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Ferroelectric and ferrimagnetic iron-doped thin-film BaTiO 3. Influence
of iron on physical properties
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Structural and physical properties of ferroelectric and ferrimagnetic pulsed-laser deposition-grown
thin-film BaFgTi,_,O3; with 0.5<x=<0.75 (BFTO) are compared with those of BaTiGBTO)

films deposited under identical conditions. Fe leads to lattice expansion and deterioration of the
crystalline quality in the as-prepared films. Signatures of the paraelectric—ferroelectric phase
transition in lattice parameters, resistivity, and capacitance tend to be suppressed in BTO films, but
are clearly distinguished in the presence of Fe. While strain eleviateabove bulk values in
thin-film BTO to ~200 °C, Fe doping entails further increase§ gfup to~320 °C. Current versus
voltage measurements demonstrate that Fe conwertpe BTO into p-type BFTO. Fe doping
brings about ferrimagnetic ordering with a &leéemperature above 450°C. @002 American
Institute of Physics.[DOI: 10.1063/1.1510591

I. INTRODUCTION Three different BFTO targets, prepared by solid-state
. : reaction’® were used: BafisFe<O;, Ba,FeTizOp
Recently, we reportgd physmal proper‘ue_s ofa new meta(BFTO-E), and BaTj e, .:0;. The BTO target was ob-
stable phase of thin-film iron-doped BaBiQBFTO) in . !

: - : . tained from Superconductive Components, Inc. Both BFTO
which ferroelectricity and ferrimagnetism coexisuch ma- nd BTO were deposited qd00MgO and 0.05 wt% Nb-
terials are quite rare, particularly at room temperature and W posi 9 59 WEY

above, and offer the prospect of devices in which, for in_doped[lOO]SrTiO3 (STON substrates; BFTO films were

stance, the polarization or the transition temperature is ma‘r’-1ISO deposited 0f110MgO, [lll]MgO, and_[_lOO]SrT|O3
nipulated via magneto- or electrostriction (STO). Substrate temperature during deposition was 880 °C.

Whereas thin-film pseudocubic Bafé, ,O; with 0.5 Oxygen pr.essure dur.ing deposition m%; 100 mTorr for
<x=<0.75 has not been investigated before' much work ha§.” BFTO f|ImS; BTO films were depOSIted at both 100 mTorr
been done on thin-film BaTigXBTO) during the last decade. @nd 0.12 mTorr. For films made B, =100 mTorr,Po, was
These efforts were mainly triggered by interest in improvedincreased to 500 Torr following the depositions, and the films
materials for memory and optical applications. The physicalvere cooled to 500 °C at 5 °C/min, held for 30 min, and then
properties of thin-film BTO differed substantially from those cooled to room temperature at natural rate. The BTO films
of bulk BTO: The dielectric constant was usually signifi- deposited aPo,=0.12 mTorr were kept at deposition pres-
cantly lower?® hysteresis loops were often absémind the  sure and cooled to room temperature at 10 °C/min. In this
nature of the ferroelectric—paraelectric phase transition wagrticle, we adopt the notation “BTQomtor and
modified™® “BTO g 12mTor t0 distinguish between BTO films made at a

The main motivation of the present article is to clarify djfferent Po,. Also, we will write “BF50,” “BFTE,” and

the role of iron on the structural and physical properties okgr757 for films made from the BaTj e, -O; target, the
BFTO. For this purpose, thin-film BFTO is compared to thin- g1 target, and the Bayde, -:0s 'targ'et, respectively.
film BTO made under identical conditions, and BFTO films X-ray diffraction (XRD) was berformed with a Philips

of three different iron concentrations are compared to eack:part diffractometer equipped with a small heating stage
other. Particular attention is focused on the paraelectric,4t enabled XRD measurements at temperatures up to

ferroelectric phase transition. We present data on the teMs00 °¢. Film thicknesses were computed from the number of
perature dependence of lattice constants, electrical resistivityalser pulses, with calibrations at several thicknesses using

current versus voltagel £V), capacitance, and magnetiza- transmission electron microscop¢yTEM) cross-sectional

tion. images’ Thicknesses covered a broad range from 30 nm—8
um for BFTO; all BTO films were~360 nm thick.
Il. EXPERIMENT Electrical properties were measured normal to plane in
o - films deposited on metallic STOXbottom electrodewith

