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We report the growth of single-phase (0001)-oriented epitaxial films of the purported electronically

driven multiferroic, LuFe2O4, on (111) MgAl2O4, (111) MgO, and (0001) 6H-SiC substrates. Film

stoichiometry was regulated using an adsorption-controlled growth process by depositing LuFe2O4

in an iron-rich environment at pressures and temperatures where excess iron desorbs from the film

surface during growth. Scanning transmission electron microscopy reveals reaction-free

film-substrate interfaces. The magnetization increases rapidly below 240 K, consistent with the

paramagnetic-to-ferrimagnetic phase transition of bulk LuFe2O4. In addition to the �0.35 eV

indirect band gap, optical spectroscopy reveals a 3.4 eV direct band gap at the gamma point.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4755765]

The quest for multiferroics, materials where magnetic

order and ferroelectricity coexist, has been challenging due

to the frequent incompatibility of the two phenomena.1,2

Reports that LuFe2O4 is simultaneously ferrimagnetic and

ferroelectric below 250 K, the highest temperature of any

known material,3 have resulted in significant interest in

LuFe2O4. Of late, however, the multiferroic status of

LuFe2O4 has become controversial.4–7 Unlike more tradi-

tional ferroelectrics, LuFe2O4 has been reported to develop a

ferroelectric polarization from the charge ordering of Fe2þ

and Fe3þ ions.3 This charge ordering mechanism would

make LuFe2O4 an improper ferroelectric, free of a requisite

polar displacement that often precludes the presence of mag-

netism.2 On the other hand, recent experiments have shown

that such charge ordering is absent in LuFe2O4,4 that it is not

ferroelectric,5 and further that the antiferromagnetic order

seen in some single crystals6 could imply the ferrimagnetic

order seen in many samples is due to non-stoichiometry.

The ability to deposit single-crystal thin films of

LuFe2O4 is a key stepping stone on the path to understanding

and manipulating the properties of this material, for example,

with strain.8,9 There has been some success with growing

thin films of LuFe2O4 by pulsed-laser deposition (PLD),10–12

though so far this achievement is limited to polycrystalline

films or films with impurity phases present, particularly at

the interface. In these cases, the desired LuFe2O4 phase only

forms with excess iron present during growth by PLD.11 Pri-

mary challenges to the growth of higher quality films include

the sensitivity of the growth process to substrate temperature

and oxygen pressure as well as a lack of suitable substrates.

In this work, we report the deposition of LuFe2O4 thin

films by molecular-beam epitaxy (MBE) using an adsorption

controlled growth process to control the film composition.

The growth method is inspired by that used in the growth of

GaAs by MBE.13–15 This thermodynamically driven process

allows the composition of GaAs to self-limit to the stoichio-

metric value over a limited growth temperature range despite

the substrate being supplied with excess arsenic. A similar

process has also been employed as a method of composition-

control in MBE-grown oxide thin films of compounds, such

as PbTiO3 and BiFeO3.16,17 In the case of oxides, oxygen

background pressure and substrate temperature are the pa-

rameters that define the growth window where stoichiometric

film deposition occurs. The growth of LuFe2O4 is analogous

to that of InFe2O4, which has been achieved in a similar

manner at lower temperature using PLD by making use of

the volatility of indium at the growth conditions.18 Here, we

use the volatility of iron oxides to achieve phase-pure

LuFe2O4 by adsorption-controlled growth.

The first step toward achieving epitaxial deposition of

LuFe2O4 films was uncovering a growth window. The thermo-

dynamic properties of individual phases in the Fe-Lu-O sys-

tem were developed by means of the CALPHAD method19

and the phase diagram was calculated using Thermo-Calc20

with a molar ratio of Fe:Lu of 2. These calculations provided

the temperature and pressure region where the formation of

LuFe2O4 is favorable, shown in Fig. 1.

Finding viable substrates providing a suitable template

for single-phase epitaxial films of LuFe2O4 is also critical.

