PHYSICAL REVIEW B 80, 224416 (2009)
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A phenomenological model is presented for the electric-field-induced reorientation of magnetic easy axis in
ferromagnetic (FM)/ferroelectric (FE) layered heterostructures, where the FM layers include either polycrys-
talline or (001) preferentially oriented films of widely used Fe, CoFe,04 (CFO), Ni, and Fe;0,. The magnetic
easy axes could rotate within the film plane at relatively low applied electric fields in CFO, Ni, and Fe;O,4
films. As the applied electric field increases, the easy axes tend to switch from an in-plane direction to an
out-of-plane one in CFO and Ni films. Such electric-field-induced easy-axis reorientations (EARs) can be
abrupt and gradual, defined as first-order and second-order transitions, respectively. The influences of residual
strain, different electric-field orientations, and nonlinear strain vs electric-field behavior of the FE substrates,

on the EARs are also addressed.
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I. INTRODUCTION

Magnetoelectric (ME) coupling in composite materials
with two ferroic components (e.g., ferroelectric and ferro-
magnetic), resulting from the cross interaction between dif-
ferent ordering of the two ferroic phases, has been under
intensive study recently.! Given that their electric and mag-
netic properties are coupled, it becomes possible to control
the magnetization (or electric polarization) by applying an
electric (or magnetic) field alone. Among them, the electric-
field control of magnetization is particularly appealing, ow-
ing to its potential applications in novel ME devices such as
electric-write magnetic memories® and electrically tunable
microwave magnetic devices.? In the electric-write magnetic
memory case, the electric field is used to switch the magnetic
easy axis (or easy plane) to a certain direction in which the
data recording is favored.

The electric-field control of magnetic anisotropy in ME
composites, which is essentially a converse ME effect (i.e., a
change in magnetization M due to an applied electric field
E),"* has been observed experimentally in heterostructures
such as a heterostructure of ferromagnetic thin film and in-
trinsically multiferroic BiFeOs,> and diluted magnetic semi-
conductors using field effects.®” Another attractive approach
for the electric-field control of magnetization at room tem-
perature takes advantage of the strain-mediated ME coupling
in multiferroic composites such as heterostructures with fer-
romagnetic (FM) films grown on ferroelectric (FE)
substrates.*8~10 The room-temperature switching of magnetic
easy axis in such FM/FE heterostructures is usually more
remarkable due to the relatively strong strain-mediated ME
coupling, compared to the direct coupling at room tempera-
ture in current most single-phase multiferroics where dra-
matic ME behaviors were normally observed only at very
low temperature.’

In addition, the electric-field modification in magnetiza-
tion could also occur by interfacial chemical bonding'! or the
accumulation of spin-polarized screening charges at the
interface,'” based on recent first-principle density-functional
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calculations. However, in FM/FE heterostructures, elastic
strains play a very important role in the ME coupling.'® Such
strain-mediated ME coupling could result in a rotation
of magnetic easy axis, namely, the strain-induced easy-axis
reorientations (EARs). Recently, Pertsev'* has calculated
the EARs at moderate strain in (001)-oriented CoFe,O,
(CFO) and Ni films grown on relaxor ferroelectrics
such  as  Pb(Zn;;3Nb,3)O05-PbTiO;  (PZN-PT)  or
Pb(Mn, 5Nb,3)05-PbTiO;, using a phenomenological
approach.”>™!7 It was considered that lattice misfit at the
FM/FE interface or an electric field applied to the FE sub-
strate could cause the strain-induced out-of-plane EAR, i.e.,
the strain-induced switching of magnetic easy axis from an
in-plane direction to an out-of-plane one (or vise versa).'*
Such an out-of-plane EAR has great technological potentials
in the prototypical electric-field-assisted magnetic recording
devices. In addition to this important out-of-pane EAR which
will be discussed in details for more material systems in the
present paper, the electric field could more easily generate an
in-plane EAR where the magnetic easy axis just rotates
within the film plane, which has been verified in recent ex-
perimental observations.>!? This electric-field-induced in-
plane EAR will be also illustrated in the present paper.

In this paper, we present a detailed discussion on the
electric-field-induced EARs in FM/FE-layered heterostruc-
tures, based on a phenomenological approach, with various
magnetic films (e.g., Fe, CFO, Ni, and Fe;O,) grown on FE
substrates [e.g. PZN-PT, BaTiO; (BTO), and Pb(Zr, Ti)O;
(PZT)]. The influence of the residual strains as well as dif-
ferent modes of applied electric fields on the EARs is stud-
ied. After introducing the phenomenological anisotropy
model used for calculation in Sec. II, two different kinds of
electric-field-induced EARs (i.e., out-of-plane and in-plane
EARs) in (001)-oriented and polycrystalline magnetic films
are discussed in Secs. III and IV, respectively. The effect of
nonlinear strain vs electric-field behavior of the FE substrate
on the out-of-plane EAR is addressed in Sec. III. The con-
clusions are summarized in Sec. V.
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FIG. 1. (Color online) FM/FE heterostructure used in the model.
The arrows denote the orientation of magnetization (polarization) in
the FM (FE) layer. An out-of-plane polarization P53 or in-plane po-
larization P; can be generated by an external electric field applied
along the out-of-plane (i.e., longitudinal electric field E3) or in-
plane (i.e., transverse electric-field E,) direction. Vector diagram of
an out-of-plane EAR from TMO to OM is shown on the right-hand
side of the panel.

