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Abstract: 

     The surface termination and the nominal valence states for hexagonal LuFeO3 thin 

films grown on Al2O3(0001) substrates were characterized by angle resolved X-ray 

photoemission spectroscopy (ARXPS). The Lu 4f, Fe 2p, and O 1s core level spectra 

indicate that both the surface termination and the nominal valence depend on surface 

preparation, but the stable surface terminates in a Fe-O layer. This is consistent with the 

results of density functional calculations which predict that the Fe-O termination of 

LuFeO3(0001) surface is energetically favorable and stable over a broad range of 

temperatures and oxygen partial pressures when it is reconstructed to eliminate surface 

polarity.  

 

Keywords: Lutetium Ferrite, X-ray Photoemission for surface analysis, Density 

functional theory, Multiferroic/magnetoelectric films, Epitaxial and superlattice films 
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I. Introduction 

 The hexagonal lutetium ferrite (h-LuFeO3) is an example of one of the few 

multiferroic materials in which the spontaneous ferroelectric and magnetic ordering 

simultaneously present at room temperature [1-3]. Ferroelectricity in h-LuFeO3 appears 

below a Tc = 1050 K, followed by an antiferromagnetic ordering below the Néel 

temperature of TN = 440 K. Decreasing the temperature below 130 K, a weak 

spontaneous ferromagnetic polarization appears along the c-axis, due to the 

Dzyaloshinskii-Moriya and single ion anisotropy mechanism [4,5]. This leads to multiple 

types of ferroic ordering and novel magnetoeletric coupling [5,6] in the same system. 

From the point of view of applications, if the magneto-electric coupling is to be exploited 

in this system, the surface termination and surface stability is of paramount importance. 

The surface termination affects the polarization of the surface and of the interface with 

other materials, which will have a significant influence on the voltage control of 

magnetization for magnetoelectric logic and memory device applications. Yet, the 

detailed structural and electronic properties at the interface between h-LuFeO3 and the 

substrates or at the surface (the interface with vacuum) [8] of the LuFeO3 have been 

given little attention thus far [1-4,6-11].  

 Here we have investigated the structural and electronic properties of the surface 

and the stability of h-LuFeO3 using angle-resolved x-ray photoemission spectroscopy 

(ARXPS), complemented by x-ray diffraction (XRD) and density functional theory 

(DFT). Given the surface sensitivity due to the short mean free path of the photoelectron, 

angle resolved XPS has proven to be an effective approach to characterizing the surfaces 

of complex oxides [12-20], as confirmed by low-energy ion scattering (LEIS) and a host 
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of other techniques [20]. These ARXPS techniques have been applied to the manganites 

[12-20], and also apply to the ferrites. From this, based on the Lu 4f, Fe 2p and O 1s core 

level electronic structure, as well as density functional theory, we are able to show that 

the favored surface termination of h-LuFeO3 is Fe-O instead of Lu-O2.  

 

II. Experimental 

 Hexagonal LuFeO3 films (50 nm) [1,2] were deposited on Al2O3 (0001) and 

yttrium stabilized zirconia (YSZ) (111) substrates using pulsed laser (248 nm) deposition. 

The depositions were carried out in a 5 mtorr O2 background gas at 750 oC with a laser 

fluence of 1 J/cm2. The crystal structures of the h-LuFeO3 films were characterized by x-

ray diffraction using a Rigaku D/Max-B diffractometer, with the Co Kα radiation (1.7903 

Å). 

 The angle-resolved X-ray photoemission spectra (ARXPS) were obtained using 

SPECS PHOIBOS 150 energy analyzer. A non-monochromatized Al Kα x-ray source, 

with photo energy 1486.6 eV was used with various emission angles, as indicated. The 

core level binding energies were calibrated on the basis of a gold reference, with Au 4f7/2 

core level peak placed at 84 eV was used to calibrate the system, all at room temperature. 

Due to the insulating nature of the sample, the charging effects were evident assigning 

the adventitious C 1s feature to 284.8 eV provided an additional calibration of binding 

energy. Photoemission take–off angle was adjusted by rotating the manipulator with 

accuracy ±1o. The CasaXPS software was used to analyze the X-ray photoemission core 

level spectra [21] and a Shirley-type background was subtracted to obtain X-ray 
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photoemission core level spectra peak areas [22,23]. The ARXPS experiments were 

carried out on multiple samples (h-LFO on Al2O3 (0001) and/or YSZ substrates) and no 

significant differences between the XPS core level spectra observed. 

