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Ferroelectricity and ferrimagnetism in iron-doped BaTiO 3
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The structural and physical properties of pseudocubic thin-film BgFeO5(0.5=x=<0.75)

grown by pulsed-laser deposition are reported. This material is of interest because the corresponding
bulk compounds have hexagonal structure for comparapland because the films are both
ferroelectric and ferrimagnetic well above room temperature. A substantial increase of the
ferroelectric transition temperature relative to that of bulk BaTigDattributed to lattice expansion
induced by Fe doping. €001 American Institute of Physic§DOI: 10.1063/1.136731]1

Crystalline compounds in which magnetic and electriclayers were employed for capacitance measurements
polarization coexist are quite rare in natdrparticularly at  (HP4263BLCR metey.
room temperature and above. They offer the prospect of de- Electron microprobe analysis indicated film composi-
vices in which, e.g., the magneto- or electrostriction may bdions consistent with those of the targets. Studies of the mi-
used to manipulate the polarization or transition temperaturecrostructure of the film by transmission electron microscopy
Progress has been made in growing such materials in thif TEM) and XRD are presented in detail elsewh&end are
film form using pulsed-laser depositi¢RLD).2 Recently we ~ Summarized here. The pseudocubic perovskite phase with
reported structural characterization of PLD-grown thin-film Nigh Fe content forms during initial stages of growth; its
BaTi,_,Fe,04(0.5<x=<0.75) having the pseudocubic per- metastability is reflected in the competing growth of a disor-

ovskite structurd. The high Fe concentration of the films deréd phase, composed of hexagonal and pseudocubic inter-
implies an extension of the stability limit found for bulk growths, during the latter stages of deposition. The crossover

pseudocubic BaTigBTO): Fe doping in the bulk stabilizes 1ICKNess is greatest f¢100] substrate orientations. We re-
) 5 strict our discussion in the present work to films grown on
the hexagonal perovskite structfifer 0.06<x=<0.84° Here . .
X . 100] substrates with thicknesses well below the crossover
we present measurements of physical properties for the Alue of ~1 um.
films, establishing the coexistence of magnetic and electric TEM and XRD pole figures confirmed cube-on-cube,
order well above room temperature. N ~ epitaxial growth of the pseudocubic phase with out-of-plane
Thin films were grown by pulsed-laser deposition using|attice parameten, =4.03A—4.07 A. The actual structure
a 248 nm KrF excimer las¢t.ambda Physik, Compex 205  of the as-prepared films is weakly tetragonal or orthorhombic
from  polycrystalline  targets of  BaJiFesOs  as confirmed by asymmetric rocking curve séan$ the
BaTip o9-€.780;, and BaFeTizO14(BFTO-B), prepared by {303 film reflections; the average in-plane lattice parameter
solid state reactiofi® The energy density at the target was 3, of the as-prepared films is0.3% larger thara, at room
~1.3-2.0 J/crh pulse repetition rate 10-20 Hz, and target-temperature. Rocking curve scans of i@/) reflections
substrate distance 4 cm. The films were deposited on Mg@ield full width at half maximum~0.6—0.9°, consistent with
substrates of[100], [110], and [111] orientation, and TEM observations of low-angle grain boundaries. An ex-
[100] SrTiO,, with substrate temperature 880 °C and oxygenpanded lattice compared to bulk BT@®ulk tetragonal BTO
pressurePo, =100 mTorr. After deposition, films were held has a=3.9947 A,c=4.0336 A at room temperaturés ob-
at 500 °C and302=500 Torr for 30 min, then cooled to room served for films grown on both MgO and STO, i.e., is inde-

; : B pendent of lattice mismatctopposite in sign for the two
femperalure. Film icknesses 1anged fiom0-360 MM subsiratesa9°=4213A, 293,905 A\
ceasurements of x-ray difiractio 1ps en, There are several possible causes for the lattice expan-
electrical resistivity (Keithley 6512 electrometer and

. N sion. Substitution of Fe in BTO impliéshe oxidation of
Keithley 230 voltage sourgeand magnetizatioflQuantum g+ 1o Fef+ andjor the formation of one oxygen vacancy for

Design superconducting quantum interference device magngs,o pe+. Oxygen vacancies in perovskites expand the
tometer, field parallel to the film plahevere performed. |attice® Fe** substitution for Tt also implies a lattice ex-
Films deposited on 0.05 wt% Nb-doped SriSTO:Nb pansion due to the larger radius of the former 8 he
substrates with thermally evaporated Au or Cr—Au over-ynit-cell volume of the films increases with Fe doping at a
rate of approximately 2:810°2A%%Fe for the fixedPo,

dElectronic mail: cohn@physics.miami.edu used during growth. This suggests that lattice expansion due

0003-6951/2001/78(17)/2536/3/$18.00 2536 © 2001 American Institute of Physics
Downloaded 26 Sep 2007 to 129.171.61.70. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 78, No. 17, 23 April 2001

4.06 | ' ' ]