II. ANISOTROPY MODEL

Consider a FM/FE bilayered heterostructure with a FM
film grown on a FE substrate. In the FE substrate, the out-
of-plane polarization P or in-plane polarization P; can be
generated by an external electric field applied along the out-
of-plane (i.e., longitudinal electric field E;) or in-plane (i.e.,
transverse electric-field E,) direction, respectively, as shown
in Fig. 1. The in-plane strains are caused by the electric fields
in both cases through the converse piezoelectric effect. The
FM films grown on FE substrates could be polycrystalline or
epitaxial, depending on the deposition processing. For a
polycrystalline FM film, single grains at the bottom of the
FM film could make a coherent epitaxial relation to the FE
substrate. We assume a perfect interface where the piezos-
trains generated by the FE substrate could be fully trans-
ferred to the FM film.

In general, the total anisotropy energy of a FM film can be
described as the sum of magnetocrystalline anisotropy en-
ergy F,,, magnetostatic energy F,, (including shape aniso-
tropy F,p. and exchange anisotropy F,,), and magnetoelas-
tic energy F,,.."> For the FM films in a single-domain state,
the total free energy F,,, could be written as

Ft0t=ch+Fshape+Fme (1)

with exchange anisotropy between domains being neglected.
In the previous model,'* the pure elastic energy F,; was in-
cluded in the total free energy. However in our model, it is
just used to derive the mechanical equilibrium conditions as
discussed below, which is more reasonable. When the spon-
taneous magnetization (magnetic easy axis) rotates from its
initial in-plane direction O_M)O to another direction along oM
(see Fig. 1), the change in the total free energy is

AFmt = FM - FMO = Ach + AF‘rhape + AFme' (2)

If AF,,,<0, the orientation OM is energetically more favor-
able, i.e., this rotation can happen.
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First, let us consider the change in the magnetocrystalline
anisotropy energy AF,,. For an epitaxial cubic ferromag-
netic film, AF,,. can be written as

M, _ 22, 22, 2 2 2 2 2
- F, 0 = K (mim5 + mym5 + mym3) + Kymymyms,

A3)

where K; and m; (i=1,2,3) are the bulk anisotropy constants
and the direction cosines of the magnetic easy axis with re-
spect to the principal cubic axis (see Fig. 1), respectively. As
to polycrystalline films with randomly oriented grains, (ﬁ/l)o
and OM are two cystallographically equivalent directions,
which means AF,,.=0, and thus it does not contribute to
AF .

The shape anisotropy change in both polycrystalline and
epitaxial films can be written as

AF,.=F

mc

=FY —FYo =

1
AF shape — " shape 5

shape Iu“OMg'm% ’ (4)
which is a positive-energy contribution, favoring magnetic
easy axis to lie in the film plane.

The magnetoelastic energy reflects the coupling between
the magnetization and elastic strains, and its change AF,,,
can be expressed as

AF,,=B mz—l g1+ m2—l £+ m2—l e
me 1 1 3 11 2 3 22 3 3 33

+ By(mymyg 5 + mymse 3+ mymsens) (5)

where B and B, are magnetoelastic coupling coefficients,
and g;; (i and j=1,2,3) are the elastic strains defined in the
crystallographic reference frame,'> which is the same as the
principal crystal axes for (001)-oriented epitaxial systems.
Furthermore, B, and B, can be described by the magneto-
strictive constants, X oy and N, of the FM films,'8 i.e.,

3
B =- 5)\100(011 -Cp2)s

By=—=3N\jj1c4 (6)

for epitaxial FM films and

3
By =- 5)\5(011 —-cp), By=-3\scu,

Noo=N111=Ag (7)

for polycrystalline FM films. Here c;;, ¢, and cy4 are the
elastic stiffness constants of the cubic FM films. From Eq.
(5), it can be seen that the magnetoelastic energy depends
linearly on the elastic strains g;;. In this case, a crystal would
undergo an unrestricted deformation with increasing aniso-
tropy energy, which is not possible. Therefore, an extra en-
ergy term for balance, i.e., the elastic contribution F,;, should
be involved to calculate the elastic strains &;; in mechanical
equilibrium, and its change AF,; equals
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1
_ - 2 2 2
AF, = 2011(811 +&5 +833) + C1a(€11800 + 811833 + £2833)

1
+ 56‘44(8%2 + 8%3 + 8%3). (8)

Since the heterostructures is mechanically free on the upper
surface, the out-of-plane stresses should be zero, i.e., o3
=0,3=033=0. Then the elastic strains &3, €3, and &35 in
Eqgs. (5) and (8) could be deduced according to the mechani-
cal equilibrium equation o;;=d(AF,,,+AF,)/de;;. Assuming
that there is no shear deformation at the FM/FE interface, we
have

1
&33=— |:Bl<m§_ 5) +cple +822)]/011,

e1=0, e;3=—Bymms/cy, €3=—Bymyms/cyy. (9)

