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Abstract 
 
Heterostructures consisting of 1 nm thick chromia films and 5 nm thick titania films display 
significant exchange bias at and above room temperature.  Chromia films ~ 1 nm thick were 
deposited by molecular beam epitaxy (MBE) of Cr in ultra-high vacuum at room temperature on 
5 nm thick TiO2-x(111) films (x < 0.3)  deposited epitaxially by MBE on Al2O3(0001).  Cr 
deposition yields Ti(III) and Cr(III) formation without Cr/Ti interfacial mixing,  as determined 
by in situ photoelectron spectroscopy (XPS) and electron energy loss spectroscopy (EELS).  In 
situ low energy electron diffraction (LEED) data indicate hexagonally-ordered chromia. Planar 
and polar Magneto-optic Kerr Effect (MOKE) measurements at 300 K exhibit strong magnetic 
interaction between the boundary layer magnetization of chromia and the ferromagnetic 
substrate. These data demonstrate the robust room temperature interaction of the boundary layer 
magnetism of a multiferroic antiferromagnet with a d0 ferromagnetic substrate—a system with 
strong potential for voltage-switchable spintronic devices. 
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1.  Introduction 

The exploitation of room temperature dilute magnetic semiconductors, including d0 
ferromagnets such as titania, for spintronic applications is of long standing interest [1-3], and the 
coupling of such materials with a voltage-switchable antiferromagnet, such as chromia, presents 
an avenue toward low-power, non-volatile memory and logic applications [4].  Previous studies, 
however, have demonstrated that magnetic performance can be adversely affected by factors not 
completely understood, but which may include interfacial Cr/Ti mixing [1], and possibly poor 
control of O vacancies resulting in magnetic ordering only at T < 50 K [5].  Importantly, such 
studies have generally involved either rutile or anatase forms of TiO2 [1, 3, 5]. 
 In contrast, here we present data for ultra-thin Cr2O3 films deposited on titania films of 
unusual structure and composition:  TiO2-x(111) films (x< 0.3) grown epitaxially on Al2O3(0001) 
substrates.  The evidence here suggests that these are in fact Magnéli phases, similar to films 
grown on Pt(111) [6, 7] or Pt3Ti(111) [8].  Concentrations of oxygen vacancies in such films 
can, as shown below, be minimized by annealing in O2 without loss of hexagonal order.  
Subsequent Cr deposition at room temperature results in additional O vacancy formation in the 
TiO2-x substrate near the interface, which can enhance the d0 ferromagnetic moment [3].  Such 
vacancies survive subsequent room temperature exposure of the chromia/titania interface to high 
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O2 pressures.  The observation of strong exchange bias is evidence of 
antiferromagnetic/ferromagnetic coupling to at least 315 K, suggesting a straightforward route 
toward the formation of robust, voltage-switchable spintronic devices. 
 
 
2. Experiment 
 Film deposition and characterization studies were carried out in a multi-chamber system 
with capabilities for molecular beam epitaxy (MBE), XPS, Auger electron spectroscopy (AES) 
and EELS, as described previously [9].  Al2O3(0001) substrates were cleaned by annealing in 10-

6 Torr O2 until LEED and XPS showed an ordered, carbon-free alumina surface.  Ti deposition 
on Al2O3(0001) was carried out in a background of 10-6 Torr O2 at 500 K and at an average 
deposition rate of  10 Å-min-1. Cr deposition was carried out at room temperature and 1 x 10-9 
Torr, at a rate of 1 Å-min-1. 
 Titania films were deposited in a sequence of alternating deposition and annealing in a 
background of 10-6 Torr O2 at 1000 K. (see Supplemental data, Fig. S1).  O/Ti stoichiometry was 
estimated from the Ti(IV)/Ti(III) ratios obtained from deconvolution of the Ti 2p XPS spectra.  
This method is obviously approximate and ignores potential, albeit minor, contributions from 
other Ti oxidation states, but was necessitated by the fact that the titania films were sufficiently 
thin (~ 50 Å or less) as to allow significant contributions from the alumina substrate to the total 
O 1s XPS signal.  This is apparent from the estimations of film stoichiometry based on relative O 
1s and Ti 2p intensities (Supplemental data, Fig. S2).  Using this method, O/Ti atomic ratios > 2 
are observed for all films, although the ratios decreased exponentially with film thickness.  This 
effect is consistent with a calculated [10] O 1s photoelectron inelastic mean free path of 20.2 Å 
through stoichiometric TiO2.   
 In situ XPS and EELS spectra were acquired using a commercial double pass cylindrical 
mirror analyzer (Staib) with co-axial electron gun.  For EELS spectra, a 100 eV electron beam 
was used to maintain surface sensitivity.  For XPS spectra, an unmonochromatized AlKα source 
(Physical Electronics) was used.  The energy scale for XPS spectra was calibrated by setting the 
O 1s peak binding energy for clean Al2O3(0001) at 531.0 eV [11].  Core level XPS intensities, 
estimations of film thickness and spectral deconvolution were carried out by standard methods 
[10, 12], using commercially available software.  For deconvolution of Ti 2p spectra, Gaussian-
Lorentzian peaks were used, with FWHM of 3.0 eV, based on results for stoichiometric TiO2 
obtained with this analyzer.  A Ti(IV)-Ti(III) 2p3/2 energy splitting of 1.4 eV was also used [13].  
In-situ LEED images were obtained using a commercial reverse-view four grid LEED instrument 
(Omicron) with co-axial electron gun.  MOKE measurements, with the magnetic field oriented 
both in-plane and out of the plane to the sample, were carried out using a custom built MOKE 
setup (Supplemental data Fig. S3). A 630 nm intensity-stabilized He-Ne laser beam was first 
linearly polarized and then passed from photoelastic modulator before interacting with the 
sample. For planar MOKE the beam was then incident on the sample at some acute angle with 
respect to normal.  For polar MOKE, however, after passing from the photoelastic modulator, the 
beam was then passed from the beam splitter for the normal incident of beam on the sample. 
Reflection from the magnetic surface of chromia in the presence of applied field results in a 
change in the polarization angle of incident beam due to which a detectable change in beam 
intensity was recorded which is in accordance to Malus’s law [14]. Before entering the photo 
detector this elliptically polarized beam is first passed from the analyzing polarizer. The MOKE 
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intensity is linked with the magnetization of the chromia sample and is plotted as a function of 
applied field. 
 
