universitit Miinchen,
85748 Garching, Germany
(Received 3 December 2007; revised manuscript received 17 January 2008; published 31 March 2008)

We show that the ferromagnetic anisotropy of a thin crystalline Fe;O, film can be manipulated in situ via the
application of tunable stress. The stress is exerted by a piezoelectric actuator, onto which the Fe;O, film is
cemented. The strain in the sample is quantified as a function of the voltage applied to the actuator using
high-resolution x-ray diffraction, and the corresponding evolution of the magnetic anisotropy is determined by
ferromagnetic resonance spectroscopy. By this means, we are able to directly correlate structural and magnetic
properties. The experimental results demonstrate that a piezoelectric actuator allows to substantially modify the
magnetic anisotropy of a crystalline ferromagnetic thin film, enabling a voltage control of magnetization
orientation. The possibility to orient the main elongation axis of the actuator along any given direction in the
film plane opens a pathway for the investigation of the magnetoelastic properties of ferromagnetic thin films
under tunable stress, shear, or combinations of both stress and shear.
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I. INTRODUCTION

The presence of a spontaneous magnetization M is a key
property of ferromagnets, which is exploited in magnetoelec-
tronics and spintronics applications. For example, the orien-
tation of the magnetization vector M is essential for the func-
tionality of many magnetoelectric devices."”> Usually,
magnetic fields are used to control the magnetization orien-
tation. However, this approach reaches its limits in modern,
highly integrated magnetic microstructures, as cross-talk ef-
fects make it impossible to address individual magnetic bits.
Thus, novel magnetization orientation control schemes are
investigated vigorously. One such scheme relies on elec-
tronic correlation phenomena in multiferroics, e.g., the inter-
action between voltage-controllable ferroelectric polarization
and ferromagnetism in these materials.>~!% Another approach
to alter the magnetization orientation without the need to
apply magnetic fields relies on spin-torque effects.!'~!3 Fur-
thermore, a direct electric-field control of the magnetization
orientation via electric fields has also been suggested.!'®!
Last but not least, the interaction between strain and mag-
netic properties, i.e., the magnetoelastic or the magnetostric-
tive effect, opens an avenue for strain control of the magne-
tization orientation. In particular, the correlation between
strain, ferroelectricity, and ferromagnetism in multiferroics
has been recently exploited by Eerenstein et al.” and Thiele
et al.'® to manipulate the magnetization via electric fields in
epitaxial ferromagnetic thin film/ferroelectric substrate het-
erostructures.

In this paper, we show that the magnetic anisotropy of
ferromagnetic thin films can be tuned continuously and re-
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versibly in situ by means of strain in ferromagnetic thin film/
piezoelectric actuator heterostructures. We use magnetite
(Fe50,) as a prototype ferromagnet, as this material unites a
ferromagnetic Curie temperature T~ 860 K (Ref. 16) well
above room temperature with a high electron spin polariza-
tion |P|=55%.!7 Magnetite, therefore, is a promising mate-
rial for spin injection devices. To introduce an in situ tunable
strain into the magnetite thin film, we cement a piezoelectric
actuator onto the Fe;O, sample.'®!® The expansion (or con-
traction) of the piezoelectric actuator as a function of the
applied electric voltage Vi, is directly transferred into the
magnetite film, yielding a voltage-controllable strain contri-
bution. To optimize the induced strain, we cement the mag-
netite film onto the piezoactuator face to face. In contrast to
earlier studies,!® we use x-ray diffraction, which allows us to
directly measure the strain in the supporting MgO substrate
and thus to quantify the variation in lattice constants. The
changes of magnetic anisotropy induced by this piezostrain
make it possible to shift the magnetization orientation by
about 6° within the Fe;O, film plane. A quantitative analysis
of the experimental data shows that upon optimizing the
strain transmission efficiency and the strain orientation,
much larger magnetization orientation shifts will be possible.
As the magnetostriction constant N{&3%4=—19.5X107° (Ref.
20) of bulk Fe;0, is comparable to those of, e.g., Fe, Ni, or
Cr0,,2?2 our results suggest that a piezostrain control of the
magnetization orientation is a realistic and versatile scheme
applicable to a variety of ferromagnets. Furthermore, the
possibility to orient the main elongation axis of the piezoac-
tuator along any direction within the ferromagnetic film
plane during the cementing process allows us to intentionally
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FIG. 1. (Color online) Angular dependence of the free energy on
the orientation of magnetization. The application of lateral stress to
a thin crystalline ferromagnetic film alters its magnetic anisotropy.
Assuming that the ferromagnetic film is cubic and exhibits the char-
acteristic in-plane fourfold symmetry of the cubic magnetic aniso-
tropy contribution to free energy (black) for vanishing piezostrain,
the application of stress along [010] with Ky,,ee1/ Ko =—1/5 (red)
will result in tetragonal symmetry. For €,>0 and B; >0, the strain
axis becomes magnetically harder, and the magnetic easy axes in-
dicated by dashed lines are rotated towards [100].

