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We investigate the influence of a well-defined reversible biaxial strain <0.12% on the magnetization (M) of
epitaxial ferromagnetic manganite films. M has been recorded depending on temperature, strain and magnetic
field in 20—50 nm thick films. This is accomplished by reversibly compressing the isotropic in-plane lattice
parameter of the rhombohedral piezoelectric 0.72PMN-0.28PT (001) substrates by application of an electric
field E<12 kV cm™'. The magnitude of the total variable in-plane strain has been derived. Strain-induced
shifts of the ferromagnetic Curie temperature (7) of up to 19 K were found in Lag 7Sty sMnO5 (LSMO) and
Laj ;Cay3sMnOj5 films and are quantitatively analyzed for LSMO within a cubic model. The effective magne-
toelectric coupling coefficient a=uydM/dE<6X107 sm™! at ambient temperature in the magnetic-film-
ferroelectric-substrate system results from the strain-induced M change. It corresponds to an enhancement of
MoAM <19 mT upon biaxial compression of 0.1%. The extraordinary large « originates from the combination
of three crucial properties: (i) the strong strain dependence of M in the ferromagnetic manganites, (ii) large

piezo-strain of the PMN-PT substrates, and (iii) effective elastic coupling at the film-substrate interface.
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I. INTRODUCTION

Magnetic ordering in a crystalline solid is sensitive to the
bond lengths and angles of the magnetic atoms. This is par-
ticularly important for some 3d transition metal oxides char-
acterized by strong electron-phonon interaction. One most-
studied example is the family of rare-earth manganites
(R,A)MnO; (R=Y,Bi,La, or rare earth metal, A
=nontrivalent doping metal) which is well known for the
colossal magnetoresistance (CMR) effect and further extraor-
dinary sensitivities to external parameters including hydro-
static pressure and epitaxial strain in films.!~*

Their strong sensitivity towards lattice strain makes man-
ganites interesting candidates for the magnetic part in multi-
ferroic composites with large magnetoelectric effect. Multi-
ferroic composites are understood as a combination of a
ferromagnetic and a ferroelectric compound in mixed-
powder, layered, or nanocolumnar geometries where the
components are essentially elastically coupled.’~!® The strain
induced in one component (either by magnetostriction in the
magnet or by inverse piezoelectric effect in the ferroelectric)
is mediated to the other and alters its polarization (be it elec-
tric or magnetic). Hence, this allows one to control the elec-
tric polarization of the composite by a magnetic field or its
magnetization (M) by an electric field (E). The coupling of
magnetic and ferroelectric orders in a material is addressed
as “magnetoelectric effect” in recent work,'*!> even though
the original term was restricted to single-phase compounds
which show a nonzero linear magnetoelectric coefficient «
= ,LLodM /dE .16

In a previous work'? we have demonstrated the principle
of reversible control of film strain by application of an elec-
tric voltage to the piezoelectric substrate in Lay;Sry3MnO;
films grown epitaxially on ferroelectric and piezoelectric
Pb(Mg1/3Nb2/3)0_72Ti0_2803 (PMN-PT) (001) (That work is
further concerned with the strain-dependent resistance of
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such films.) In fact, this approach allows one to control the
biaxial strain of epitaxial films as a variable parameter during
experiments. Its actual limitation is the achievable magnitude
of tunable strain which is <0.2% in present experiments.
Since PMN-PT(001) is capable of larger strain of at least
0.5%,'7-'° this limit is not strict but was set for experimental
reasons (voltage limit of 500 V across 0.4 mm thick crystals
giving E=12 kV cm™!, avoidance of crack formation in the
piezocrystal). Note that reversible strain of similar magni-
tude is applied in mechanical bending experiments,?® but the
need of a mechanical apparatus makes bending much more
complicated than piezoelectric strain control for many ex-
periments. The detailed nature of bending and piezostrain
experiments may be different with respect to the induced
volume change. The present approach is based on piezoelec-
trically induced biaxial compression of films accompanied
by volume reduction.