_ Thin films were grown by pulsed-laser depositih.D)  thermally evaporated circular Au or Cr—Au overlayers of 1.5
with a 248 nm KrF- excimer lasétambda Physik, Compex m giametertop electrodg For brevity, we call these het-
209 at 10-20 Hz pulse repetition rate, 4 cm target—substratg,siryctures “BTO capacitors,” “BF50 capacitors” etc. In-
distance, and-1.3-2.0 J/crh energy density at the target. plane electrical resistivity was measured in fims deposited

on [100|MgO using silver-paint electrodes. Electrical resis-
3Electronic mail: cohn@physics.miami.edu tivity and 1 -V were measured with a two-probe method us-
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ing a Keithley 6512 electrometer and a Keithley 230 voltage
source. |-V measurements used voltage steps of 0.1 V,
maximum voltage+2.5 V, and~1 s delay between steps. To
eliminate shorting through the sample stage, some specimens
were suspended from their leads and the latter supported by a
long, thin plastic rod. Capacitance measurements were per-
formed with a HP4263B LCR meter at frequencied00

kHz with 20 mV or 50 mV ac-voltage amplitud€—-V mea-
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. THIN-FILM MICROSTRUCTURE FIG. 1. X-ray ¢-scan of the(200) reflection of a BTQqomor film.

A. X-ray data at room temperature

BTO0omTorr IS attributed to oxygen vacancies. In BFTO,
rocking curves of th€002) peak yielded FWHMs of at least
‘0.6 ° for all compositions and substrates. Evidently, the Fe
%ibstitution further reduces the structural quality due to
atomic disorder and/or associated changes in the grain mor-
logy.

In addition to the part of the pseudocubic phase that
grows cube on cube with the substrate, several secondary
orientations of the same phase exist in the fitthsyhich
have been previously reported for BTO filfs->1®Distinct

from the pseudocubic phase, TEM revealed a disordered
phase in BFTO filmg;it formed during the latter stages of
deposition in only the thickest filmg>1 um).

In summary, BFTQand BTQ films grow epitaxially on
STO and M@O. In the as-prepared state, the main phase is
oriented and pseudocubic orthorhombic, except for
BTOg 1omTorr(C Oriented, pseudocubic tetragondrhe lattice
parameters in BFTO are expanded as compared to
BTO10omtor» @nd even more so in BTQomtor The crystal-
line quality as inferred from rocking curves is highest in
BTO100mrorr-

Electron microprobe analysis performed on BFTO indi-
cated film compositions consistent with those of the tarfets
Pseudocubic structure and epitaxial, cube-on-cube growth
all substrates was confirmed by XRD for both BFTO and
BTO as described elsewher@. ho

The actual structure of the as-prepared films is tetragonaﬁ
or weakly orthorhombic, as confirmed by asymmetric rock-
ing curve scand of the {303 film reflections. The out-of-
plane lattice parameter will be denotad, the two in-plane
lattice parameterg;; anda;,. Two different orientations of
the (tetragonal unit cell relative to the film plane occur in
the films:a, =a (a orientation anda, =c (c orientation.

BFTO films havea, =4.03-4.07 A,a,=4.04-4.08 A,
and area oriented withc/a-ratio smaller than that of bulk
BTO (c=4.0336 A, a=3.9947 A at room temperatur&
BTOipommor  films have a, =3.99-4.00A and a,
=4.01-4.03 A, and are oriented withc/a ratio compa-
rable to that of bulk BTO. BTQsmtor films have a,
=4.08-4.10 A anda,=4.02-4.04 A, and are oriented
with c/a ratio comparable to that of bulk BTO.