select the type of strain (pure strain, shear strain, or combi-
nations of both) exerted in the sample. Thus, a particular
magnetoelastic response of the magnetic film can be selec-
tively investigated or adjusted.

II. THEORETICAL BACKGROUND

A crystalline solid responds to an externally applied,
uniaxial stress by a deformation. This deformation is de-
scribed by the 3 X3 strain tensor €;, with i,je{1,2,3}.7
The strain tensor can be quite complex, with both shear
strains (¢;;# 0 for i # j) and pure strains (only €, # 0). In the
literature,?* it is customary to use the more convenient matrix
notation (also called Voigr notation) €, =€, €,= €, €3= €33,
€4=2€23=2632, €5=2€31=2€13, 66=2€12=2€21, and we will
adopt this convention from here on.

Strain affects the magnetic properties of a ferromagnet
because of the magnetoelastic effect.?!:>*-26 As discussed in
detail, e.g., by Chikazumi,?® this effect can be quantitatively
described by the magnetoelastic contribution

Fmagel =Bl[61(a'% - 1/3) + Ez(ag - 1/3) + 63(6‘(% — 1/3)]
+ (172)By(€gan05 + €530 + €51 ty) (1)

to the magnetic free energy density F, with the magnetoelas-
tic coupling coefficients B and B,, and the direction cosines
a; between the direction of magnetization and the cubic axes.

For the scope of this paper, it is sufficient to limit the
discussion of the magnetoelastic free energy term, Eq. (1), to
the simple case of vanishing shear strains. This situation is
encountered, for example, if stress is applied to a cubic crys-
tal along a crystal axis (i.e., strain axis Il [010], see Fig. 1), as
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in the experiments described in Sec. III. In this case, the
resulting distortion is fully described by strain tensor com-
ponents €; # 0 for i € {1,2,3}, while =0 for i € {4,5,6}. As
evident from Eq. (1), pure strain yields magnetic anisotropy
contributions which are formally identical to first-order
uniaxial anisotropy terms Fypi.;=(2K,;/ M)al-2 along the
crystalline axes.”® Given that B, >0, tensile strain along the
y axis (&,>0) will thus increase the free energy along this
direction and therefore make it magnetically harder, while
compressive strain (e, <0) will make this direction easier.
We note that for B; <0, the situation is inverted, and that the
argument can be applied analogously for strain along the x or
the z axis. Both pseudomorphic growth and the piezoelectric
actuator introduce strains in epitaxial ferromagnetic films
and thus uniaxial magnetoelastic anisotropies along the
[100], [010], and [001] directions. Epitaxial strain due to
lattice mismatch usually leads to isotropic strain in the film
plane. In contrast, a voltage applied to the actuator leads to
tunable uniaxial anisotropies differing in both sign and mag-
nitude. Piezoinduced strains thus allow to alter the magnetic
anisotropy—and therefore to control the magnetization ori-
entation in a ferromagnet in situ.