Here, the structural effects on electronic properties in
manganites and results for strained thin films are briefly out-
lined. One well-known structural influence is the reduction
of the electronic band width by distortion of the Mn-O-Mn
bond angles away from 180°, the bond angle in the cubic
perovskite-type lattice. Further, enlarged length of Mn-O
bonds also reduces the electronic band width and, as a con-
sequence, the ferromagnetic double exchange interaction.!
The other important structural effect originates from the
strong Jahn-Teller effect of the Mn?* ion in octahedral MnOy
coordination.> The degenerate Mn 3d e, level occupied by
one electron is split associated with uniaxial distortion of the
surrounding O octahedron. The distortion favours one certain
e, electron orbital and may occur as long-range orbital or-
dering phenomenon.?"?3 The epitaxial strain in films was
predicted to have a similar effect, since it enforces long-
range (tetragonal) distortion. Indeed, strong impact of strain
on orbital ordering in thin films has been observed experi-
mentally (e.g., Refs. 24 and 25). In ferromagnetic conducting
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manganites such as Lag 74, 3MnO; (A=Sr,Ca,Ba), the Jahn-
Teller distortions are dynamic due to moving e,
electrons,>?%27 but epitaxial strain favors one direction of
distortions. Numerous investigations have been carried out
studying ferromagnetic manganite films of various thickness
deposited on mismatching substrates (e.g., Refs. 28-32).
Typically, the elastic strain in films decreases with increasing
film thickness, the decrease being either continuous or abrupt
depending on the strain-relaxing defects formed in the film.
Hence, many films grown intentionally on mismatching sub-
strates are nonuniformly strained. The ferromagnetic Curie
temperature T of Lay;Sry;MnO; (LSMO) is reduced by
epitaxial strain by up to 100 K,?2 whereas La;Caj;MnO5
(LCMO) shows an enhanced T in a certain range of com-
pressive strain. The reason for the difference is attributed to
the nearly cubic lattice of LSMO in contrast to the ortho-
rhombic lattice of bulk LCMO. Further, a strong impact of
film strain on magnetic anisotropy has been revealed in nu-
merous studies (e.g., Refs. 30 and 32-35). Stress-induced
anisotropy is typically dominating over the weak magneto-
crystalline anisotropy in nearly cubic lanthanum manganites,
with the well-known example of perpendicular magnetiza-
tion in compressively strained La, ;Sr, sMnO; films.3® How-
ever, it is important to note that ferromagnetic ordering is
also affected by the finite thickness of films and the oxygen
content. The latter may depend on the strain state of the film
and is impossible to measure with the needed accuracy thus
far. Hence, a dynamic strain experiment is useful in order to
clarify the sole influence of strain on magnetic ordering.

In this work, the influence of a well-defined piezoelectri-
cally controlled biaxial compression on the magnetization of
epitaxial Lay;Sr)3MnO; and Lay,;CaysMnO; films is re-
ported. Substantial strain-induced magnetization is observed
also in the remanent state. Magnetoelectric coupling coeffi-
cients a of up to 6 X 1078 s m~! at ambient temperature have
been revealed. Sections III A-III C describe the measured
magnetization depending on temperature, biaxial strain, and
magnetic field at varied strain states. The origin of the strain
influence on magnetization is addressed in Sec. III D. Sec-
tion III E discusses the quantitative determination of the tun-
able film strain. Finally, the biaxial strain dependence of 7
is analyzed for a Laj,Sry3MnO; film following the model
proposed by Millis et al.3” in Sec. I F.

II. EXPERIMENT

Thin epitaxial films of Lay;A,3MnO5; (A=Sr,Ca) have
been grown by pulsed laser deposition (PLD) (KrF 248 nm
excimer laser) at 650 °C on monocrystalline platelets of
rhombohedral Pb(Mg;/3Nb,3)0.72Tip2503(001) (PMN-PT) as
described previously.!? The in-plane lattice parameter of the
PMN-PT crystals is a=b=4.022 A, leading to tensile strain
in the films which have pseudocubic bulk lattice parameters
of arsmo=3.876 A and a; gyo=3.864 A. The film thickness
is between 20 nm (50 pseudocubic unit cells) and 50 nm for
this investigation. This range has been chosen in order to
probe near-bulk behavior (>20 nm), but avoid the stronger
strain inhomogeneity expected in thicker films.