The a-oriented films are usually slightly orthorhombic
with the in-plane parameters,, a;, closer to each other
than to the out-of-plane parameter, . Presumably, the
larger of a;;, &), corresponds tac in relaxed tetragonal

B. Unit-cell volume and orientation relative to the film
plane

BTO, whereasa, and the smaller parameter af,, a,, cor-
respond toa. That one of the originah parameters is closer
to cthan it is to the othea parameter is likely a consequence
of in-plane stress.

Oxygen vacancies, which expand the lattice in
perovskites,*® are the likely mechanism for the expanded
lattices observed for BFTO and B}@mror filMs.
BTOg 1omTorr IS OXygen deficient because of the low partial

Crystalline quality assessed from rocking curves of thepressure of oxygen during deposition. The substitution of Fe

(002) reflection was highest in BTQomTor loWest in BFTO,

in BTO implies® the oxidation of F&" to F&'* and/or the

and generally higher on STO than on MgO. Figure 1 showsgormation of one oxygen vacancy for two ¥e The largef’

a rocking curve of thg200) reflection for BTQugmtorr ON
STO. The full width at half maximunfFWHM) is 0.195°,
whereas it is 0.39° for BTQomtorr ON MgO. These values

indicate a quality among the best achieved for BTO films

with a thickness<500 nm on these substratés= The su-
perior quality achieved on STGE 3.905 A)4 as compared
to MgO (a=4.213 AY* is attributed to smaller lattice mis-
match on STO.

In BTOq 15m70the FWHM is 0.31° on STO and 0.51° on
MgO. The inferior quality in BTQ 1570y 8 COmpared to

Downloaded 26 Sep 2007 to 129.171.61.70. Redistribution subject to AIP

ionic radius of F&" (0.645 A, CN=6) as compared to 1T
(0.605 A may also contribute to the expansion in BFTO
films.

The orientation of the unit cells relative to the film plane
is determined by the in-plane stress just abdyeduring
cooling from the deposition temperatiffeTensile(compres-
sive) in-plane stress favom(c) orientation?! Lattice expan-
sion, thermal expansion mismatéh and thermal
vibratior?>?* are the primary sources of this stress. For 100
mTorr deposition pressure, the contribution of the latter
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FIG. 2. Temperature evolution of lattice constants in BF50, BiGrworm T (OC)

and BTQ 1omtor- All three films are~360 nm thick; BF50 was deposited

on STO, the others on STON. Closed symbols demgtéa,;, open sym- FIG. 3. In-plane resistivity vs temperature for as-prepared films from each
bolsa, /a,, and the solid curvea, /a;q,q - of the four targets deposited di00]MgO. BF50 is~70 nm thick, the
others are~360 nm thick:(a) heating andb) cooling.