By considering a perfect interface, the in-plane elastic strains
generated by the FE layer can then be mediated to the upper
FM film homogeneously, i.e., 8113522=811:11\j[22. Thus, the rela-
tionship between the elastic strains and applied electric field
can be expressed as

811 =8n =28+ d3 E; (10)
for a longitudinal electric field E5 (see Fig. 1) and

e =g +dssE,

ey =go+d3 kK, (11)

for a transverse electric field E, (see Fig. 1). Here d5;, and ds;
are piezoelectric coefficients of the FE layers; and g, denotes
the residual strain arising from lattice mismatch or thermal-
expansion mismatch between the bilayers during deposition
process. It can be seen from Egs. (10) and (11) that the
in-plane piezostrains &;; and &,, are the same under an
Es-field while different both in sign and magnitude under an
E, field since d33>0 and d3; <O.

The direction cosines m; and m, in the equations above
are assumed to be equal for simplicity. This assumption is
reasonable for two cases: (i) polycrystalline FM films exhibit
a magnetic easy plane where m; and m, are geometrically
equivalent, and (ii) m; and m, in (001)-oriented FM films are
also deemed to be equal when a longitudinal electric field is
applied to the FE substrates due to the same in-plane elastic
strains as shown in Eq. (10).

The summation of all these contributions yields the total
free-energy change AF,,, when the easy axis switches from
OT/I_O to OM , l.e.,

A —2tdy,(E5 — E{)m% + Kgmj, in the E; mode
tor™ - 2t(d3] + d33)(E] - Eﬁr)mg + KBmg, in the El mode
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K, K, 1 2B> B
AFtat=|:_l+_2+_MOM§+_l__2
2 4 2 3C11 Cyq
Bl BC12
_<7+ ! )(811+822):|m§
1
B, B 3 K\ 4 Ky ¢
cyy ¢ 4 2 4
in cubic epitaxial FM films and
1 2B B2 (B, Bjc
AF,, = _M0M§+_l—_2—(_l+ =2 (e + &) |m3
2 3ci cuy 2 C11
B B
+(—2——1)m431 (13)
Cqqa  Cyi

in cubic polycrystalline FM films. Egs. (12) and (13) illus-
trate that the sign and magnitude of AF,,, depend on the
in-plane elastic strains e;; and &,, which are related to the
applied electric field by Egs. (10) and (11). Furthermore, the
electric-field-induced EARs can be described through the
minimization of AF,,, with respect to the direction cosine m;.
m3=0 represents an energetically favorable in-plane easy
axis while my=1 indicates an easy axis normal to the film
surface.

By combining Egs. (10)—(13) and minimizing AF,,, with
respect to direction cosine ms3, we can derive the critical
electric field E" required for the EARs, i.e.,

cr_ KA _ﬂ
P 2tdy dy

Ecr _ KA _ 280
1 = s
H(dy +ds3)  (ds) +d33)

(14)

where ES and E{" are the critical electric fields in the E5 and
E| modes, and K, and ¢ are, respectively,

Ky
2 2
K, K, 1 , 2By B; .
—+— + -puMs+———, for epitaxial case
2 4 2 3C1] Cyq
|, 2B} B3 .
Mg+ ———, for polycrystalline case,
2 ey
B, Bjc
f= Ly 2512 (15)
2 1
As |E|>|E*"|, the magnetic easy axis would rotate.

Furthermore, AF,,, of Egs. (12) and (13) can be simplified
by ignoring the high-order term of mj as

(16)
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FIG. 2. (Color online) Schematic of an electric-field-induced
in-plane EAR by a transverse electric field E;. The crossed arrows
(yellow) in the upper layer and rightward arrows (red) in the bottom
layer denote the orientations of magnetization and polarization,
respectively.

with
B, B 3 K, .
— - ——-—K;——, for epitaxial case
cayy ¢ 4 2
Kp= 2 2
B,

=2_=L for polycrystalline case.
Cye Cn1

(17)

In Eq. (16), the direction cosine ms, which shows the orien-
tation of the magnetization (magnetic easy axis), behaves
like an order parameter. As discussed in the following sec-
tions, a gradual electric-field-induced EAR will take place
when the quartic coefficient Kz>0, where ms changes con-
tinuously from zero at E=E“" to one. On the other hand, an
abrupt electric-field-induced EAR will happen when Kz <0,
where mj changes discontinuously from zero to one at E
=E*". In that respect, we can define a second-order (continu-
ous) electric-field-induced EAR as Kz>0 and a first-order
(abrupt) electric-field-induced EAR as K5z <O0.