 

III. Computational methods 

 Theoretical modeling of the h-LuFeO3 films stacking in the (0001) direction (Fig. 

1) was performed using density functional theory, the projected augmented wave method 

[24], and Perdew-Burke-Ernzerhof pseudopotentials [25], as implemented in Vienna ab 

initio simulation package [26]. We fully relaxed the structure with the force convergence 

limit of |0.03| eV/Å for each atom. Correlation effects beyond generalized gradient 

approximation (GGA) were treated at a semi-empirical GGA+U level within a 

rotationally invariant formalism [27] with a U = 5 eV chosen for the Fe 3d-orbitals. 

 In order to investigate the surface composition, we calculated the surface grand 

potential of 19 layers thick symmetric 144 atoms Lu-O2 and 141 atoms Fe-O terminated 

slabs, so as to avoid creation of a polar field, unless noted otherwise. Two slabs were 

separated by 15 Å vacuum, to avoid the interaction between them. The in plane lattice 

constant was taken from experiment [28] and kept fixed while internal coordinate were 

completely relaxed. 

  

IV. The nominal oxidation state of h-LuFeO3 
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 The surface of hexagonal lutetium ferrite (h-LuFeO3) is fragile with respect to low 

energy argon ion sputtering, and the surface composition and nominal valence state of the 

surface and near surface (selvage region) can be modified. The X-ray photoemission 

spectra for the Fe 2p, O 1s and Lu 4f core levels show significant differences after argon 

ion sputtering compared to “as grown” (pristine) sample, as seen in Fig. 2. These changes 

are particularly evident in the Fe 2p satellite photoemission features and Lu 4f shallow 

core level. 

 The Fe 2p core level photoemission spectra not only contain the 2p3/2 and 2p1/2  

but also three satellite peaks (labeled by the dashed lines A, B, and C in Fig. 2a) and  

excellent signatures of the nominal valence state of the iron in LuFeO3. The peak position 

of the Fe 2p core level photoemission satellite features have been well studied for Fe2+, 

Fe3+ and mixed valance state compounds [29-34]. In comparing our data with these prior 

studies, it is clear that for pristine h-LuFeO3 thin films, the Fe 2p and satellite peaks are 

characteristic of a nominal Fe3+ valance, and as the features do not vary with emission 

angle, both surface and bulk are in the nominal Fe3+ valance state. This changes after the 

sputtering or after the sputtering and annealing (to ~400 K in ultra-high vacuum) 

combination. 

 With sputtering, and even with post annealing, the XPS spectra of Fe 2p and 

associated satellite peaks characteristic of a nominal Fe3+ valance develop the signatures 

of the characteristics of a nominal Fe2+ valance, as seen in in Fig. 2a. In the transition 

from the nominal Fe3+ valance to Fe2+, the relative binding energies of the Fe 2p satellite 

features move to the lower (smaller) binding energies, as do the main 2p core level 

photoemission features, as noted in prior studies of iron oxides [33,34]. Accompanying 
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the general shift to lower binding energies, the energy separation between the satellite 

peaks and the main Fe 2p3/2 core level photoemission peak also decreases. The XPS 

satellite peaks (labeled by C in Fig. 2a) move closer, in apparent binding energy, to the 

Fe 2p3/2 core level feature. This energy separation between the multiplet features and the 

main Fe 2p3/2 and Fe 2p1/2 features, in XPS, is a signature of a change in the nominal 

valence of the iron [29-34]. These changes to the core level photoemission spectra 

indicate that the Fe local environment changes with Ar ion sputtering and annealing, and 

indeed is expected, since the oxygen deficiencies (oxygen depletion) can occur [33,34]. 

The electron density around the Fe ion decreases so the binding energies for both the Fe 

2p satellite and the main core level peak also decrease.  