mechanism is less significant than the other two, andathe |v. THIN-EILM ELECTRICAL PROPERTIES
orientation follows from a net in-plane tensile stress. At low o
pressure, the kinetic energy of the oncoming particles g\ Resistivity and current-voltage curves
much larger so that thermal vibration induces considerable The in-plane resistivityp, versus temperature is shown
compressive in-plane stress. This results aaientation for  in Fig. 3 for films of all compositionsp, is highest for
BTOg 1om1orr ON both substrates. BTO10omTorr @t Most temperatures and decreases as iron is
added.p, is lowest for BTQ 1om1omm iN agreement with pre-
vious report® of enhanced conductivity in BTO associated
with oxygen vacancieswhich act as shallow donorsThe
increased conductivity of BFTO can be attributed principally
Figure 2 shows the temperature evolution of the ratiogo oxygen vacancies induced by Fe doping®Facceptor
a, /a;; and a, /a;, for BTOg 1omtomrs BTO10ommors @nd  states in bulk BTO have expected ionization energi€@s42
BF50, grown on STO or STON. The room-temperature dataV as compared with-0.1 eV for oxygen-vacancy donofs.
prior to heating reflect the structures and orientations deThe normal-to-plane resistivities, are several orders of
scribed in Sec. Il A for the as-prepared state. Upon heatingnagnitude higher than the corresponding in-plane
[Fig. 2(@)], the BF50 film exhibits a structural transition from resistivities™ likely due to barriers at the electrode inter-
a oriented toc oriented (or cubig between 180°C and faces.
220°C. A substantially weaker structural anomaly is sug- A semiconducting behavior wittlp,/dT<0 is generally
gested by the data for BT@mtor In the range 150°C— observed upon heatirdrig. 3(a)], but there are temperature
200°C, but the average structure remaias oriented. intervals wherelp,/dT>0. Such positive-temperature coef-
BTOp 1omTorrShOWS no structural anomalies. Upon cooling toficient of resistancéPTCR anomalies’ 2 typical of poly-
room temperature, the structures of the BTO films are verygrystalline BTO and other ferroelectric ceramics, are associ-
close to that of their as-prepared states. In contrast, the BF5fted with a potential barrier at grain-boundary Schottky
film shows thermal hysteresis; apparently, it remains in theontacts. This barrier is controlled by the high-field dielectric
c-oriented state to which it transformed during heating. constant of the semiconducting grains; the decrease of the

C. X-ray data at elevated temperatures
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120 F7 r T L T sign of the voltage is defined with respect to the top elec-
] 1 b ] trode. Both samples show diodelike characteristics and hys-
100 p 3 teresis resulting from competition between relaxation and
go | ot ; leakage current¥.
”a [ - In the case of BTQFig. 4(a)], reverse bias is at negative
£ 60 1k , , . ) 3 voltage which suggests the presence of a barrier at the metal
- 10 05 00 05 1. electrode. The STON contact shows ohmic behavior suggest-
aF V (V) E ing n-type conduction in the BTO films; this is in agreement
20F BTO E with previous reports! In BF50[Fig. 4b)] the currents have
100mTorr (a) : equal order of magnitude at both polarities and are consider-
0F — — - — / ably lower than at forward bias in BT@mtor [Fig. 4@)].
1.0 0.5 0.0 0.5 1.0 Apparently, a barrier exists at the BF50—-STON junction,
V (V) suggesting that BTO becomespaype semiconductor with
50% Fe substitution for Ti. Acceptor states added by'Fe
15 T are likely responsiblé® Since leakage currents are much
s BF50 lower than in BTO, relaxation-type hysteresis is more pro-
10k ] nounced. In films with more than 50% Fe, the behavior was
] similar to that of BF50.
__05F J Conduction through the film—metal junction appears to
<é —> be dominated by Schottky emission in the presence of an
— 00 3 insulating interfacial layet? Barrier heights at the Cr—Au
. -— top electrode and effective Richardson constants were ob-
05 F ] tained from a procedure described by Dietzal 1> The
; (b) ] effective Richardson constait* is significantly decreased
-1.0 [ L ) . L ik as iron is added. This suggests that the oxide layer at the

0.0 interface_ is_ significantly thicker for BFTO as compared to

V (V) _BTO. Th|_s is further supported by the asymmetry ob_served
in capacitance-voltage measurements for BET®ossible

FIG. 4. 1=V for a 360 nm BTQuumror Capacitor and a 360 nm BF50 ca- Mechanisms through which iron could enhance an interfacial

pacitor. The inset ia) shows part of the plot for BTQommrin €xpanded  oxide layer include increased surface roughness as a conse-

scale. guence of the decreased crystalline quality in BFTO and in-

creased chemical reactivity of the surface.