Here we classify the reorientation of the magnetic easy
axis into two categories. The first is an out-of-plane EAR,
which means the magnetic easy axis switches from the initial
in-plane direction TMO to a direction OM off the plane (see
Fig. 1). The other is called an in-plane EAR, where the mag-
netic easy axis rotates within the film plane (see Fig. 2). For
the out-of-plane EAR, all energy contributions discussed
above are taken into account. Whereas in the case of the
in-plane EAR, the large out-of-plane shape anisotropy can be
omitted. For illustration, the calculations were performed for
iron (Fe), CFO, nickel (Ni), and magnetite (Fe;O,) films,
respectively. The materials parameters of these FM films
used for numerical calculations are shown in Table I. The FE
layers in our model include relaxor ferroelectrics such as
PZN-PT with ultrahigh piezoelectric coefficients (ds3
~2500 pm/V and d;;~-1100 pm/V) (Refs. 19 and 20)
and normal ferroelectrics such as BTO (d33~ 190 pm/V and
d;;~-78 pm/V) (Ref. 21) or PZT (d33~410 pm/V and
dy ~=170 pm/V).?

III. ELECTRIC-FIELD-INDUCED OUT-OF-PLANE EAR
A. (001)-oriented and polycrystalline Fe films

Figure 3 shows the electric-field-induced out-of-plane
EAR in Fe films. The stable orientation of the magnetic easy
axis, shown by the direction cosine mj, is determined by
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TABLE 1. Materials Parameters, i.e., stiffness coefficient Cij
(GPa), magnetocystalline coefficients K; (MJ/m?), magnetoelastic
coupling coefficients B; (MJ/m?), magnetostrictive constant \
(ppm), saturation magnetization Mg (10° A/m), for iron (Fe), co-
balt ferrite (CFO), nickel (Ni), and magnetite (Fe30,), used for the
present numerical calculations.

Materials Fe CFO Ni Fe;04
1 229 286 246.5 273
C1n 134 173 147.3 106
Ca4 115 97 124.7 97
K, 0.048 0.1 —0.0045 —-0.01
K, 0.0001 —-0.0023

B, -3.43 9.2

B, 7.83 10.2

N10o 24.1 -590 -19.5
110 -60 57.1
N =227 120 77.6
\g -7 -110 -32.9 35
Mg 17 3.5 4.85 4.78

finding the minima of the total free energy AF,,, [e.g., see
Fig. 3(a)]. It can be seen that the magnetic easy axis of the
(001) Fe films lies in the film plane (m;=0) under zero elec-
tric field when no residual strain (g,=0) is taken into account
but that a longitudinal electric field of E;=3 MV/cm can
turn the easy axis to the direction normal to the film plane
(m3=1). The critical fields E“" in the E5 and E; modes for
such electric-field-induced out-of-plane EAR are given in
Fig. 3(b), where the FE layer is PZN-PT and the residual
strain g is neglected. As the applied electric field reaches the
critical one, the electric-field-induced out-of-plane EAR sud-
denly happens, i.e., a first-order EAR transition happens
since the quartic coefficient K for (001) Fe film is negative
(about —35568 J/m?). Both the sign and magnitude of EY’
and EY" are different according to Eq. (14). As the magneto-
strictive constant \qo of the (001) Fe film is positive (see
Table I), a negative total in-plane strain &,,,=&,+&y, is thus
needed to switch the easy axis to the out of plane. Therefore,
E5" and EY" should be positive and negative by Eqgs. (10) and
(11), respectively, as shown in Fig. 3(b). The magnitude of

5 is smaller than that of E{’, indicating that the electric-
field-induced out-of-plane EAR is more likely to happen in
the E; mode due to the larger total in-plane strain g,,, gen-
erated in the E3 mode. As seen from Eq. (14), g also has an
effect on the critical electric field [Fig. 3(d)]. Figure 3(d)
shows that both E5” and E{" decrease with a negative increas-
ing g, whereas increase with a positive increasing &,.

In comparison with the (001)-oriented Fe film, the poly-
crystalline Fe film also exhibits similar electric-field-induced
out-of-plane EAR but different critical electric fields as
shown in Fig. 3(c). The out-of-plane EAR in the polycrystal-
line Fe film requires much higher electric fields. The differ-
ence is that the magnetostrictive constant Ay of the polycrys-
talline Fe film is negative and smaller than \ o of the (001)
Fe film as well. Therefore, a larger positive in-plane total
strain &,,, is required, leading to a negative E5 and positive
E{", both with much larger values.
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FIG. 3. (Color online) (a) Free energy of (001)-oriented Fe films as a function of the direction cosine mj3 at E3=0 and E3=3 MV/cm.
Direction cosine m3 of the magnetic easy axis in (b) (001)-oriented and (c) polycrystalline Fe films as a function of the electric field in the
E; and E; modes at £y=0. (d) Dependence of E°" on g in the E3 and E; modes in (001)-oriented Fe films. The FE layer is PZN-PT. The

arrows within ellipses denote the magnetic easy axis.