As-grown films are characterized by 6-26 x-ray diffrac-
tion, atomic force microscopy (AFM), and measurements of
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FIG. 1. In-plane piezoelectric strain vs applied electric field
EN[001] recorded along a [100] edge of a 0.72PMN-0.28PT(001)
substrate.

electrical resistance. The magnetization (M) has been mea-
sured in a SQUID magnetometer (Quantum Design) along
the [100] direction of the substrate. Either a small magnetic
field is applied in this direction during the measurement or
the remanent magnetization is recorded after initial applica-
tion of 5 T. In the latter case, the negligibility of relaxation
has been checked.

The epitaxial strain in the films is controlled as follows:'?
The piezoelectric PMN-PT platelets have a NiCr/Au elec-
trode on one (001) face, and the conducting manganite film
on the opposite (001) face serves as second electrode. Even
though a manganite film may have a thousand-fold higher
resistance than the Au electrode, the huge resistance of the
PMN-PT platelet of >1 G{) guarantees proper function of
the oxide electrode. Between the electrodes, an electric volt-
age up to 500 V is applied producing an electric field E
<12kV cm™ in the 0.4 mm thick piezocrystal. Figure 1
shows the reversible in-plane strain of a representative sub-
strate crystal recorded by laser interferometry. Upon applica-
tion of E, both in-plane directions of the substrate shrink
approximately linearly with increasing E. Despite the pres-
ence of ferroelectric domains, the strain is sufficiently uni-
form in the (001) film plane (see Sec. IIT E). In order to avoid
both hysteresis and risk of cracks due to mechanical forces at
polarization reversal, most experiments are carried out at
E .x>E>0 after applying E ., to the crystal. The tempera-
ture dependence of the piezoelectric strain is assumed to be
sufficiently weak® to be neglected here, apart from an in-
crease of the ferroelectric coercive fields at low temperature.
Further, the negligibility of the magnetic signal from the cur-
rent flowing through the piezocrystal (limited to 1 wA, but
usually being <0.1 wA) has been verified in the paramag-
netic state of the films. Note also that the field effect present
at the PMN-PT/manganite interface has negligible influence
on the observed magnetization behavior provided the screen-
ing length of the electric field is much smaller than the film
thickness. For Lajy;A,3MnO; (A=Sr,Ca), the screening
length does not exceed few unit cells.

III. RESULTS AND DISCUSSION

A. Temperature-dependent magnetization at controlled strain

Table I summarizes the sample number, compound, thick-
ness, out-of-plane lattice parameter, full-width-half-
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TABLE I. Studied films on PMN-PT(001) substrates, their out-of-plane lattice parameter ¢, FWHM of the
(002) peak in ®-20 x-ray diffraction patterns, perpendicular film strain e, in the as-grown state (derived
using bulk parameters a; spo=3.876 A and a; cyo=3.864 A), ferromagnetic Curie temperature T in the
as-grown state, and increase AT recorded upon application of a piezoelectric in-plane strain Je,.

Sample Film thick- FWHM AT (Seyy)
No. Compound ness (nm) ¢ (A) ©) e, (%) Tc (K) Sy (%) (K)
1 Lag StosMnOs5 50 3840 037  -093 339 0.1 7
2 Lag ;1o sMnOs5 20 3828 040  -124 278  —-0.08 19
3 Lag 7StosMnO5 30 3850 053 -0.67 340
4 Lag,CagsMnOs 30 3829 046  -091 198  —0.11 11