0.5 1.0

(high-field) dielectric constant abovE: increases the barrier
height and, hence, the resistivity. The observed resistivit
upturn, although not as sharp as in bulk ceramics, is thus
strong indication that the films remain ferroelectric upon the  Polarization versus voltage measurements, performed
addition of Fe. Supporting this interpretation, the mini-  with a Sawyer—Tower circuit, did not yield any evidence for
mum of BF50 coincideswith the structural transition of the ferroelectric hysteresis for treeoriented films. This was ex-
same sample shown in Fig(€2. The cause for the several pected, because aoriented films, the axis of polarization is
peaks, observed in several pieces of B§dworm iS unclear in the film plane. In thec-oriented BTQ 1omtor filMs, the

. Polarization and capacitance

at present. high conductivity did not permit reliable Sawyer—Tower
Upon cooling andsubsequenheating, the PTCR effect measurements.
is absent; possibly after heating abdvethe films remain in Capacitance versus temperatuf@<T) measured at 10

the paraelectric phase. In BE@mtom £y increases to the kHz and 100 kHz, is shown in Figs.(& and 3b) for a
same level as in BTQomtor &t high temperatures and re- BTOgomtorr C2Pacitor and a BF50 capacitor. Over@llis
mains close tg; of BTO;ggmtorr UpON cooling. It is likely lower in BF50 than in BTGyt and even further de-
that oxidation above 600 °C eliminates most oxygen vacanereased in samples with more than 50%'F&he loss tan-
cies. The drop of resistivity upon cooling below70°C in  gent in BTQgomtor @nd BF75 is between 0.1 and 0.01 at
most samples could be the signature of another phase transbom temperatur®} whereas it is one order of magnitude
tion, possibly related to the orthorhombic phase known irhigher in BF50; for applications values or equal to less than
bulk BTO* 0.01 would be desirable.

The addition of iron to thin-film BTO leads to decreased The temperature evolution of the capacitance shows a
resistivity and enhanced PTCR effect in BFTO. The formerdistinct step for BF50 just above 200 °C, at about the same
is likely brought about by the formation of oxygen vacan-temperature where anomalies were seen in the temperature
cies; the latter may be associated with an increase in lowdependence of lattice parameters and resistivity for this com-
angle grain boundaries inferred from the broadening of XRDposition (Figs. 2 and 3, respectivelyApparently this step is
peaks. the signature off , reminiscent of the Curie—Weiss behav-

|-V at room temperature is shown in Fig. 4 for two ior of the permittivity above the ferroelectric—paraelectric
capacitors made from BT, and BF50, respectively. The phase transition for bulk materials. In the Bl 1o heat-
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Overall, the capacitance data are consistent with the lat-
tice constants and resistivity, exhibiting anomalies indicative
of a phase transition at and above 200 °C upon heating, but
not upon cooling. The anomalies are more distinct in BFTO
than in BTO. The dielectric constant is decreased by Fe dop-

ing.