The effect of the magnetoelastic anisotropy (“stress aniso-
tropy”), Eq. (1), on the magnetization orientation obviously
depends on the magnitude of Fy. as compared to the
magnitude of the other anisotropy contributions in a given
ferromagnet. In crystalline magnets, these anisotropies are
typically large, so that the magnetoelastic contribution can
only modify the free energy landscape to some extent but
will typically not result in qualitative changes. This situation
is illustrated in Fig. 1, using Fmagd:Kmagelag and an
intrinsic cubic anisotropy Fupic= Cl(afa§+ a§a§+a§a%
with K00/ Key=—1/5 (red curve). The straininduced
uniaxial anisotropy along [010] does not qualitatively change
the dominant cubic (biaxial) magnetic symmetry but rotates
the two easy axes slightly towards one another. We note that
if Fipae1 dominates magnetic anisotropy, a tunable magneto-
elastic contribution will allow to qualitatively change the
magnetic anisotropy. This situation could be realized by ap-
plying stress within the plane of, e.g., amorphous ferromag-
netic films, which have negligible crystalline anisotropy.

III. EXPERIMENTAL DETAILS

The Fe;O, thin films studied here were deposited on
(100)-oriented MgO substrates by laser molecular beam ep-
itaxy, as described in detail elsewhere.?”?® For the samples
discussed here, we used KrF laser pulses with a fluence of
2.5J/cm? and a repetition rate of 2 Hz to ablate material
from a stoichiometric Fe;O, target. The growth took place in
Ar atmosphere at a pressure of 0.06 mbar and at a substrate
temperature of 320 °C. The structural and magnetic proper-
ties of the samples were determined via high-resolution x-ray
diffraction in a Bruker AXS D8 Discover diffractometer and
superconducting quantum interference device (SQUID) mag-
netometry in a Quantum Design MPMS XL-7, respectively.
We used ferromagnetic resonance (FMR) spectroscopy in the
X band (microwave frequency of =~9.3 GHz) to quantita-
tively determine the magnetic anisotropy. To this end, the
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FIG. 2. (Color online) (a) 26-6 scan of the as-grown

Fe;0,/MgO(001) sample. The Fe;0, (004) and (008) reflections
indicated by the arrows are at slightly higher angle 26 than the
(002) and (004) reflections of the MgO substrate. (b) Reciprocal
space map of the Fe;0, (048) and MgO (024) reflections. The
Fe;0,4 and the MgO reflections occur at the same in-plane g;, show-
ing that the magnetite film is coherently strained.

samples were inserted in the TE;y, cavity of a Bruker ESP
300 spectrometer, and the FMR was recorded at room tem-
perature using magnetic field modulation at 100 kHz with an
amplitude woH,,q=3.2 mT to allow for phase-sensitive de-
tection.

IV. RESULTS AND DISCUSSION

We have investigated several Fe;O,/piezoactuator
samples and obtained very reproducible results. Therefore,
we here focus on a 44 nm thick Fe;0, layer on MgO, which
was most extensively characterized. Conventional 2 6- 0 x-ray
diffraction scans [Fig. 2(a)], together with reciprocal space
maps [Fig. 2(b)], yield an out-of-plane Fe;0, lattice constant
of 0.8305 nm and an in-plane lattice constant of 0.8425 nm.
The latter corresponds to twice the lattice constant of the
MgO substrate within experimental error. The magnetite film
is thus coherently strained, as directly evident from the re-
ciprocal space map around the Fe;0, (048) and MgO (024)
reflections displayed in Fig. 2(b). The mosaic spread is very
small, with a full width at half maximum Aw=0.04° of the
rocking curve of the Fe;0, (004) reflection. The magnetiza-
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FIG. 3. (Color online) Sketch of the Fe;0, film-piezoactuator
sandwich and of the coordinate system used.

tion measurements yield a saturation magnetization M,
=305 kA/m, which is considerably smaller than the satura-
tion magnetization of nearly 500 kA/m of bulk magnetite.'
Such a reduced saturation magnetization is often observed in
thin Fe;0, films.?>30 It is attributed either to deviations from
bulk stoichiometry3!3? or to the presence of structural de-
fects, in particular, antiphase boundaries.33-33

To allow for an in situ variation of the strain, we cut the
sample into pieces with lateral dimensions of 2 X 2 mm? and
polished the MgO substrate down to a thickness of only
50 wm. The samples are then cemented onto piezoelectric
lead zirconate titanate (PZT) stack actuators’® using a two-
component epoxy.’’ The sample discussed here was ce-
mented with the magnetite film facing the piezoelectric ac-
tuator (piezoactuator-epoxy-Fe;0,/MgO). In all samples, we
aligned the Fe;O,4 film in such a way that the dominant
uniaxial deformation of the piezoactuator is parallel to the
Fe;0, [010] direction (see Fig. 3) and cured the epoxy for
1 h at 100 °C in air.