<

B

C 4.04

@]

(%]

T

- 4.02

— 0.4

(2]

£

i

s 0.2

(&

0.0

€7 BaTi, ;Fe, ;0,
[&]

a 9

= s} (©)
o

2 4

4 3}

0 100 200 300 400
T (°C)

FIG. 1. (a) Average in-planed;) and out-of-plane 4, ) lattice parameters
vs temperature during heating in air for a Bgdie, 05 film grown on
[100JSTO, (b) capacitance for a Cr—Au/BajiFe,sO3/[100]STO:Nb ca-
pacitor, (c) in-plane electrical resistivity for a film of the same composition
grown on[100]MgO.

to mechanisms sensitive @, (€.g., thermal vibration and
ion peening™! play a lesser role.

The temperature evolutiofheating in aiy of a, anda,
for a BaTh sF&, 505 film grown on STO are shown in Fig.
1(a). The structure remains weakly tetragoftal orthorhom-
bic) at all temperatures. Tha, increases smoothly with in-
creasingT. Thea, increases sharply abovie~180°C and
becomesT independent foilf =230 °C.
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FIG. 2. Transition temperatures vs Fe concentration for fiffified circles

and pure BTOempty circle$, inset: T vs volume difference from that of
bulk BTO at ambient pressure; empty circles refer to bulk BTO under vari-
ous pressurefRef. 18, filled circles to films from the present work, and
filled square to a BTO film{Li et al, Ref. 19. The solid line is a linear fit

to the bulk BTO data.

the in-plane resistivity at the same temperature for a
BaTiy sFe 05 film grown on MgO[Fig. 1(c)]. This phenom-
enon, typical of polycrystalline BTO, is associated with a
potential barrier at grain-boundary Schottky contacts that is
controlled by the high-field dielectric constaté) of the
semiconducting grains; the barrier heigand resistivity in-
crease ag increases abové; due to a sharp decreasedn

It is expected that the background resisti\itlye portion
not influenced by PTCRs determined by the concentrations
of F€®* acceptors and oxygen-vacancy donors. Taking 0.42
and 0.1 eV for the corresponding ionization energies,
respectivelyt® band parameters appropriate for BTO and
electron and hole mobilitié& of 0.3 cnf/Vs, yield a
calculated” p(T) that reproduces the backgrouridolid
curve, Fig. 1c)] with N,=3.8x10"cm 2 and Ny=3.05
X 10" cm™3. Similar calculations for other films and compo-
sitions yieldedN, in the range 16—10*?cm 2 and p-type
conduction.

Upon cooling, the anomalies in boti{T) andC(T) are

The temperature-dependent capacitance for a film of thepsent and also the lattice parameters exhibit thermal hyster-

same composition is shown in Fig.(kl. Two step-like
anomalies are evident upon heating in air aL00 and

~230°C, respectively. These are reminiscent of those ob-

served at the orthorhombic-tetragonal{) and tetragonal-

esis. Further investigations are underway to determine
whether the films remain ferroelectric after heat treatmént.
The Fe doping dependencies of the two transitions, des-
ignatedT* and T, respectively, are shown in Fig. 2. Both

cubic (Curig) transitions in thea-axis dielectric constant of characteristic temperatures extrapolate approximately lin-
bulk BTO, though the transition temperatures are bothearly to the values off,, and T¢, respectively, for bulk
~100°C higher than in BTO. The absence of hysteresis irBTO. Given that applied hydrostatic pressimeducesT¢ in

polarization-field measuremeftsanda,/a, <1 is consis-

bulk BTO, it is plausible that lattice expansion is the source

tent with an in-plane orientation of the polarization. Similar of T. enhancement for the present films and for undoped
C(T) data were obtained for films grown from the other BTO films reported previously’ In support of this hypoth-

targets, but with differing transition temperaturesee be-

esis is the inset of Fig. 2 where we plét vs AV, the

low). The diffuse and dispersive character of the transitions/olume difference from that of bulk BTO at ambient pres-
is typical of thin-film ferroelectrics, attributable to disorder sure [AV for bulk BTO was computed from the bulk

and strain inhomogeneity. The broad, dispersive maximum
in C(T) evident forT>300°C is a characteristic of bulk

modulug® (1.7 Mba) and the applied pressure from Ref.
18]. The bulk data extrapolate close Tg(AV) for the Fe-

perovskite§® attributed to space-charge relaxation. Thedoped(solid circles and undopedsolid squargfilms.

room-temperature dielectric constant inferred from the data

at 100 kHz is~40.
The assignment of the high@&rtransition to the Curie

Magnetization vs field and temperature, corrected for the

substrate contribution, are shown in Fig. 3 for a film grown
from the BFTO-E target orf100|]STO. Extrapolation of

temperature is supported by the observation of a positiveM (T) to beyond the measurement range<(350 K) sug-

temperature-coefficient of resistan@TCR anomaly® in

gests that the magnetic Curie temperature of this material
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FIG. 3. T=5 K magnetization vs applied field for a film grown from
BFTO-E on[100]STO. The inset showssI (T,5 kOe) for the same film. The
dashed line is a guide.