maximum (FWHM) value of the (002) reflection in standard
x-ray diffractograms and T of the investigated films in as-
grown state. The FWHM values indicate the presence of
some strain variation in the as-grown films due to the large
lattice misfit. Partial stress relaxation with defect formation
is also obvious from the ¢ lattice parameters (see Table I).
The temperature dependence M(T) of a Lay;Sr,;MnO5 film
(No. 2) and a Lay,Cag3MnOj5 film (No. 4) in remanent mag-
netic state at E=0 are shown in Figs. 2(a) and 2(c), respec-
tively. Both films are under tensile strain (see ¢ parameters,
Table I) from the substrate, leading in combination with fi-
nite thickness to lowered values of 7.. The bulk 7, of
LSMO (LCMO) is ~370 K (250 K).>*° For both films, the
quadratic magnetization M>(T) [Figs. 2(b) and 2(d)] is ap-
proximately linear in a temperature range below 7. Hence,
the value of T in mean-field approximation has been de-
rived by extrapolating the linear part of M*(T) to M=0.
Close to and above T, M(T) is characterized by a weaker
drop (a “tail”) towards higher temperature, reminding one
of the short range order phenomenon discussed for
manganites.> Since the “tail” is also observed for remanent
magnetization, it is not induced by the magnetic field.

The tensile strain of the as-grown films is reduced by
application of E to the substrate. M(T) curves recorded at
constant piezoelectric strain are displayed in Figs. 2(b) and
2(d). M increases upon film compression due to the release
of tensile strain. The shift of 7 with the strain has been
derived; Table I lists the increase of T obtained after piezo-
electric compression (Je,,) of three films. The largest shift of
T of 19 K is recorded for the thinnest (20 nm) LSMO film
(No. 2) which has a much suppressed 7 (278 K). The quan-
titative relation of T vs strain derived in Sec. IIl F shows
that the reduced T of this film cannot be explained by its
strain state alone. Some additional reduction of T is as-
cribed to its finite thickness and/or strain-induced underoxy-
genation. The Laj,Cay3MnOj5 film also has a strongly sup-
pressed T, but its absolute strain-induced shift of AT
=11 K is not higher than that of the LSMO films.

Most efficient strain control of M is possible close to T if
the strain effect is essentially based on changing T (see Sec.
I D). (One further approach for strain control of M is the
change of magnetic anisotropy, but this plays a minor role in
the present experiment, see Sec. III C.) From a practical
viewpoint, one may reduce the temperature dependence of
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the strain-induced M by growing films with a distribution of
T values. This would reduce the relative change AM/M at
any temperature while keeping the absolute change AM the
same for each volume fraction of the film close to its respec-
tive T¢. How useful such an approach could be depends on
how quickly AM decays below T (see Fig. 2). On the other
hand, even strain-induced paramagnetic-ferromagnetic
switching at well-chosen temperatures should be possible in
a film with “sharp” T.. For the present films, this is ham-
pered by the “tail” of M(T) towards T>T.

B. Strain control of magnetization

The magnetization of a Lay;Sry,sMnOj5 film [No. 3, Fig.
3(a)] is enhanced by about 25% at 330 K when E
=10 kV cm™! has been applied. The M (E) loop of the LCMO
film [No. 4, Fig. 3(b)] confirms that the remanent M can also
be controlled in this way. Interestingly, the strain-dependent
M loop is hysteretic up to maximum E, in contrast to the
non-hysteretic strain of the substrate above the ferroelectric
coercive field E-~2 kV cm™! (Fig. 1). This may indicate a
magnetic origin of the hysteresis which is not unlikely since
the film is in a multidomain state at the measuring field. One
origin of strain-induced M has been revealed in Sec. IIT A,
i.e., the enhancement of 7 by the piezoelectric compression.
Change of magnetic anisotropy as another possible source is
discussed in Sec. III C.