To quantify the amount of strain induced in the sample by
the piezoelectric actuator, we also relied on x-ray diffraction.
A direct measurement of the in-plane lattice constants and
thus the strains €, and €, via reciprocal space maps did not
prove useful for a quantitative analysis due to the wide spa-
tial expansion of the reflections. As 26-6 scans allow for a
determination of the out-of-plane lattice constant (and thus
small strains) with much higher precision, we deduce €, and
€, from measured € via elasticity theory. Since the intensity
of the Fe;O, reflections is too low to allow for a measure-
ment of the Fe;O, film lattice constants with sufficient accu-
racy, we investigated the much stronger MgO reflections in
26-6 scans. As evident from Fig. 4(a), the MgO reflections
clearly shift with V... To minimize systematic errors, we
used the Nelson-Riley formalism to determine the out-of-
plane lattice constant ¢™20 from these measurements.’® The
MgO lattice constant thus determined changes linearly with
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FIG. 4. (Color online) (a) The application of a finite voltage
Vpiezo to the piezoelectric actuator allows to stress the sample in
situ. The piezoinduced stress manifests itself as a change in the
sample’s lattice constants, as directly evident from the 2 6-6 scans at
Viiezo==30 V and V,,o=+90 V. (b) The out-of-plane MgO lattice
constant cM20 changes linearly with the voltage Viiezo applied to the
actuator. The relative lattice constant change AcMgO/cMgoz(cMgo
—cM€9) /M0 i equivalent to the out-of-plane strain € =°. The er-
ror bar corresponds to an upper estimate of the error in the deter-
mination of the lattice constants following the Nelson-Riley formal-
ism, considering the uncertainties in the determination of the
individual (002) and (004) reflections.

Vpiezo [Fig. 4(b)]. We note that the relative lattice constant
change (cM20—c}'€9)/ M0 displayed in Fig. 4(b) equals the
out-of-plane strain €)'*°, where cy€° is the lattice constant
for Viie,o=0 V. As discussed in more detail in the Appendix,
in the framework of elasticity theory, e%’lgo is sufficient to
quantitatively ~derive the strain ey€0=—(c}E0/cMEO)(1
—Vpiezo)‘lévlgo induced within the plane along [010]. Here,
Vpiezo=0.45 is the Poisson ratio of the piezoactuator. Using
the literature values ¢)12°=29.66x 10" N/m> and E°
=9.59x 10" N/m2® the overall change A€}€0=¢}'e9(
+90 V) - eg“go(—so V)=~-6X 107 observed experimentally
corresponds to Aézvlgoz33 X 1075, This amounts to only
about 39% of the nominal stroke Ae)°=87X 107> of the
actuator in the voltage range =30 V=V;.,,=+90 V assum-
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FIG. 5. (Color online) (a) Room-temperature FMR spectra of a
Fe;0, film mounted on a piezoelectric actuator for HII[100] for
three different bias voltages Vi, applied to the actuator. The FMR
spectra systematically shift with V... The inset shows that the
FMR spectrum can be fitted with the derivative of a Lorentz curve.
(b) The FMR resonance field woH,.s changes linearly with V;c,, in
good approximation. The error bar corresponds to the total change
in the FMR peak-to-peak linewidth with Vi;,, as an upper estimate
of the uncertainty in the determination of yH .

ing a perfect linear expansion of the actuator.*® Assuming
that the 50 wm thick sample does not significantly impede
the elongation of the 2 mm thick actuator, the most likely
cause for the reduced Aey'° value observed is the imperfect
strain transmission by the cement. Careful optimization of
the cementing procedure thus should allow to increase the
strain introduced into the Fe;O, film by up to a factor of
about 2.5 in future experiments. Furthermore, a reduction of
the MgO substrate thickness could have a beneficial effect on
strain transmission as well.