Tables II and III summarize the critical electric fields re-
quired for the electric-field-induced out-of-plane EARSs in the
(001) and polycrystalline Fe films, respectively, with differ-
ent FE layers (e.g., PZN-PT, BTO, and PZT) being involved.
As shown in Table II and Fig. 3, the critical electric fields E5"
and E{" are far greater than the dielectric breakdown field
[i.e., E,~0.12 MV/cm (Ref. 19)] for the FE layers, which
makes it experimentally inaccessible. Thus, in the Fe films
grown on the FE layers, the strain-mediated ME coupling
can not lead to electric-field-induced switching of the mag-
netic easy axis from an in-plane direction (m3=0) to an out-
of-plane direction (m;=1). This conclusion is in accordance
with Pertsev’s which pointed out the out-of-plane EAR in
(001)-oriented Fe films could only happen at a larger strain
than 20% thus inaccessible experimentally.'*

B. (001)-oriented and polycrystalline CFO films

In (001) CFO films, an abrupt (i.e., a first-order) electric-
field-induced out-of-plane EAR takes place [see Fig. 4(a)]
due to its negative Ky (i.e., about —97397 J/cm?) as in the
(001) Fe films (Fig. 3). Pertsev!# also pointed out an abrupt
electric-field-induced out-of-plane EAR in (001) CFO film.
The critical electric fields E5" and E{" are negative and posi-
tive as g7=0, respectively, also determined by a positive
critical total in-plane strain g,,, which is further due to the
negative A g of the (001) CFO films. Figure 4(b) shows the
&y dependence of the critical electric fields for the (001) CFO
films which can also be described by Eq. (14). As seen, both
E5" and E{" increase when g is negative, and decrease when
g 1s positive until these critical fields reach zero at a critical
EAR point where g, is about 0.06%. After that, both E5" and

TABLE II. The critical electric fields E°" for electric-field-induced out-of-plane EAR in the (001) pref-
erentially oriented FM films at £y=0 with PZN-PT, BTO, and PZT as the FE layers.

E5 (MV/cm)

E{" (MV/cm)

Films PZN-PT BTO PZT PZN-PT BTO PZT
Fe 2.29 3227 14.81 -3.6 —44.95 -20.98
CFO —0.0057 -0.0799 -0.0367 0.0089 0.1113 0.0520
Ni —-0.0650 -0.9165 —-0.4205 0.1021 1.277 0.5957
Fe;04 —0.1392 —-1.96 -0.9 0.2187 2.73 1.28

224416-5



JIA-MIAN HU AND C. W. NAN

PHYSICAL REVIEW B 80, 224416 (2009)

TABLE III. The critical electric fields Ej" for the electric-field-induced out-of-plane EAR in the poly-
crystalline FM films at £y=0 with PZN-PT, BTO, and PZT as the FE layers.

E5 (MV/cm)

E{" (MV/cm)

Films PZN-PT BTO PZT PZN-PT BTO PZT
Fe =1.77 -109.55 -50.27 12.20 152.59 71.21
CFO -0.0148 -0.2092 —0.0960 0.0233 0.2913 0.1360
Ni -0.1241 —-1.7495 —-0.8027 0.1950 2.4368 1.1372
Fe;0, 0.0833 0.1170 0.54 —-0.1309 —-1.64 -0.76

E{" have a sign change and increase with increasing &.
Hence, a positive residual strain greater than 0.06% alone
can rotate the magnetic easy axis to the out-of-plane direc-
tion. This critical residual strain for the out-of-plane EAR is
relatively small and can be easily achieved in a film-on-
substrate geometry either by lattice misfit or by thermal-
expansion misfit during deposition. The orientations of the
magnetic easy axes can thus be controlled, which has been
verified by recent experimental observation.??

Compared to the (001) CFO film, the polycrystalline CFO
film presents different behavior of the electric-field-induced
out-of-plane EAR. As shown in Fig. 4(c), as the applied elec-
tric field E; (E;) reaches E5" (E{"), the magnetic easy axis
does not abruptly switch from an in-plane direction to an
out-of-plane one but gradually rotates off the film plane
(0<m;<1) and finally orients normal to the film plane

-3 S~
(421‘;33
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-0.008 -0.004 0.000 0.004 0.008 0.012
Electric field(MV/cm)

poly CFO film T
107 with £=0
0.8-
0.6-
0.4-
0.2- AET
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0.0 1 1~0.0065
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(my=1) until E; (E,) reaches a saturated electric field E§
(Ef), which denotes the completion of this out-of-plane
EAR. Thus a second-order out-of-plane EAR happens due to
its positive K (i.e., about 9348 J/cm?). The saturated elec-
tric field E5 (E3) can be obtained as

s KA+2KB N
E§=—AT08 20

ES= K, + 2Ky
VT tdy +dy)  (dy +dss)

280

(18)

Comparison of Egs. (14) and (18) gives
cr_ 2KB

AEcrzES_ — ,
3 3 3 2td31

0.09
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FIG. 4. (Color online) m5 of the magnetic easy axis in (a) (001)-oriented and (c) polycrystalline CFO films as a function of electric field
in the E5 and E; modes at £5=0. Dependence of E°" on g in the E3 and E; modes in (b) (001)-oriented and (d) polycrystalline CFO films.

The FE layer is PZN-PT. The arrows within ellipses denote the magnetic easy axis.
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(19)

An applied electric field in this electric-field range can lead
to the rotation of the magnetic easy axis. As shown in Fig.
4(c), AES and AE{" are 0.0041 and 0.0065 MV/cm, respec-
tively, for the polycrystalline CFO film on PZN-PT at g,
=0. The influence of the residual strain &, on the saturated
electric field E§ (E‘lg) is the same as that on the critical elec-
tric field E5" (E{"), and greater in the E| mode as well [Fig.
4(d)]. As in the (001) CFO film, g, has a similar effect on the
critical electric field E5 (E{") and the out-of-plane EAR hap-
pens at £9=0.165% where EY (E|") equals zero, as shown in
Fig. 4(d).