 The experimental XPS Fe 2p3/2 core level line shape for h-LuFeO3 may be even 

further fitted with the multiplet peaks of Gupta and Sen [35,36] for both pristine surface 

of a nominal Fe3+ valance and the surface where defects were introduced by Ar+ ion 

sputtering and annealed in ultra-high vacuum (UHV). This fitting of the 2p3/2 envelope by 

a detailed assignment of multiplets, as applied by Gupta and Sen to high spin Fe3+ 

compound  [35,36] is a tertiary indicator of the nominal Fe valance state. If the pristine h-

LuFeO3 is entirely Fe3+ in the surface region, then the multiplet fitting of Gupta and Sen 

should be consistent results with other iron compounds [29,30,37]. In the spirit of 

multiplet fitting of Gupta and Sen [24,35,36], the fittings of the peak positions and 

intensity contributions to the various multiplets, for the pristine sample, agrees with the 

expected Fe (III) compound multiplet configuration, as summarized in Fig. 2c with the 

key fitting parameters listed in table I. The only deviation from expectation is that the 

photoemission full width at half maximum (FWHM) for the various multiplet features is 
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slightly larger than the typical values [29,30,37]. Taken as a whole, the multiplet fine 

structure is a further reliable indicator that the iron of pristine surface is in the nominally 

pristine Fe3+ state.  In a similar vein, for the surface following sputtering and annealing 

treatments, the fittings of the peak positions and intensity contributions to the various 

multiplets (Fig. 2c) and the fit of the 2p3/2 envelope (Fig. 3a) must include a Fe2+ 

component to agree with the multiplet fitting of Gupta and Sen (Fig. 2c and Table1).  

 The iron 2+, introduced by argon ion sputtering and annealing, is a result of defect 

creation. With more significant sputtering and higher annealing temperatures, the Fe 2p 

photoemission features peaks show increasingly stronger characteristic signatures of Fe2+ 

(labeled by “Fe2+” dashed line in Fig. 3b). While the characteristic signatures of Fe2+ in 

the photoemission spectra of h-LuFeO3 are increasingly resolvable after annealing at 

1000 K, the creation of oxygen vacancies is partially reversible. The intensity of the 

characteristic signatures of Fe2+, in core level photoemission, decreases after the 

annealing in 1×10-8 torr O2 environment, as shown in Fig. 3b.  

 The fragile nature of the h-LuFeO3 stoichiometry is also evident in X-ray 

diffraction (XRD), as shown in Fig. 3c. After multiple cycles of argon ion sputtering and 

UHV annealing, additional peaks appear in the XRD spectrum, indicating an impurity 

phases. The XRD spectrum obtained for a sample annealed in UHV treatment shows 

evidence of a minority phase (arrow in Fig. 3c) other than h-LuFeO3. This minority phase 

can be reduced or removed and converted back to the hexagonal phase after annealing in 

1 atm O2 at 600o C (bottom of Fig. 3c). The hexagonal phase, h-LuFeO3, is stable as a 

thin film on Al2O3(0001) substrates [1, 2], but the stable phase for LuFeO3 is 

orthorhombic phase (o-LuFeO3), not the hexagonal phase. The fact that the hexagonal 
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phase can be recovered in the sputtered sample after annealing at high oxygen pressure 

(~1 atm) at ~600 oC, is indicative that it is the hexagonal phase that is the stable phase of 

the epitaxial LuFeO3 thin films on Al2O3(0001) substrates and that the energy of the 

Al2O3 (0001)/h-LuFeO3 (0001) interface has lower energy than other possible interfaces 

[2]. 

 

V. Surface termination and possible reconstruction of h-LuFeO3 

    Both density functional theory (DFT) and angle resolved X-ray photoemission (XPS) 

indicate that the Fe-O surface termination is favored. As noted in the introduction, angle 

resolved X-ray photoemission spectroscopy (ARXPS) may be used to estimate the 

surface composition of complex oxides [12-20] by making use of the changes in the 

effective mean free path of the escaping photoelectron, which decreases with the 

increasing photoemission take-off angle. The variations in the photoemission Fe 2p3/2 to 

Lu 4f intensity ratio is plotted in Fig. 4. With the increasing take-off angle, the intensity 

ratio for pristine sample increases, indicating the Fe contribution is greater at the surface 

than Lu ions, suggesting that the surface is terminated by Fe-O instead of Lu-O2. As the 

sample is crystalline, forward scattering must be anticipated [12,38-43]. This forward 

scattering in angle-resolved XPS contributes to the sharp rise in the Fe/Lu ratio at about 

11-20° off normal (forward scattering is expected at about 16°).  