‘We now turn to the ferromagnetic resonance spectra of the
Fe;0, film-piezoelectric actuator sandwich. Figure 5(a)
shows how the room temperature FMR spectrum of the

sample for H|[100] changes as a function of the voltage
Viiezo @pplied to the actuator. The FMR spectrum consists of
a single resonance with a peak-to-peak linewidth of
MoOH, , =13 mT, which is well described by a Lorentzian
lineshape [inset in Fig. 5(a)]. Upon the application of Vi,
>0V (Vpiero<O V), which corresponds to an expansion

(contraction) of the actuator along [010], as illustrated in Fig.
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3, the FMR shifts to lower (higher) magnetic fields. Within
the voltage range -25 V=V, =100V, in which the
stroke of the actuator linearly depends on the applied volt-
age, the FMR resonance field uyH ., also is proportional to
Vpiezo in good approximation [Fig. 5(b)].

The shift of the FMR resonance with Vi, is attributed to
straininduced changes of the magnetic anisotropy of the
Fe;0, film. Spurious effects, such as a variation of the FMR
lineshape, the microwave cavity tuning, or the temperature,
can be ruled out with the following arguments. First, the
peak-to-peak linewidth u,SH,,, changes by less than 0.8 mT
for 25 V=V, =100V, so that a variation of
the FMR lineshape cannot account for the maximum shift
of the FMR resonance field poAH o= moH (25 V)
— poH i(+100 V)=2.7 mT observed. Second, the resonance
frequency of the microwave cavity is constant to about 10~*
over the whole V., range and can thus not account for the
FMR line shift of 3% ~ 1072, Third, the linear dependence
H,e(Vpiezo)  Viiezo allows to rule out temperature fluctuations
as an explanation for the effect. Most importantly, however,
the evolution of ,U«oHres(Vpiezo) with the orientation of the
external magnetic field, which we discuss in detail in the
next paragraph, allows to unambiguously identify strain an-
isotropy as the origin of the FMR line shift.

Figure 6 shows that the FMR resonance field poH,., char-
acteristically changes as a function of magnetic field orien-
tation H=H(60, ¢) (for definition of # and ¢, see Fig. 3),
which allows to quantify the magnetic anisotropy in the
Fe;0, film. For clarity, only the data for V.,,=0 V and the
two bias voltages Vii,0=—30V and Vy,,=+90V are
displayed in the figure. We note, however, that a linear
dependence H,e % Vpic,0, as shown in Fig. 5(b), is observed
for other magnetic field orientations as well. Figure 6 shows
that the FMR line shift MoAH o = poH e
(=30 V)= poH,s(+90 V) is qualitatively different for differ-
ent orientations of the external field: uoAH, is large and
negative (=—6 mT) for HII[010], vanishes for HII[110], and
becomes positive (=+4 mT) for HII[100] [Fig. 6(a)]. More-
over, AH,. also vanishes if the field is applied perpendicular
to the film plane along [001] [Fig. 6(b)]. The effect of Vi,
on the FMR spectrum is thus qualitatively different for H
applied along the three cubic axes of the Fe;O, film. Note
also that for H in the film plane, the FMR dominantly exhib-
its a fourfold symmetry as expected for a cubic material,
although the resonance fields do not coincide every 90°.

To model the angular dependence of the FMR fields for
Viiezo=0 V (shown as full black circles in Fig. 6), we use the
free energy density*!

F=— puyMH(sin O sin ® sin #sin ¢ + cos O cos 0

+8in O cos ® sin 6 cos @) + K[f’gﬁf] sin? © cos®> ®
1
+ K% cos2 @ + ZKcl[Si“2(2®) +sin* O sin’(2P)].