From Table II and Fig. 4, one can see that E5 and E{" are
—0.0057 and 0.0089 MV/cm for the (001) CFO films,
—0.0148 and 0.0233 MV/cm for the polycrystalline CFO
films, respectively, grown on a PZN-PT layer by assuming
zero g,. If the BTO or PZT is used as the FE layer, the
critical electric fields will be larger (see Table II). However,
they can be reduced by a moderate positive g,. For example,
E5 of (001) CFO films on a BTO and PZT layer are —0.0158
and —0.0072 MV/cm at £y=0.05%, respectively. These val-
ues do not excess the coercive fields of the ferroelectric lay-
ers [e.g., E.~0.025 MV/cm (Ref. 19)]. Therefore, the
electric-field-induced out-of-plane EAR is likely to happen

in the CFO film owing to its low critical electric fields re-
quired, making it a promising candidate for the application in
electric-write magnetic memories.

C. (001)-oriented and polycrystalline Ni and Fe;O, films

Like polycrystalline CFO films discussed above, the Ni
and Fe;0, films present somewhat similar gradual rotation
(i.e., second-order EAR) of the magnetic easy axes in a nar-
row electric-field range AES or AE]" (see Figs. 5 and 6)
since they also exhibit positive Kj [i.e., about 5016 and
1118 J/em? for (001) and polycrystalline Ni films; and
13420 and 788 J/cm? for (001) and polycrystalline Fe;O,
films, respectively]. Likewise, the sign and magnitude of the
critical electric field E5" (E{") and the saturated electric field
E§ (Ef) can be obtained from Egs. (14) and (16), respec-
tively. AES" and AEY", determined from Eq. (19), are 0.0045
and 0.0071 MV/cm for the (001) Ni films, 0.0019 and 0.0030
MV/cm for the polycrystalline Ni films, respectively [see
Figs. 5(a) and 5(c)]. These values are comparable to those for
the polycrystalline CFO films, however, their £ (E{") and
E5 (E3) values are much larger than those for the CFO films.

Likewise, it is reasonable to limit our discussion on the
critical electric field E5 (E{") since the influences of &y on
the ES (E{") and Eg (Ef) are the same [see Egs. (14) and
(18)]. Such influences of g for the (001) and polycrystalline
Ni films are shown in Figs. 5(b) and 5(d), respectively. A
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FIG. 6. (Color online) m5 of the magnetic easy axis in (a) (001)-oriented and (c) polycrystalline Fe;0, films as a function of electric field
in the E3 and E; modes at £5=0. Dependence of E” on g in the E3 and E| modes in (b) (001)-oriented and (d) polycrystalline Fe;0, films.

The FE layer is PZN-PT.

positive g, can reduce the critical electric fields [see Figs.
5(b) and 5(d)] but not enough to induce an out-of-plane EAR
alone as in the case of the CFO films [see Figs. 4(b) and
4(d)]. For example, EY" of the (001) Ni films with PZN-PT,
PZT, and BTO layers at £y=0.5% are reduced to —0.0195,
—0.1264, and —0.2755 MV/cm, respectively. Some of these
values do not exceed their corresponding ferroelectric coer-
cive fields (E,~0.025 MV/cm), which indicates the
electric-field-induced out-of-plane EAR could be experimen-
tally accessible in the Ni films. For (001) Ni film, Pertsev'#
presented a similar gradual electric-field-induced out-of-
plane EAR.

Similarly, both the (001) and polycrystalline Fe;O, films
exhibit a gradual electric-field-induced out-of-plane EAR
[see Figs. 6(a) and 6(c)] and the influences of the residual
strain g, on their critical electric fields E5 (E{") are shown in
Figs. 6(b) and 6(d), respectively, which can be interpreted in
the same way as in the Ni films. However, the critical electric
field E5" (EY") is larger than the ferroelectric coercive field of
the corresponding FE layers (see Tables II and III). Thus, an
electric-field-induced out-of-plane EAR is difficult to be
achieved in the Fe;O, films.

D. Effect of nonlinear strain vs electric-field behavior

The in-plane strain does not always change linearly with
the applied electric field £ on the FE layer. Shown in Fig.
7(a) is a typical butterfly shaped strain-electric-field curve of