exceeds 500°C. The coercive field d@=5K is H¢
=150-2000Oe. Thad=5 K saturation magnetization aver-
aged for several specimens grown from the three targets
0.35£0.05u /f.u. This rather small value implies ferrimag-
netism. We have performed preliminary calculatfdnghat
assume a random arrangement of ‘Fand F&* moments
(spin 5/2 and 2, respectively; Landdactor taken as 2 and
nonmagnetic Ti" ions on a cubic lattice, Fe/Ti ratio given
by the nominal stoichiometry, and antiparallel
neighbor spins. For P& concentrations varying within the

Maier et al.

The work at the University of Miami was supported, in
part, by NSF Grant Nos. DMR-9504213 and DMR-9631236.
The use of brand names or trade names does not imply en-
dorsement of the product by NIST.

1G. A. Smolenskii and I. Chupis, Sov. Phys. U8B, 475(1982.

2K. Ueda, H. Tabata, and T. Kawai, Appl. Phys. L&, 555(1999.

3L. A. Bendersky, R. Maier, J. L. Cohn, and J. J. Neumeier, J. Mater.
Res. 15, 1389(2000; R. Maier, J. L. Cohn, J. J. Neumeier, and L. A.
Bendersky, Magnetoresistive and Related Oxideedited by M.
Rzchowski, M. Kawasaki, A. J. Millis, M. Rajeswari, and S. von Malna
MRS Conference Proceedings, Vol. 60@ press.

4J. Akimoto, Y. Gotoh, and Y. Osawa, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun50, 160(1994); H. D. Megaw, Proc. Phys. Soc. London
58, 133(1946.

5T. A. Vanderah, J. M. Loezos, and R. S. Roth, J. Solid State Chéfy.
38(1996.

6S. Kim, S. Hishita, Y. M. Kang, and S. Baik, J. Appl. Phy&8, 5604
(1995.

’F. Jona and G. Shiran&erroelectric Crystals(Pergamon, New York,
1962, p. 108.

8H.-J. Hagemann, A. Hero, and U. Gonser, Phys. Status Solifil,A63
(1980.

9E. J. Tarsa, E. A. Hachfeld, F. T. Quinlan, J. S. Speck, and M. Eddy, Appl.
Phys. Lett68, 490(1996; W. J. Kim, W. Chang, S. B. Qadri, J. M. Pond,
S. W. Kirchoefer, D. B. Chrisey, and J. S. Horwiizid. 76, 1185(2000.

f8R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor.
Gen. Crystallogr32, 751(1976.

1N.-Y. Lee, T. Sekine, Y. Ito, and K. Uchino, Jpn. J. Appl. Phys., P&81
1484(1994.

12R. Maier, J. L. Cohn, and J. J. Neumeienpublishedl

13M. E. Lines and A. M. GlassPrinciples and Applications of Ferroelec-
trics and Related Material¢Clarendon, Oxford, 19737 p. 285.

0. Bidault, P. Goux, M. Kchikech, M. Belkaoumi, and M. Maglione,

nearest- pnys Rev. B49, 7868(1994.

15W. Heywang, Solid-State ElectroB, 51 (1961); G. H. Jonker,ibid. 7,

broad range implied by the resistivity estimate above, the 895(1964.

calculated and measured moments agree to better than a fac:

tor of 2.

. B. Klein, in Photorefractive Materials and Their Applicationsdited
y P. Ginther and J. P. Huignar@Springer, Berlin, 1988 Vol. 61,
pp. 195-236.

We have reported on the physical properties of epitaxial}’The chemical potential was computed at edchy solving the charge

pseudocubic thin-film BaTi ,FeO5; with high Fe concen-

tration. The material is both ferrimagnetic and ferroelectric,,
well above room temperature. The enhancement of the ferr
electric T above that of bulk BTO is associated with a lat-

neutrality equation; parabolic electron and hole bands with effective
masses of B, and a band gap of 3.1 eV were employed.
G. A. Samara, Phys. Ret51, 378(1966.

Qog B, Desu, J. Electrochem. Sdel0, 2981(1993; B. H. Hoerman, G. M.

Ford, L. D. Kaufmann, and B. W. Wessels, Appl. Phys. L&8, 2248

tice expansion attributed to the combined influence of oxy- (1998; C. Li, Z. Chen, D. Cui, Y. Zhou, H. Lu, C. Dong, F. Wei, and H.

gen vacancies and ionic size effects. Studies to determine thgzg

hen, J. Appl. Phys36, 4555(1999.
. Simmons and H. Wangsingle Crystal Elastic Constants and Calcu-

Fe valency and to address the sensitivity of the films to heat |ateq aggregate Properties: A HandbodKIT Press, Cambridge, MA,

treatment are underway.

1971.

Downloaded 26 Sep 2007 to 129.171.61.70. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