2)

The first term is the Zeeman energy. The angles ® and ® are
polar coordinates for the magnetization vector M
=M(O,®d) (see Fig. 3) and we assume here that the applied
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FIG. 6. (Color online) [(a) and (b)] The FMR resonance field
MoH s sensitively depends on the orientation of the external mag-
netic field H and the voltage applied to the piezoelectric actuator
Vpiezo (open circles for Ve,o=—=30V, full circles for Vie,o=0V,
and open squares for Vpc,o=+90 V). The full lines represent the
numerically simulated FMR fields (blue line for V,,==30V,
black line for Ve,,=0V, and red line for Ve,o=+90 V), as de-
scribed in more detail in the text. For HI[[100] and HII[010], the
magnetic field is aligned in the plane of the film (ip), while it points
out of plane (oop) for HII[001].

external field suffices to saturate the magnetization to M
=305 kA/m measured with SQUID magnetometry. The ef-
fective uniaxial anisotropy contribution K{f&'}:% pmoM?
+K5001] along [001] comprises the demagnetization contribu-
tion % oM? and the uniaxial contribution KEOOI] <0 resulting
from the pseudomorphic growth of the Fe;O, film, which
leads to isotropic tensile strain within the film plane. These
two terms cannot be separated with FMR as they have the
same symmetry, but in magnetite, the main contribution to
KE?SAJ usually arises from shape anisotropy % uoM?>0 estab-
lishing a magnetic hard axis perpendicular to the film plane
in the [001] direction. KEOIO] represents a uniaxial anisotropy
within the film plane along [010]. This term is due to the
anisotropic thermal expansion of the PZT piezoactuator. The
Fe;0,4 sample is clamped onto the actuator lattice as the two-
component epoxy is cured at 7=100 °C. Upon cooling to
room temperature, the anisotropic contraction of the actuator
builds up tensile strain along the [010] direction in the plane
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of the Fe;O, layer, which results in a uniaxial magnetic an-
isotropy. Finally, K, is the first-order cubic anisotropy con-
stant.

The FMR resonance fields are obtained numerically from
Eq. (2) by evaluating the equation of motion (w/7)?
=(M?sin®> ©)~" [(35,F)(doF)—(dpdeF)?] at the equilibrium
orientation (0,,®,) of the saturation magnetization given by

doFle-e,= JoF|p-p,=0.*" The resonance fields calculated
in this way using the anisotropy fields ZKEOSfIf]
=160.4 mT, 2K/ M =6.4 mT, and 2K,/ M,=-29.8 mT,
and g=2.02, are shown as full black lines in Fig. 6. The good
agreement between the simulated and the measured reso-
nance fields for V;.,,=0 V demonstrates that the magnetic
anisotropy contributions included in Eq. (2) are sufficient to
model the magnetic anisotropy of the Fe;O, film within the
accuracy of the experiment. The magnetic anisotropy con-
stants for Vi.,,=0 V agree well with the values quoted in the
literature*>~*>—with the exception of the uniaxial anisotropy
contribution K[Olo] within the film plane, which is not ob-
served in as-grown Fe;O, films as the thermal expansion
typically is isotropic.*> This was verified by angular-
dependent FMR measurements of the sample in the as-grown
state, where K'Eogflf]/M =146.3 mT, 21('[010]/M =0 mT, and
2K /M =-29.3 mT were found.

To describe the influence of the voltage-tunable strain in-
duced by the piezoelectric actuator, we add the magnetoelas-
tic contribution,

3 MO
F _ FegO4( Fe30y _ Fe304)
magel — 100 MgO 1
piezo

Vpiero(sin® O sin® & — 1/3) — (cos® © — 1/3)

Fe;0,

+ (1 = Vyiezo) CF6304(SH1 O cos® D - 1/3)] eMgO
Ciy

3)

derived in the Appendix [Eq. (A7)] to the free energy den-
sity, Eq. (2). N[§3%4=-19.5 X 107 (Ref. 20) denotes the mag-
netostriction constant of bulk magnetite, c¢}$3%4=27.2
X 10" N/m? and cFe3O4— 17.8 X 10" N/m? (Ref. 46) are the
elastic moduli of bulk Fe;0,4. The factor y is introduced in
Eq. (3) as a proportionality factor since the calculated reso-
nance fields depend very sensitively on the elastic
moduli.*®*” y accounts for the fact that the magnetoelastic
properties of ferromagnetic thin films typically deviate from
the corresponding bulk values.**->" Using the measured out-
of-plane strain &'%°=AcM0/cME0 [Fig. 4(b)], the angular
dependence of the FMR resonance fields for finite Ve, can
be calculated. Using xy=0.7, we obtain excellent agreement
with experiment, as evident from the red and blue full lines
in Fig. 6 calculated with the above values for Vje,,=—30 V
and +90 V, respectively.