 After moderate argon ion sputtering, the rich Fe-O surface layer is removed and 

the underlayer exposed leading a Lu-O2 termination of the surface of h-LuFeO3. This is 

evident in the angle-resolved XPS data as a reduction of the Fe 2p3/2 to Lu 4f intensity 
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ratio with increasing emission angle away from the surface normal, as clearly seen in Fig. 

4. We find there is the relationship between the surface termination and the shape of the 

Lu 4f core level features. For the pristine sample (Fe-O terminated as discussed above), 

the Lu 4f is split in the photoemission spectra into the 4f7/2 and 4f5/2 spin-orbit 

components, as shown in Fig. 2b.  

 When the termination of the surface of h-LuFeO3 is Lu-O2, as a result of argon 

ion sputtering, the shape of Lu 4f feature changes and the separation of the 4f7/2 and 4f5/2 

components is almost not resolvable (Fig. 2b). While the valency of the Lu 4f may not 

change, the local environment of Lu does, leading to a surface and bulk component for 

both the 4f7/2 and 4f5/2 [44-46]. There are the complications as while the electronic 

structure of a rare earth 4f state is generally regarded as a core level [47-48], and often 

thought not affected by the valence electron and/or crystal field, the rare earth 4f peaks lie 

close to Fermi level and seen to be part of the valence band [46,49-53] thus strongly 

influenced by the valence band and changes of crystal field. The changes to the Lu 4f7/2 

(8.5 eV) and 4f5/2 (7.1 eV) XPS shallow core levels, in this latter context, are not 

surprising at all and consistent with prior work [46,52].   

 The Fe-O surface termination evident in angle-resolved photoemission is 

consistent with the predictions of our DFT calculations. To investigate the surface 

composition, we calculated the surface grand potential for symmetric Lu-O2 and Fe-O 

terminated slabs. The surface grand potential GS [54] is defined as 

!!   =    !
!!

!!  –    !!"!!"   +   !!"!!"   +   !!!! , where A is the surface area, and 

chemical potentials (µ’s) are defined with respect to those of the Lu and Fe solids and 
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molecular O (i.e. ! = !!"   +   ∆!)  and calculated assuming that the surface is in 

thermodynamic equilibrium with bulk. Using !!!"   =
!
!
! !! = 4.66  eV , and the 

experimental Lu2O3 formation enthalpy [55] (!! = !(!!!!!)   −   2!!"!" +   3!!!" ), we 

determined µel
Lu. Similarly using the experimental Fe2O3, FeO and Fe3O4 formation 

energies [55] we determined µel
Fe. Using the relationships 3∆!!   +   ∆!!" +   ∆!!"   =

  !!  (!"#$!!), with a calculated value of -14.17 eV/mol, for the formation energy of 

LuFeO3 and taking into account that 3∆!!   +   2∆!!"   ≤     !! !!!!!  and 3∆!!   +

    2∆!!" ≤   !! !!!!!    to avoid the formation of Lu2O3 and Fe2O3, and ∆µO, ∆µFe  and 

∆µLu ≤ 0 to avoid formation of elemental Lu, Fe and O2, we determined the region of the 

chemical potentials where LuFeO3 is stable. This is displayed in Fig. 5b, where the 

shaded area of stable LuFeO3 is bounded by formation of Fe2O3 and Lu2O3. At each point 

inside this region of stable LuFeO3, we calculated the surface grand potential for the Lu-

O2 and Fe-O surfaces. The regions where the Lu-O2 and Fe-O surface terminations have 

the lowest grand potential are shaded in red and blue respectively in Fig. 5a. The oxygen 

chemical potential can be converted to temperature and pressure using the relation ΔµO(T, 

P) = (H0+cp(T-T0)-TS0+Tcpln(T/T0) +kBTln(P/P0))/2 derived using the ideal gas law, 

where cp=3.5kb,  kb = 1.4×10-23 m2kgs-2K-1 and tabulated values for oxygen at T0 =298 K 

and P0=1 atm are H0=8700 Jmol-1 and S0=205 Jmol-1K-1. It can be seen from Fig. 5a that 

except for lower oxidizing conditions, the Fe-O surface is unstable.  The above 

consideration, however, does not take into account the tendency for the polar surfaces to 

reconstruct.  