The direct strain control of M may be of practical interest
for electrically tuning a permanent magnet. Figure 3(c) illus-
trates the derived magnetoelectric coupling coefficient «
=uodM/dE vs electric field for the film of Fig. 3(a). The
value of a<6X10"8 s m™! is larger than those values ob-
served for single-phase materials and earlier-investigated
composites.!* It could be comparable to the response ex-
pected in layered composites of PMN-PT and magnetostric-
tive materials,*' but for these samples which show the largest
known magnetoelectric voltage coefficient o' =dE/dH the
change of M has not yet been investigated. The large value
of « indicates effective elastic coupling at the epitaxial film-
substrate interface. Assuming ideal elastic interface coupling,
a can be estimated as a=uydM/de,,-de, /dE with the in-
plane strain &, the inverse piezoelectric effect de, . /dE of
the substrate and the strain coefficient w,dM/de,, of the
magnetic film. Both factors dM/de,, and de,./dE can be
optimized independently by choosing a strain-sensitive mag-
net and a ferroelectric with large inverse piezoelectric re-
sponse.

C. Magnetization vs magnetic field at controlled strain

Field-dependent demagnetization curves of a LSMO film
(No. 3) have been studied close to T and at 10 K (Fig. 4).

The easy axes are the in-plane diagonals [110] and [110], as
visible in Fig. 4(a). This is typical for Lag;Sr;3;MnO; films
under isotropic tensile stress, e.g., for films on
SrTiO;(001).433 Hence, most measurements presented here
have been taken along the [100] hard axis. At low tempera-
ture, the observed influence of the piezo-strain is low: no
detectable strain-dependent change of the magnetic coercive
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FIG. 3. (a) Magnetization MII[100] vs electric field EII[001]
applied to the substrate for a Lag;Sry3sMnOz/PMN-PT(001) film.
(b) Respective result for the remanent magnetization at unidirec-
tional electric field for a Lay;Cay3MnO3;/PMN-PT(001) film. (c)
Magnetoelectric coupling coefficient a=u, dM/dE derived from
the data of Fig. 3(a).

field H, and negligible enhancement of the saturated magne-
tization and saturation field [Fig. 4(b)]. This is, nevertheless,
qualitatively in line with experiments on statically strained
films, because the strain does not change the angle between
the easy axes and the measuring direction in our experiment,
and the magnitude of Je,,~—0.1% is probably too small to
substantially modify H or the saturation field of M. Hence,
strain-induced modulation of magnetic anisotropy is con-
cluded to play a minor role for the reported experiment.

D. Origin of the strain influence on magnetization

As visible in Fig. 4(c), the saturated magnetization at am-
bient temperature depends on strain. The saturated magneti-
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FIG. 4. Magnetic field (H) dependence of the magnetization M
of a Lag 7Sty 3MnO3/PMN-PT(001) film recorded at the indicated
electric field EII001 applied to the substrate. Mg denotes the satu-
ration value at uoH=5 T and E=0. (a) Measurement along an easy
axis at 10 K. (b) Measurement along a hard axis at 10 K. (c) Mea-
surement at 270 K.

zation equals the spontaneous magnetization M in a ferro-
magnet. Here, we address the strain influence on Mg whereas
possible strain effects on domain processes are beyond the
scope of this work. (They are not expected to dominate the
observed behavior at present strain levels.) Kuzmin et al.*>%
reported on a universal function which describes the reduced
spontaneous magnetization m=M¢/ M (T=0) of ferromag-
nets in the full temperature range O< 7=7/T-=< 1. This ex-
pression is considered for a phenomenological discussion of
strain-dependent M :
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m(n)=[1-s7?=(1-5)77)F (1)

with B~1/3 and s as a free (shape) parameter. The three
parameters T, M¢(T=0), and s can principally be affected
by strain. Figures 4(a) and 4(b) have shown that M(T=0)
remains rather unchanged by strain. Note that this is ex-
pected if spin-only magnetic moments of Mn ions align in
parallel. Unfortunately, it is not yet possible to conclude
about the parameter s, because the temperature range of re-
corded M(T) data was restricted to the mean-field-like range
below Tc. The strain-dependent shift of 7 is clearly detected
(Sec. IIT A), hence it is considered as essential origin of the
strain-dependent M.