C. Discussion of the paraelectric—ferroelectric phase
transition

0' 00 200 500 The T values for all films determined from lattice con-
T (°C) stgnts, resistivity, aqd/or capacitance data, correlate with
unit-cell volume. In Fig. 6, we ploT: versus the difference
FIG. 5. C—T for a 360 nm BTGy, capacitor and a 360 nm BF50 (AV) between the unit-cell volume of films and that of bulk
capacitor,(a) at 10 kHz, andb) at 100 kHz. The arrows denote heating and BTO. All T values are considerably higher than that of bulk
cooling. The inset shows the range around 200 °C for B§@Qin linear BTO (Tc=120°C). Pertseet al?! have demonstrated that
scale. Tc elevation is to be expected in thin-flm BTO on a cubic
substrate in the presence of both compressive and tensile
in-plane strain. Presumably, this explains why the lowigst
ing curves only a broad, shallow valley is distinguishablevalue observed for our films is-200 °C (for BTO199mtom -
below 300°C in a logarithmic scale. However, in linear Among the thin-film samples, there is a trend toward further
scale, a small peak can be distinguishiEdy. 5a), insef in T elevation with increasing volume. This trend is consistent
the region between 200°C and 230°C, and a plot of thevith the decrease offc in bulk BTO under hydrostatic
dielectric relaxation time versus temperatdrehows a dis- pressure®
tinct step in that temperature region. This feature coincides The phase transition is not as abrupt as in bulk BTO, as
with the first minimum of the resistivity. The anomalies de- indicated by the finite temperature interval over which the
scribed here are present both at 10 kHz and 100 kHz in theansitions in lattice parameterg(T), and C(f,T) take
same temperature region. The rise of the capacitance for botilace. A broadening of the permittivity peak of BTO films in
specimens atT>300°C is attributed to space-charge the presence of homogeneous strain is expected
relaxation®34 theoretically*® Inhomogeneous strain and crystal defects can
Upon cooling, the capacitance for all BFTO samples also contribute to broadened ferroelectric—paraelectric
decreases continuously to values at room temperature thtansitions®’ Strain inhomogeneity is usually present in
are lower by more than an order of magnitude compared téilms, since structural relaxation proceeds with increasing
those in the as-prepared state. For By, the differ-  distance from the substrate.
ence in the as-prepared and annealed capacitance at room In the BTO films, the phase transition is only indicated
temperature is substantially smaller. Note that this largemn resistivity and capacitance, but not in the lattice param-
thermal hysteresis for BFTO was also evident in the latticeeters. This suggests that here the ferroelectric—paraelectric
constantgFig. 2). In consecutiveC—T runs, heating curves phase transition occurs while at the same time the
coincided with the cooling behavior. This ties in with the tetragonal—cubic transition is suppressed, a phenomenon re-
absence of PTCR upon cooling and consecutive heating, fuported previously® Possibly, the transition is less suppressed
ther supporting the hypothesis that the films remain in thén BFTO because its poorer crystalline quality entails a more
paraelectric state after being heated once aliqve relaxed state.
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Upon cooling, the signatures of the phase transition both 2 3
: . : =
in the structural and electrical data are absent in all samples & ®
Absence of the structural signatures of the ferroelectric— § 20 [ 0 E
paraelectric phase transition upon cooling has been previ- 2
ously reported for BTO films made under oxygen deficient 10 o p
conditions®’ The apparent metastability of the as-prepared ! g ]
films might be due to the fairly fast cooling rate after depo- 0 L . L
sition. Possibly, more dislocations form during the phase 100 1000 10000
transition upon heating so the films are more relaxed in the t (nm)

paraelectric state, leading to a more stable state after cooling.
In summary, the films show a paraelectric—ferroelectricF!G. 8. Mgy vs Fe conten{(a)] and thicknesg(b)] for ~360 nm thick
phase transition upon heating, which is suppressed updd '© fims:
cooling. In BTO, the structural transition is also suppressed
upon heating. Due to strain, the transition is less abrupt in the

films than itis in bulk BTO.Tc is raised t0~200°C due to 7. Ty, estimated from extrapolations of the fits to higher

s_traln, and even more in BFTO and BJQ“?T"”due o lat- temperaturegnot shown in Fig. 7, likely exceeds 450 °C for
tice expansion induced by oxygen vacancies. Thus, Fe has
all measured samples.