The piezoinduced changes in the magnetic anisotropy
have a substantial impact on the free energy and the magne-
tization orientation. The equilibrium magnetization orienta-
tion (®,,®P,) is given by the minima in the free energy

doFlo-0,= doFlo-o,= Tk |-, > 0. Us-
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ing the experimentally determined anisotropy constants
given above, we find that the magnetization vector is in the
film plane (close to (110)) for vanishing external magnetic
field uoH=0 mT. However, O, characteristically changes for
finite Vc,0, as evident from the free energy curves shown in
Figs. 7(a) and 7(b). This calculation shows that the orienta-
tion of the easy axes and thus the equilibrium magnetization
orientation ®, can be continuously and reversibly shifted by
about 6° for =30 V=V;,,,=+90 V in the present sample.
Assuming perfect strain transmission from the piezoactuator
into the sample (€%9=€&"* and &"°=&*), the equilib-
rium magnetization orientation can be shifted by 17° [Fig.
7(c)]. These results show that a fully reversible, continuous,
voltage-tunable control of the magnetization orientation is
possible in crystalline ferromagnets attached to mechanical
stressors (piezoactuators). This “piezocontrol of magnetiza-
tion” does not require the application of variable magnetic
fields. However, we note that care must be taken to ensure
that a well defined global free energy minimum is always
present to preserve a homogeneous magnetization and pre-
vent the formation of a multidomain state.

Because the piezoelectric actuator is cemented onto the
ferromagnetic crystal, it is possible to align the direction of
the controllable, external stress along any direction within
the ferromagnetic film plane. This allows us to engineer the
type of strain exerted in the sample. For example, if the
piezoactuator elongation axis is aligned along a (100) axis in
a cubic crystal (Fig. 1), shear strain contributions are sup-
pressed. This was the case in all the experiments discussed
above. In contrast, shear strain effects will play an important
role, e.g., if the piezoactuator elongation is along a (110)
axis. The alignment degree of freedom thus opens an experi-
mental pathway for the distinction, comparison, and selective
investigation of different magnetoelastic contributions to the
free energy. Furthermore, the application of ac voltages to
the piezoelectric actuator will allow to periodically modulate
the magnetic anisotropy with time and therefore to modulate
the magnetization orientation with time. This is an interest-
ing starting point for future experiments, e.g., for the realiza-
tion of voltage-controlled, time-varying magnetic fields.

V. CONCLUSIONS AND OUTLOOK

In summary, we have investigated the interplay between
strain and the magnetic anisotropy properties of a thin crys-
talline Fe;O, film. We modified the strain in the magnetite
film in situ by means of a piezoelectric actuator and deter-
mined the resulting modification in the lattice constants and
the magnetic anisotropy via x-ray diffraction and ferromag-
netic resonance experiments, respectively. We find that the
strain induced by the piezoelectric actuator significantly al-
ters the magnetic anisotropy in Fe;O, at room temperature,
and that these modifications can be quantitatively modeled
using magnetoelastic theory. In the present sample, the pi-
ezoinduced manipulation of magnetic anisotropy allows a
shift of the equilibrium magnetization orientation by 6°. Our
results suggest that a perfect strain transmission across the
actuator-sample interface should allow to realize magnetiza-
tion orientation shifts of 17°. The possibility to exert strain
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FIG. 7. (Color online) Numerical simulations of the dependence
of the free energy on the magnetization orientation within the film
plane for no external magnetic field applied. Panels (a) and (b)
show the derivative of the free energy and the free energy, respec-
tively, using the anisotropy parameters determined from FMR. In
panel (c), we assumed a perfect strain transmission from piezoac-
tuator to sample and no strain relaxation within the sample (€)'*°
=e‘1’ie‘°, eg’[gozegiem), which results in much larger changes in the
magnetic anisotropy. The orientation of the easy magnetic axes
[shown as full lines in panels (b) and (c)] clearly depends on the
stress exerted by the piezoelectric actuator.