At this point, the question about the microscopic origin of
the strain-dependent T- arises. Direct calculations of T vs a
tetragonal distortion for Lay ;A ;MnO;5 are not yet known to
the authors. A number of studies have been devoted to half-
doped insulating manganites and the issue of strain stabiliza-
tion of orbital ordering.?!=23 Millis et al.>3” have revealed the
crucial balance between the total energy gain from local
Jahn-Teller distortion induced by charge carriers and the ki-
netic energy of electrons for the conduction mechanism
coupled with ferromagnetism. Fang ef al.?! derived the stable
magnetic phases in the plane of tetragonal distortion c/a vs
doping (x) for La;_Sr,MnO; from first-principles band
structure calculations. They obtained a stable ferromagnetic
phase at x=0.3 for c/a=1 which changes to layered antifer-
romagnetic for strong tensile strain (¢/a<<0.96). This mag-
nitude of strain is not reached in the present experiment with
c¢/a=0.975 in as-grown LSMO films, in consistence with
their ferromagnetic behavior. The computational result just
qualitatively confirms the weakening of ferromagnetism with
increasing tensile strain which stabilizes the in-plane e, elec-
tron orbital.

The local structural response towards epitaxial strain in a
film may include: (i) a change in the average Mn-O bond
length, (ii) a change in the Mn-O-Mn bond angles, and (iii) a
distortion of the O octahedra influencing directly the e, level
splitting. (i) and (ii) affect the electron hopping integral and,
hence, the kinetic energy. Experimentally, there is a growing
number of studies of the local distortions induced by film
strain. Booth et al.?>** employed x-ray absorption techniques
(XAFS); their studies of the variance of Mn-O bond lengths
demonstrated the dynamic distortions in metallic manganites
(in their work, La;_,Ca,MnQj;). Further investigations using
x-ray absorption techniques have been conducted on
strained films of La,_,Ca,MnO;,% Nd,sSr,sMnO;,* and
La, ;SrsMn0O;.*” They differ in their conclusions regarding
the relevance of changes in bond angles, average bond length
and shape of O octahedra. This may indicate a specific reac-
tion towards strain depending on the composition/bulk lattice
structure of the respective manganite. Optical reflectance/
transmittance spectra give evidence for strain-induced shifts
of phonon modes.?! The available results for LagSr, sMnOs
films3'#7 indicate a distortion of oxygen octahedra as a major
structural response to tetragonal strain. However, more in-
vestigations are needed for a clear picture.

E. Estimation of strain-controlled lattice parameters

First, the uniformity of the in-plane lattice parameter of
0.72PMN-0.28PT(001) as a crucial issue for quantitative
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strain analysis is considered. Ferroelectrics are generally
noncubic. They form ferroelectric domains which typically
lead to varying lattice parameters on a crystal surface. Ad-
vantageously, rhombohedral (or tetragonal) crystals polarized
along [001] have a constant value of the in-plane lattice pa-
rameter on (001) surfaces. For rhombohedral crystals, the
local polarization oriented along one of the four pseudocubic

space diagonals (111), (111), etc., has the same tilt angle
with the surface everywhere. Deviations only arise at the
narrow ferroelectric domain walls where the polarization di-
rection changes. However, the domain walls in comparable
oxide ferroelectrics are only few unit cells wide, i.e., they
affect only a small volume fraction of a film grown on top.
Above the domain walls, small kinks appear at the PMN-
PT(001) surface as imaged by AFM line scans.*® The angle
of the kinks is between 179° and 180° for a large number of
investigated domain walls. It is related to the small rhombo-
hedral distortion of 0.72PMN-0.28PT, with the rhombohe-
dral angle of 89.90° at 300 K obtained from refined x-ray
data on a powderized crystal.®® It is useful to note that the
rhombohedral distortion of PMN-PT (x=0.28) is comparable
to that of LaAlO; (Ref. 49) which is frequently used for
epitaxial growth of oxide films. Hence, we suggest that the
deviations from cubic lattice structure are sufficiently small
for 0.72PMN-0.28PT to justify the assumption of a uniform
in-plane lattice parameter for most experiments. Upon appli-
cation of an electric field [which is below the critical field
inducing a rhombohedral-tetragonal transition in PMN-PT
(Ref. 17)], a tetragonal distortion takes place which main-
tains the uniformity of the in-plane lattice parameter.