Of commercially available substrates, we identified (111)

MgO, (111) MgAl2O4, and (0001) 6H-SiC as candidates for

the growth of (0001) LuFe2O4 films. The observed epitaxial

relationship between (0001) LuFe2O4 and the various sub-

strates is shown in Fig. 2(b). The lattice mismatch values for
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LuFe2O4 films on MgO, MgAl2O4, and SiC are �15.5%,

�4.25%, and �12.0%, respectively.21,22

Using the phase diagram in Fig. 1 as a guide to the

adsorption-controlled regime, LuFe2O4 films were grown

using a Veeco GEN 10 MBE system dedicated to the growth

of oxides at a growth temperature of 850 6 20 �C as meas-

ured by optical pyrometry in a background pressure of

�1.0� 10�6 Torr of molecular oxygen. Effusion cells were

used to provide elemental fluxes of lutetium and iron. Epi-

taxial films of LuFe2O4 were successfully grown on (111)

MgO, (111) MgAl2O4, and (0001) 6H-SiC single crystal sub-

strates. Films were typically grown to a thickness of 50 nm

and prepared with thicknesses up to 75 nm for optical meas-

urements. In order to ensure the growth of a stoichiometric

film, excess iron is required during the deposition process.

At a growth temperature of 850 �C, much of the supplied

iron is evaporated as FexOy species and is not incorporated

into the resulting film. Source fluxes were determined using

a quartz crystal microbalance prior to growth. Film structure

was monitored periodically throughout the growth by reflec-

tion high-energy electron diffraction (RHEED). The lutetium

and iron source fluxes were 6.0� 1012 atoms/(cm2 s) and

2.4� 1013 atoms/(cm2 s), respectively, corresponding to an

overall lutetium-limited growth rate of �3.2 Å/min. Although

the amount of iron supplied is twice that required for the

LuFe2O4 structure, the excess iron is not incorporated into the

film. Rutherford backscattering spectrometry (RBS) was used

to verify that the Lu:Fe stoichiometry of the films is indeed

1:2 and that the sticking coefficient of iron is lower at high

growth temperatures in the same oxygen background pressure

used for the growth of LuFe2O4 films.

Four-circle x-ray diffraction (XRD) was performed using

a high-resolution Philips X’Pert Pro MRD diffractometer with

a PreFix hybrid monochromator on the incident side and

triple axis/rocking curve attachment on the diffracted side.

Cross-sectional high angle annular dark field scanning transmis-

sion electron microscopy (HAADF-STEM) images were

recorded on a 100 keV Nion UltraSTEM. The magnetic proper-

ties were measured by a Quantum Design superconducting

quantum interference device (SQUID) magnetometer in the

temperature range from 1.8 to 350 K and magnetic fields up to

70 kOe. RHEED observations provided a convenient indication

of proper LuFe2O4 phase formation during deposition. Unde-

sired FeOx phases are readily seen by RHEED in the form of

spot patterns while the LuFe2O4 phase appears as streaks, indi-

cating a smooth film surface. Since the film oxygen stoichiome-

try is difficult to quantify, the films may be oxygen deficient,

which could affect properties as in the case with YFe2O4.
23

The layered LuFe2O4 film structure was confirmed by

XRD, displayed in Fig. 2, showing that the LuFe2O4 films

are (0001) oriented and single phase. Despite excess iron

being supplied during growth, no iron-rich phases are

observed in the films when deposited at 850 �C. Some of this

excess iron has been observed by RBS to diffuse into the

MgAl2O4 and MgO substrates. The LuFe2O4 film lattice

FIG. 1. Arrhenius plot of oxygen partial pressure vs. reciprocal temperature

showing where LuFe2O4 is thermodynamically stable.

FIG. 2. (a) Substrate model for MgO, MgAl2O4, and 6H-SiC with the (111),

(111), and (0001) planes of the substrate surface highlighted, respectively.

(b) The epitaxial orientation relationship of a LuFe2O4 lattice on (111)

MgO, (111) MgAl2O4, and (0001) 6H-SiC lattices (see Ref. 21). (c) A model

showing the alternating single layers of lutetium oxide (U layers, Ref. 24)

and double layers of iron oxide (W layers, Ref. 24) in LuFe2O4. (d) h-2h
x-ray diffraction scans for three 50 nm thick LuFe2O4 films grown on (111)

MgAl2O4, (111) MgO, and (0001) 6 H-SiC. Asterisks (*) indicate XRD

peaks from the substrates.

132907-2 Brooks et al. Appl. Phys. Lett. 101, 132907 (2012)
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constants and rocking curve results are reported in Table I. The

epitaxial orientation relationships between the film and the sub-

strate were verified by /-scans of the 10�14 LuFe2O4 film peak;

the [100] LuFe2O4 was found to be parallel to [1�10] MgO,

[2�1�1] MgAl2O4, and [100] 6 H-SiC for the substrates studied.