along arbitrary directions within the thin film by simply ad-
justing the piezoactuator elongation direction during the fab-
rication process of the ferromagnet-piezoactuator stack al-

PHYSICAL REVIEW B 77, 104445 (2008)

lows to investigate the different contributions to the
magnetoelastic energy, in particular, the values of the mag-
netostriction constants \ along different crystal orientations.
Furthermore, the application of ac voltages to the actuator
will allow to modulate the magnetization orientation with
time.
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APPENDIX: MAGNETOELASTIC CONTRIBUTION TO
FREE ENERGY

In the following, we derive the magnetoelastic contribu-
tion F'yee to the free energy density of a cubic crystal. Fpyoe
shall be caused by the application of lateral strain within the
plane of a thin ferromagnetic Fe;0, film along a (100) direc-
tion. The aim hereby is to express Fy, ¢ only in terms of the
strain component €3 perpendicular to the film plane, as the
latter can be quantitatively measured via x-ray diffraction.
Because of the elastic properties of the crystal, €; is directly
connected to the in-plane strains €, and €,. The expression
for Fiee1 sOught thus links the in-plane strain anisotropy to
the out-of-plane lattice parameter change.

We start from the general expression®

Froage = Bi[ €1(a] = 1/3) + €(a5 — 1/3) + &(a5 - 1/3)]

+ (1/2)32(€6a1 a) + €03 + €5a3a1), (Al)

where «; denote the direction cosines of the magnetization
with respect to the cubic axes, B; are the magnetoelastic cou-
pling constants, and the strains €; are expressed in matrix
notation.”? The application of stress will deform the crystal
until the magnetoelastic energy is balanced by the elastic
energy of a cubic crystal?*?°

Fe1= (1/2)6'11(6%4‘ €§+ E%) + (1/2)6’44(6&4‘ €§+ 6%)

+ep(e6+ 66 + €6), (A2)

with the elastic moduli c;;.

Since we elongate the ferromagnetic crystal along a cubic
axis in the experiments, we now restrict the discussion to
pure strains and assume vanishing shear strains (e,=e5= ¢
=0). To determine the strains eiF°304 in the ferromagnetic
film, we use the fact that no stress is applied perpendicular to
the film plane, i.e., 03=0JF,/de;=0.2* Thus, Eq. (A2) yields

€3=— Cﬁ(fl + 62). (A3)

11

The in-plane strains €; and e, are related via the Poisson

ratio v according to
€ =— V6. (A4)

We here use the Poisson ratio of the piezoelectric actuator
v=1P"*"°_ assuming that the cement transmits the strains of
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the actuator into the sample in such a way that the Poisson
ratio of the strained sample coincides with the one of the
actuator. This is reasonable, as in the experiments, the
sample is only about 50 um thick and thus orders of magni-
tude thinner than the 2 mm thick piezoelectric actuator.
VP%°=0.45 is determined by the piezoelectric constants of
the  actuator,  d3jpic,o==290 pm/V  and  d33pics0=
+640 pm/V.* As the Fe;O, film is coherently strained,
eF e304—eMgO and & e*O“—osMgO, so that eF 304 can be calcu-
lated with Eq. (A3) to

Fe Oy Fe;04 MgO
6Fe304 _
3 =

30, 30 C1p” "¢y
(6F3 4+€FS 4)_CFC;O4CMgO

11 12

a'ee.

FeO

(A5)
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Finally, the magnetoelastic coupling constant B; and the
magnetostriction constant \ are linked by?®

2 B
)\10() 3—1, (A6)
Ci2 =y

so that Eq. (A1) can be written as

3 NFe104( Fe304 _ Fes0 A0 1
Fmagel_ Ngp He? = e Mgol— v(ad - 1/3)

Fe;0,

—(ag—-1/3)+(1- )CFCO( a3 - 1/3)16‘;@0. (A7)
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