 The fact that both Lu-O2 and Fe-O pristine surface terminations are charged 

means that they are unstable and thus highly susceptible to surface reconstructions. 
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Theoretically, we consider a simple surface reconstruction that leads to a charge neutral 

surface. The (2x1) Fe-O surface with one iron vacancy ((2x1) Fe-O+V(1Fe)), and the 

(2x2) Lu-O2 surface with three oxygen vacancies (2x2 Lu-O2+V(3O)) are expected to be 

neutral based on their polar charges. Following the method described above we 

calculated the grand potential for the reconstructed surfaces and plotted the surface phase 

stability diagrams in Fig. 5c and 5d. It is evident that contrary to the results for the 

unreconstructed pristine surface, the Fe-O surface termination is stable over a broad 

range of temperatures and oxygen partial pressures (Fig. 5c). In oxidizing/Fe poor 

conditions, formation of Fe vacancies is facile and a defective Fe-O surface is stable, 

whereas in reducing/Fe rich conditions Fe vacancy formation is energetically unfavorable 

and the unreconstructed Fe-O surface is stable. This means that the energy gain by 

polarity reduction in this case is smaller than that required to form Fe vacancy.  The 

grand potential of (2x2) Lu-O2+V(3O) is higher than (1x1) Fe-O even in O poor area, and 

hence (1x1) Fe-O surface remains more stable.  Thus, overall stability phase diagram 

now is covered by Fe-O surfaces—(2x1) Fe-O+V(1Fe) in the Fe poor/O rich conditions 

and (1x1) Fe-O surface in Fe rich/O poor conditions. 

 

VI. Conclusion 

We find in all our experimental studies that the h-LuFeO3 (0001) basal face surface 

terminates in Fe-O, consistent with density functional theory calculations. The polar Fe-O 

surface is seen to be susceptible to reconstructions and vacancy formation, again in both 

experiment and theory, and this effect is much more dramatic under high temperature and 
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ultrahigh vacuum (UHV). The stability of the h-LuFeO3 phase for films on Al2O3 (0001) 

substrates is further confirmed by the fact that the impurity phase generated by sputtering 

and annealing in UHV can be converted back to the hexagonal phase. 
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Figure Captions: 

Figure 1 (color online) Unit cell of h-LuFeO3 showing the charged Fe-O and Lu-O2 

layers. 

 

Figure 2 (color online): The core level electron structure of h-LuFeO3 for pristine (both at 

0o and 60o take-off angle), sputtered-only and sputtered and annealed samples taken at 0o 

take-off angle. (a) Fe 2p peaks with three satellite peaks labeled by A, B and C. (b) Lu 4f 

and O 1s core lines. (c) the Gupta and Sen (GS) multiplets fittings for Fe 2p3/2 peaks with 

Shirley background indicated. The four multiplets from Fe3+ and three multiplets from 

Fe2+ were shown by bolded (magenta) line and (blue) dot respectively. The (green) dash 

line indicates the possible surface contribution. The fitting parameters were labeled in 

Table I.  Binding energies are in terms of EF – E. 

 

Figure 3 (color online): (a) Comparisons of XPS Fe 2p3/2 spectra for pristine h-LuFeO3 

sample taken at 0o (black line), 60o (green line) take-off angles with respect to the surface 

normal and sputtered and annealed sample taken at 0o with respect to the surface normal 

(blue line) illustrating the broadening at around 709 eV where the signature of Fe2+ may 

exist in the spectra. (b) The shape and peak intensity changes in the Fe 2p spectra after 

intensive sputtering and annealing cycles (see text), but the spectra were taken at room 

temperature. The dash line Fe2+ shows the Fe2+ components. (c) Recovery of the 

hexagonal phase indicated by XRD in the UHV treated sample after annealing in 1 
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atmosphere oxygen. The arrow indicates an impurity peak. Binding energies are in terms 

of EF – E. 