two-fold effect on the ferroelectric—paraelectric phase tran- . o
o " ; The low-temperature upturns in the magnetization
sition: Enhancement of the transition and increaser gf : :
. . curves are attributed to target chunks at the film surface,
Further studies would be necessary to clarify the cause for , . Co , .
P : . which are typical in PLD-grown films. Three observations
the modification or suppression of the phase transition upon his. i ion- Fi h d :
cooling support this interpretation: First, the measured magnetiza-
’ tions of the BF50 and BF75 targets have strong paramagnetic
components with roughly inverse temperature dependence.
Second, by comparing the film and target magnetizations, we
Recently, we reported that BFTO films exhibit saturationcomputed the volume of target chunks required to reproduce
behavior and hysteresis, characteristics for magnetithe upturn observed in the films. In all cases, this volume
ordering! Here, we investigate the dependence of the magwas less than or equal to the volumes of the film. Third, the
netic properties on iron content and thickness. upturn is largest for the thinnest films, where the volume of
Magnetization versus temperatur £T) is shown in  target chunks is expected to be a larger fraction of the film
Fig. 7, measured at magnetic fieldl=5 kOe in the film volume. We can not entirely rule out the possibility that the
plane along thd100] crystallographic axis for five BFTE films themselves contain paramagnetic regions, for instance,
samples of varying thickness ¢00JMgO. Similar curves where the local iron concentration is lowest.
were found for films grown from other BFTO targets. Disre- M4 Shows two trends. First, for a given film thickness,
garding the upturns below 100 K, the qualitative behaviorthe magnetization tends to increase with Fe coniéi.
can be described by the mean-field expressidn-T  8(a)]. Second, for given Fe content the magnetization tends
=M (1—T/Ty)Y? whereMg,is the saturation magnetiza- to be lower at thicknesses exceeding 140 ffig. 8b)].
tion and Ty the temperature of the magnetic—paramagneti®©verall, the averag¥l ., of samples with thicknesses of 140
phase transition. The mean-field fits and their extrapolationsm or less is 47.5 emucm, the average of all samples is
to low temperatures are indicated by the solid curves in Fig28.5 emucm?®. This trend is attributed to the disordered

V. MAGNETIC PROPERTIES
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phase(possibly nonmagnetiggrowing atop the pseudocubic ferroelectric—paraelectric phase transition in BTO and BFTO

phase as the film thickness exceeds 140 nm. films is greatly modified as compared to bulk BTO. Strain
For a model of the magnetic ordering in the BFTO films, imposed by the substrate raisgs to ~200 °C; introduction

consider an approximately cubic magnetic unit cell consistof oxygen vacancies, either via the lowering I%)(Bz during

ing of eight lattice unit cells. The average magnetizationdeposition or by Fe doping, causes furtfierelevation. The
component in field direction of such a cell is given by transition is broadened, mainly as a consequence of strain,
s and absent upon cooling and subsequent heating. In BTO,
— gXASXug AP )
M,= TV the s_tructural phase transition is suppressed even upon first
f.u. heating.

whereAS is the average excess spin in the field direction,  In its present form, Bak&i; 4Oz exhibits losses too

ug is the Bohr magneton; the Lahdgfactor is taken to be high for microwave applications and a resistivity too low to

g=2, the volume of a lattice unit cefformula uni is setto ~ Serve as a good dielectric. However, BFTO does have tech-

V¢, =66 A3, corresponding to an average lattice parametehological potential because of the simultaneous electric and

of ~4.04 A. In the following considerations, we will assume magnetic ordering. Interesting physics is also displayed in

thatMg,(0 K,5 kOe) is a reasonable measure for the order othe suppression of the ferroelectric—paraelectric phase tran-

magnitude of the saturation magnetization, although th&ition upon cooling.

samples were not entirely saturated at 5 kOe. Thus, setting A better understanding is yet required to judge if further

M,=475emucm?® (~0.34ug/f.u.), the average development coul_d improve BFTO sufficiently to make it

M(0 K,5 kOe) for films witht<140 nm, givesﬁz 1.36. useful, e.g., for microwave applications or as a ferroelectro-

In case of ferromagnetism, the theoretical lower bound foff@gnet. Further investigation could focus on clarifying the
the average excess spiniS=8, assuming=0.5 and F&" oxidation state of Fe via Mgsbauer measurements, and on

(S=2) only. Hence, the magnetic ordering is likely ferri- determining if interactions between electrical and magnetical
magnetic in the BF‘Iio films. ordering can indeed be exploited for useful applications.
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