—~ (a) longitudinal-poled PZT]|
£ 0.6 o
o ‘ b J=n
w o d
£ 0.03; /CD LY ETol
g oo | teel T
N 0.00 / AA |
Q o rasy E\th =)
o T b
20,03 of o %DDESS%
- ]
2 osl” iy,
£ -0.06 D =
D
002 001 000 001 002
E, (MV/cm)
1.2
(b) cifr  «cfn(001) CFOPZT
1.01 e e e
0.81
. ¢,=0.05%
g 0.6
0.4
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0.0 A A
.04 DEDDEDEEDDEDED]EED:D]EDDEED:DDEDED]EDEED]EDDDDI
002 001 000 001 002
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FIG. 7. (Color online) (a) In-plane piezostrains &}, vs applied
longitudinal electric field E; for a polarized PZT ceramic; the
dashed lines indicates the smallest piezostrains required for the
out-of-plane EAR in the (001) CFO films. (b) m5 of the magnetic
easy axis in the (001)-oriented CFO films at £,=0.05% as a
function of Ej.
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a longitudinal-polarized PZT ceramic recorded by a strain
gauge upon a longitudinal electric field E5. As shown in Fig.
7(a), when Ej reaches the FE coercive field E,, the in-plane
piezostrain &f, shows a strong nonlinear dependence on the
electric field. Similar nonlinear strain vs electric-field behav-
ior in other ferroelectrics has also been observed.!” To dem-
onstrate the influence of such nonlinear behaviors on the
electric-field-induced out-of-plane EAR, the data of the in-
plane piezostrains &/, in Fig. 7(a) were introduced in our
anisotropy model to calculate the total free-energy change
AF,,,. Then the stable orientation of the magnetic easy axis
can be determined also by minimizing AF,,,.

For illustration, we just take the (001)-CFO/PZT hetero-
structure as an example since the electric-field-induced out-
of-plane EARs are more likely to happen in the (001)-CFO
films as discussed above. Let us see the case under negative
applied electric fields, i.e., from point A to D [see Fig. 7(a)
and the same for the case from point A’ to D' ]. As shown in
Fig. 7(b), the magnetic easy axis in the (001) CFO/PZT het-
erostructure suddenly switches from the in-plane direction
before the point A to the out-of-plane direction at point B
(E5=-0.003 MV/cm) and then flips back to the film plane
abruptly at point C (E$=-0.011 MV/cm). The reason for
the transition is that the least piezostrain required for the
out-of-plane EAR in the (001) CFO films is 0.01% as
marked by the dashed line in Fig. 7(a). In consequence, the
out-of-plane EAR happens only when &/,>0.01% (e.g., at
points B and C) and the electric field Eg can be approximated
as the critical electric field EY. After the point C, with the
further increase in the negative Es, &/, gradually reduces to
zero and reaches its negative maximum at the point D (E?
=-0.022 MV/cm) [see Fig. 7(a)] and the magnetic easy axis
still lies in the film plane [see Fig. 7(b)] because the &f,
values are below the critical value 0.01%. Moreover, it can
be seen from Fig. 7(b) that the out-of-plane EAR can also be
induced by a positive E5 field due to the symmetric behavior
of strain-electric-field loop, different from previous results
based on linear strain-electric-field relationship [Fig. 4(a)].

IV. ELECTRIC-FIELD-INDUCED IN-PLANE EAR

Compared with the out-of-plane EAR discussed above, an
electric-field-induced in-plane EAR, i.e., an in-plane rotation
of the magnetic easy axis induced by an electric field, more
easily happens since no extra energy is needed for overcom-
ing the large shape anisotropy energy. Still let us consider
(001)-oriented and polycrystalline FM films. If the applied
electric field is not high enough to induce an out-of-plane
EAR (E<E®) then the magnetic easy axis lies in the film
plane (see Fig. 2). In this case, the direction cosine m; in
Eqgs. (3)—(5) is zero and thus the total free-energy contribu-
tion can be expressed as

3
AF,,, =K mi(1—m}) - 5)\100(C11 — (e —epmi,

for epitaxial case, (20a)
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TABLE IV. The critical electric fields E{" for the electric-field-
induced in-plane EAR in (001)-oriented FM films at £y=0 with
PZN-PT, BTO, and PZT as the FE layers.

E{" (MV/cm)

Films PZN-PT BTO PZT

Fe 0.0389 0.5222 0.2413

CFO —-0.0028 -0.0373 -0.0172

Ni -0.0014~0.0014 -0.0183~0.0183 —-0.0084 ~0.0084
Fe;O0, —0.0063~0.0063 -0.0840~0.0840 -0.0388~0.0388

3
AF,, =~ EAS(CII —cp)(ey - Szz)m%,

for polycrystalline case, (20b)

where those terms independent of the direction cosines were
omitted. The critical in-plane electric field E{" can thus be
deduced as shown in Table IV.

For the longitudinal electric field E5;, we have &;;—¢&,
=0 on the condition that the residual strains along two in-
plane directions are equal and the FM/FE interface can pass
the strains homogeneously. In this case, the electric field Ej
could not induce an in-plane EAR, which means the mag-
netic easy axis might not be able to rotate within the film
plane upon a longitudinal electric field.