Figure 4 (color online): The XPS intensity (peak area) ratio of Fe 2p3/2 core level relative 

to the Lu 4f (the latter containing both 4f7/2
 and 4f 

5/2 components), as a function of 

photoemission take-off angle with respect to the surface normal. The dash lines are just 

meant as guide lines. (a) The (black) triangle and (red) spot shows the variation of the 

peak area ratios with take-off angle indicating Fe-O and Lu-O2 surface termination for a 

pristine and sputtered surface respectively. (b) The XPS intensity (peak area) ratio of Fe 

2p3/2 core level relative to the Lu 4f, an indication of a Fe-O termination for a separate 

sample.  

 

Figure 5 (color online): Results of theoretical calculations of the h-LuFeO3 (0001) surface 

phase stability. Partial pressure (pO2)-temperature plot showing the stability conditions 

for the unreconstructed (1x1) Lu-O2 and (1x1) Fe-O polar surfaces (a) and the 

reconstructed (2x1) Fe-O+V(1Fe) and (1x1) Fe-O non-polar surfaces (c);  and their 

chemical potential representation of plot in (b) and (d) respectively.   
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Figure 1.  
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Figure 2. 
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Figure 3. 
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Figure 5.   
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TABLE I. Comparison of the Gupta and Sen (GS) multiplet peak parameters (Fe 2p3/2) used to fit the Fe3+ and Fe2+ nominal valence 

core level spectra obtained in the compound h-LuFeO3 (h-LFO) and other Fe (III, II) compounds.  

 
 

Compound 

 
Peak 1  (eV) 

[FWHM] 

 
 

% 

 
Peak 2 (eV) 

[FWHM] 

 
 

% 

 
ΔE (eV) 
(Peak2-
Peak1) 

 

 
Peak 3  (eV) 

[FWHM] 

 
 

% 

 
ΔE (eV) 
(Peak3-
Peak2) 

 
Peak 4 
(eV) 

[FWHM] 

 
 

% 

 
ΔE (eV) 
(Peak4-
Peak3)  

 
 

Ref. 

 
h-LFO(Fe3+)a 

 

 
710.1[1.6d] 

 
36.4 

 
711.1[1.4] 

 
27.8 

 
1.0 

 
712.2[1.6] 

 
24.4 

 
1.1 

 
713.4[1.7] 

 
11.4 

 
1.2 

 
This                    

work 
h-LFO(Fe3+)b 

 
708.9[1.6] 34.4 710.1[1.5d] 28.5 1.2 711.2[1.7] 23.2 1.1 712.5[1.7] 13.8 1.3 This   

work 
Ave. Fe2O3

c 709.8[1.1] 33.2 710.8[1.0] 30.6 1.0 711.6[0.8] 23.4 0.8 712.7[1.1] 12.9 1.1 [37] 
 

Fe3+ GS 
multiplets 

 

  
39.9 

  
30.4 

 
1.6 

  
19.6 

 
1.3 

  
10.1 

 
0.6 

 
[36,29] 

h-LFO(Fe2+)b 

 
706.7[1.4d] 30.3 707.5[1.6] 49.5 0.8 708.1[1.3d] 20.1 0.6    This   

work 
FeO 708.4[1.4] 35.2 709.7[1.6] 43.7 1.3 710.9[1.6] 21.1 1.2    [29] 

 
Fe2+ GS 

multiplets 
 

  
36.1 

  
46.4 

 
1.4 

  
17.5 

 
1.6 

    
[36,29] 
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a The pristine sample which means as grown without any sputtering or annealing treatment. 

b Sample was sputtered and annealed and then Fe2+ peaks shown. The ratios for Fe2+ and Fe3+ 

were normalized to the corresponding GS multiplets, which means, for Fe3+ the area sum of 

peak1-4 was 100% and for Fe2+ the area sum of peak1-3 was 100%. 

c In the original reference, the ratio was calculated for GS multiplets and also satellites. For the 

comparison, the area ratio was normalized for peak 1-4, the GS multiplets only. 

d The full width at haft maximum was constrained to the bolded number and the reset was 

obtained by fitting.  

Page 27 of 27 CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT  JPCM-104004.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