Figure 3 shows STEM images of the interface between

the LuFe2O4 film and the MgAl2O4 substrate viewed down

the [100] zone axis of the LuFe2O4 film. Notably, the film is

single-phase and free of FeOx impurity phases at the inter-

face. Figure 3(b) shows a high-resolution image of the film,

demonstrating the clear repetition of bright LuO1.5 layers

(called U layers24) with the darker Fe2O2.5 layers (referred to

as W layers24), each of which contains two atomically

resolved Fe-O planes.

Magnetization as a function of temperature, displayed in

Fig. 4(a), shows that the samples exhibit a singular rapid

increase in magnetization below 240 K that is consistent with

the bulk paramagnetic to ferrimagnetic phase transition of

LuFe2O4.25 The samples also display hysteretic behavior

with magnetic field, as shown in Fig. 4(b). At 70 kOe, a mag-

netic moment of about 0.8, 0.3, and 0.1 lB per Fe is induced

in the films on SiC, MgAl2O4, and MgO, respectively. The

reduced magnetization in the LuFe2O4 film on MgAl2O4 and

MgO compared to the film on SiC may be due to diffusion of

Mg from the substrate into the film since Mg doping has

been reported to have this effect.26 The saturation magnetiza-

tion in our films is lower than the reported bulk value of

�1.4 lB/Fe at 145 kOe.27 While this difference in magnetic

moment may be due to the strong dependence on field cool-

ing observed in bulk LuFe2O4,27 other factors relating to the

deposition process, such as the creation of oxygen vacancies,

might be partially responsible. In addition, the samples do

not exhibit superparamagnetism, which has been observed in

films containing hexagonal LuFeO3 impurities.12

Figure 5 displays the ab-plane optical response of

LuFe2O4 in epitaxial thin film form on MgAl2O4 compared

with bulk single crystal data.28 Comparison with first

TABLE I. LuFe2O4 film lattice parameters and rocking curve full width at

half maximum (FWHM) values determined from XRD data.

Substrate

LuFe2O4

film c-axis (Å)

LuFe2O4

film a-axis (Å)

Rocking

curve FWHM(�)

(111) MgO 25.42 6 0.01 3.40 6 0.02 1.13

(111) MgAl2O4 25.28 6 0.01 3.42 6 0.02 0.76

(0001) 6H-SiC 25.19 6 0.01 3.44 6 0.02 0.64

FIG. 3. HAADF-STEM images of the same LuFe2O4 on MgAlO4 film stud-

ied in Fig. 2(d) showing (a) the presence of a clean interface and (b) the

well-ordered structure of LuO1.5 U layers alternating with Fe2O2.5 W layers.

An overlay of a single unit cell is shown in the lower corner of (b).

FIG. 4. The magnetization as a function of temperature and magnetic field

of the same LuFe2O4 films as in Fig. 2(d).

132907-3 Brooks et al. Appl. Phys. Lett. 101, 132907 (2012)
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principles calculations allows us to assign the observed exci-

tations.29 The band centered at �4 eV and the rising higher

energy absorption can be assigned as a combination of O p
! Fe d and O p ! Lu s charge transfer excitations. A plot

of (a�E)2 vs. energy places the direct band gap at �3.4 eV.

While the film is not fully commensurate, the average in-

plane lattice constant of the film on MgAl2O4 from XRD is

3.42 6 0.02 Å, which is 0.6% smaller than the bulk value of

3.44 Å. This compressive strain blue-shifts the direct charge

gap and the band maximum compared to similar structures

in the single crystal. BiFeO3 displays similar behavior.30 Pre-

vious measurements on single crystalline LuFe2O4 also iden-

tified an indirect band gap at �0.35 eV, a feature that is

defined by the leading edge of the Fe2þ ! Fe3þ charge

transfer excitations that occur in the W layer (the iron oxide

double layer).28 The film shows a similar, but somewhat

leakier tendency in the (a�E)0.5 vs. energy plot, although

due to limited optical density, our uncertainties are larger.

Similar measurements on a film on SiC are less interpretable

due to the 3.05 eV band gap of the substrate.

In summary, we have identified a reliable method for

depositing single-phase epitaxial LuFe2O4 films. This ability

combined with the knowledge that the charge-order transi-

tion temperature of LuFe2O4 is sensitive to pressure31 invites

the use of thin film methods, e.g., strain or dimensional con-

finement through heterostructuring, to modify the structure

and properties of this controversial multiferroic.
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