Comparatively, when the ferroelectric substrate is upon a
transverse electric field E, it can be derived that

g11— &= (dy3—d5))E, (21)
according to Eq. (11). Thus Egs. (20a) and (20b) could be

further written as

3
AF,,= Kl—5)\100(011—Clz)(d33—d31)E1 m%_Klm?,

for epitaxial case, (22a)
3 2
AF,,=- ?\s(cu —cp)(dsz —dsy ) Eymy,
for polycrystalline case. (22b)

Likewise, the change in the easy axis could be described
through the minimization of the total free energy. For (001)-
oriented films, a critical transverse electric field E{" is needed
to overcome in-plane magnetocrystalline anisotropy and cor-
responding electric-field-induced in-plane EARs are shown
in Fig. 8. Moreover, it can be seen from Eq. (22a) that the
expression of the total free energy exhibits a quartic term
with a coefficient —K;. Similarly to Eq. (16), such an
electric-field-induced in-plane EAR can be defined as a
second-order EAR when —K; >0 and a first-order one when
—K,; <0 as discussed above. Thus, it can be concluded that
the (001) Fe and CFO films show a first-order in-plane EAR
(K,>0, see Table I) at a critical transverse electric field EY',
ie.,
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The easy axis changes discontinuously at this critical point
from an initial in-plane [010] direction where m;=0, to an-
other in-plane direction [100] where m;=1, or vice versa,
depending on the sign of the K;/\o [see Figs. 8(a) and
8(b)].

For the (001) Ni and Fe;0, films, a second-order in-plane
EAR is expected (K; <0, see Table I). In the (001) Ni film,
the magnetic easy axis changes gradually from [100] to [010]
within a certain range of transverse electric field £}, i.e.,

~E{ <E <EY, (24)

where K; <0,\o>>0. Likewise, in the (001) Fe;0, film, we
have

(23)

E{<E <-EY (25)
Figures 8(c) and 8(d) show such a second-order electric-
field-induced in-plane EAR for the (001) Ni and Fe;0, films,
respectively. It is worth noting that the magnetic easy axes
are along the direction [110] (mI:\E/ 2) at E,;=0, which is
reasonable in the respect that [110] is the projective direction
of [111], i.e., the orientation of the magnetic easy axis, for
instance, in bulk Ni single crystals, onto the (001) film plane.

As shown in Table IV, the transverse electric field E; can
easily induce an in-plane EAR, where the values of E{" are
much smaller than those for an out-of-plane EAR. For ex-

ample, in the (001) CFO, Ni, and Fe;0, films, most of these
E{" are lower than their corresponding FE coercive fields,
which indicates such electric-field-induced in-plane EARs
could occur in these FM films. When the effect of the re-
sidual strain is taken into account, E{" can be further reduced.
These characteristics provide more degrees of freedom for
engineering functionality into these ferromagnets.

For polycrystalline FM films, the critical electric field E{"
equals zero, which means that a 90° switching of the mag-
netic easy axis in the film plane can be produced just by
changing the sign of the applied electric field. These results
are in accordance with recent experimental observations in
polycrystalline Ni films® and (001)-oriented epitaxial Fe;0,
films.!”

V. CONCLUSIONS

The electric-field-induced easy-axis reorientation in FM/
FE-layered heterostructures, i.e., the switch of the magnetic
easy axis driven by an electric field applied to the FE layer,
has been investigated systematically, based on a phenomeno-
logical approach. The FM layers include the widely used Fe,
CFO, Ni, and Fe;0, films, that are either polycrystalline or
(001) preferentially oriented. For most cases, the magnitudes
of the critical electric fields E" for the EAR in the (001)-
oriented FM films are smaller than their polycrystalline
counterparts. The relaxor ferroelectrics such as PZN-PT as
well as normal ferroelectrics such as BTO and PZT are used
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as the FE layers, and E“" decreases with increasing piezo-
electric coefficients.

Such electric-field-induced EARs are classified into an
out-of-plane EAR and an in-plane one. The in-plane EAR
could happen in CFO, Fe;0,, and Ni films at relatively low
applied electric field, among which, the (001) Ni/PZN-PT
heterostructure exhibits the lowest critical electric field (see
Table IV) owing to the lowest K /) ratio and large piezo-
electric coefficients [see Eq. (23)]. As the applied electric
field increases, the out-of-plane EAR is likely to be induced
but only experimentally accessible in CFO and Ni films,
which are limited by the dielectric breakdown field or the
coercive field of corresponding FE layers. Among them, the
(001) CFO/PZN-PT heterostructure shows the lowest critical
electric fields (see Tables II and III) due to large magneto-
strictive constants of CFO films as well as high piezoelectric
coefficients of PZN-PT substrates.

Influences of different electric-field modes (i.e., a longitu-
dinal E; mode and a transverse E; mode) on the EARs have
been studied. It should be noted that the electric-field-
induced in-plane EAR could only occur in the £, mode if the
residual strains are deemed as equal in the film plane

PHYSICAL REVIEW B 80, 224416 (2009)

whereas the out-of-plane EAR could happen in both electric-
field modes. The magnitudes of EY are lower than that of
E{", which indicates the longitudinal electric field E5 can
induce the out-of-plane EAR more effectively. However, as
the electric field E exceeds the ferroelectric coercive field E,,
nonlinear behavior of strain-electric-field relationship should
be considered. Moreover, the critical electric fields can be
greatly reduced by a careful control of the residual strain
such as varying the thickness of FM layers and changing the
thermal conditions during deposition process.

Both the electric-field-induced out-of-plane and in-plane
EARSs can be abrupt (discontinuous) or gradual (continuous),
depending on the signs of the quartic coefficients in corre-
sponding expressions of the total free energy. Such abrupt
and gradual EARs are defined as the first-order and the
second-order EARs, respectively.
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