The piezoelectric substrate strain is assumed to be fully
transferred to the thin film. Hence, the film undergoes a bi-
axial compression of known magnitude. The film deforma-
tion in the case of manganites has been found to be elastic up
to the applied compression of —0.25%, since no irreversible
changes of resistance were detected. The lower strain com-
pared to the nominal film-substrate mismatch (3.1%) of as-
grown films (Table I, ¢_,) reveals that our films contain lat-
tice defects. It is difficult to estimate the influence of these
defects on the transfer of piezoelectric strain perpendicular to
the film normal; for this reason, this investigation has been
restricted to a film thickness <50 nm. The total strain of
Lag 7St 3;MnOj films in dependence on E is derived from the
film’s ¢ lattice parameter in as-grown state, the piezoelectric
substrate in-plane strain (J8e,,) and the Poisson number v
~0.33 (which is known for this compound from several

PHYSICAL REVIEW B 75, 054408 (2007)

- [ #3
"’A -
£
S 85|
=
g La, Sr,.MnO
9, 80 0.7°"03 3
= uH=001T
T=330K
75 |
| ISR TR N T AT VAT TR TN WO [N WY SO W SR |
0.55 0.60 0.65 0.70

in-plane strain ¢, (%)

FIG. 5. Magnetization M|I[100] vs total in-plane strain of a

studies8-30

as

and, hence, considered to be sufficiently reliable)

sxx(E) == Szz(E = 0) + 58xx(E)

(with de,, <0 and &,,=—¢_. for v=0.33). (2)

In future work, the film in-plane and out-of-plane lattice pa-
rameters can be determined from x-ray diffraction with elec-
tric voltage applied to the substrate. In general, the Poisson
number of thin films might be directly measurable in this
way with better precision. For LCMO, no reliable Poisson
number seems to be available, and it may be anisotropic.

After estimation of &,,(E), M data can be plotted vs in-
plane strain, as shown in Fig. 5 for one branch of decreasing
electric field from Fig. 3(a). Interestingly, the dependence
M(g,,) is clearly linear in the investigated range of &,, for
LSMO even though both the strain vs E (Fig. 1) and M(E)
[Fig. 3(a)] show some nonlinearity. The linear strain coeffi-
cient of M is derived as dM/de, =1.3X 10* emu cm™ (with
absolute values of strain such as ,,=1.2X 1073), or in other
units uodM/de,,=19 T (leading to the strain-induced uoM
=19 mT by 0.1% of compression).

F. Quantitative strain dependence of T¢ in La;Sr;MnO;

In Figs. 6(a) and 6(b), T of film No. 1 is plotted vs E and
the total in-plane strain. The scattering of the data is essen-
tially caused by the error of T estimation (see Sec. III A).
The shift of T resulting from an elastic tetragonal deforma-

346 n L s @] el m (b)
| o703 3 | | = La,,Sr, .MnO, . .
uH=03T A FIG. 6. Ferromagnetic Curie
344 |- 344 |-
_ - —_ - temperature (T¢) (a) vs substrate
€ [ " . £ T " . electric field EI[001] and (b) vs
= 34z L R 32 - L total in-plane strain for a
I . I . Lay Sty ;MnO; / PMN-PT(001)
340 #1 L] " 340 - #1 " . film. T, is derived from
-1 . = . . 238 [ . . . temperature-dependent magneti-
338 1 1 1 1 11 PE S S U W T R
10 5 0 5 10 0.70 0.75 0.60 zation data (cf. Sec. III A).
E (kV/cm) in-plane strain ¢ _ (%)
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tion of the cubic unit cell can be expressed according to
Millis et al.’ as

A,
Tc= Tco<1 + aep - 5(8 )2> (3)

with the bulk compression gg=~1/3(g,,+€,,+¢,,) and the
isotropic biaxial distortion &"=1/2(g,,—&,,). &, &,, and &,
are the diagonal elements of the strain tensor with €,,=¢,,
for isotropic in-plane distortion. The shear strains &,,, etc.,
are negligible if no bending occurs. This is assumed to hold
for our experiment due to the low thickness of both electrode
layers on the piezocrystal. One may derive the bulk coeffi-
cient a=1/TedTcldeg==3/TdTc/dp(1/VdV/dp)™ from
the pressure (p) dependence of T and the volume (V) com-
pressibility. The parameter A=1/T-d*T./d(¢")* character-
izes the sensitivity of magnetic ordering towards biaxial
strain. In a cubic lattice, the linear derivative of 7~ with
respect to & is zero.’” Under the assumption of a known
Poisson number of v=0.33, Eq. (3) is reduced to

a A,
TC - TCO(1 3 Exx 2 Exx > . (4)
With a good data set covering an extended range of in-plane
strain &,,, all three parameters Ty, @, and A could in prin-
ciple be fitted. Since our data cover a rather small range of
strain and show some scattering of 7~ values, the volume
parameter « has been derived from neutron work on a crystal
of the same composition.”® That work records the pressure
dependences of the volume at ambient temperature (5.4
X 1073 GPa™!) and of T (1.2% GPa™!). The latter value has
an error of up to 20% according to the authors, but agrees
fairly well with cited earlier studies. Hence, a=6+1.2 for
Lag 7Sty sMnO;. Note that the volume term in Egs. (3) and
(4) contributes about 10% of the measured shift of T in the
present experiment; it is not negligible but its error is less
crucial. The data of Fig. 6(b) can be fitted with Eq. (4) and
yield T¢o~370 K and A~2000. First, this result supports
the reliability of the experiment, since T, is close to the
bulk 7. The value of A compares in the order of magnitude
with results on statically strained La;SrysMnQOj5 films (An-
geloni et al.:>* A=1000; Ranno et al.:** A=2100; Lu et al.>!
A=1400 for Lay4;Bag33Mn053) which, on the other hand,
vary by a factor of 2.

For the Ca-doped film, the elastic response of the ortho-
rhombic material is probably not describable within a cubic

PHYSICAL REVIEW B 75, 054408 (2007)

model, since even the volume compression observed under
hydrostatic pressure is anisotropic.’> Hence, quantitative
analysis of the biaxial strain dependence of T, in
Laj;Cay3MnO; may need to take anisotropy into account
and is beyond this work.

IV. CONCLUSION

The influence of biaxial strain on the magnetization of
epitaxial films of two prototype ferromagnetic manganites
has been quantitatively investigated. This is accomplished by
reversibly compressing the isotropic in-plane lattice param-
eter of rhombohedral 0.72PMN-0.28PT (001) substrates by
application of an electric field E< 12 kV cm™'. Biaxial com-
pression of the epitaxial films induced an enhanced magne-
tization of the order of uoAM/|Se,,|<190 mT %" in low or
zero magnetic field. The inspection of temperature-
dependent M data at varied strain level reveals a pronounced
strain-induced shift of 7 and low strain influence on zero-
temperature saturated magnetization. The biaxial strain
parameter’’ A=2000 is derived from strain-dependent T
data for Lag,Sry3sMnOs. A large strain-mediated magneto-
electric coupling coefficient a=u,dM/dE<6X 1078 s m™!
at ambient temperature is observed for the magnetic-film-
ferroelectric-substrate system. Hence, electrical control of a
permanent magnet at practically relevant temperature has
been demonstrated.

In the final state of this work we became aware of the
work by Eerenstein et al.* who report on electrically in-
duced sharp magnetization switching in
Lag 67S1)33Mn0O5/BaTiO5(001) films. That approach differs
in the respect of choosing a substrate with hysteretic fer-
roelastic strain changes. The magnitude of strain-modulated
M in Lag;Sry3MnO5 appears roughly comparable in both
experiments with an estimation of an averaged strain for the
films on BaTiO5(001). The present work represents an im-
provement with respect to providing a more homogeneous
strain state of the film, whereas the goal of Ref. 53 was to
demonstrate a switching effect.
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