 
3.  Results 
 In-situ LEED data are displayed in Fig. 1 for (a) a clean Al2O3(0001) surface; (b) a 5 nm 
thick TiO1.8(111) film on Al2O3(0001); (c) a similar film as in (b), but annealed in O2 to yield 
near-stoichiometric TiO2; and (d) after Cr deposition at room temperature.  Ti 2p XPS spectra 
corresponding to Figs. 1b-d are shown in Fig. 2a-c.   

The results in Fig. 1 and Fig. 2 demonstrate that deposition of Ti films on Al2O3(0001) 
under these conditions results in hexagonally ordered titanium oxide films with significant Ti(III) 
content (e.g., TiO1.8) and that extensive annealing in O2 largely eliminates the observed Ti(III) 
component without apparent change in hexagonal orientation.  The films with greater Ti(III) 
content were, as expected, more conductive, as indicated by the fact that titania films of all 
thicknesses, after annealing, exhibited significantly more charging in XPS.  LEED spectra (Figs. 
1c,d) were also impacted, with annealed films allowing image acquisition (albeit blurred) only at 
certain electron beam energies, and with the LEED electron beam in many instances migrating 
off the sample. 
 EELS spectra correlate with these results.  O vacancies in titania yield electron 
occupancy of the Ti 3d states, and this is reflected in EELS spectra (Fig. 3) that indicate 
transitions at loss energies < 2 eV, consistent with electrons in mid-gap states and as expected for 
corundum-phase Ti2O3, for example [15].  Annealing in O2 essentially eliminates Ti(III) 
components from Ti 2p XPS spectra (Fig. 2b), and also eliminates such low energy transitions 
from the EELS spectrum (Fig. 3b).  However, as total film thicknesses increased, even films with 
substantial Ti(III) XPS spectral components exhibited significant charging in XPS, suggesting 
that the O vacancies were not uniformly distributed in the films. 
 The evolution of O 1s and Cr 2p XPS spectra upon Cr deposition are shown in Fig.4.  O 
1s spectra (Fig. 4a) exhibit considerable broadening toward higher binding energies upon 
chromia deposition, although the O 1s peak binding energy remains constant.  Cr 2p spectra (Fig. 
4b) exhibit no significant shift in binding energy with increasing thickness, indicating that Cr(III) 
is the predominant oxidation state throughout the Cr deposition process [16].  The O 1s 
broadening observed in Fig. 4a, however, is associated with the formation of O vacancies/non-
lattice oxygen and OH groups in TiO2 films [17].   
  These data are also consistent with the XPS Ti 2p spectrum (Fig. 2c) showing an  
increase in the deconvoluted Ti 2p Ti(III)/Ti(IV) intensity ratio upon Cr deposition.  The data in 
Figs. 2 and 4, therefore, indicate the migration of O atoms from the titania substrate into the 
growing chrome overlayer during Cr metal deposition in UHV at room temperature.  Cr 
deposition also results in a monotonic attenuation of the Ti 2p signal intensity relative to the O 1s 
signal intensity (Fig. 5).  This is consistent with migration of O from titania into a Cr overlayer, 
but without significant Cr/Ti interfacial mixing.  LEED spectra acquired after ~ 10 Å chromia 
formation (Fig. 1d) are blurred, but exhibit a hexagonal LEED pattern, consistent with formation 
of a (0001)-oriented film on top of the TiO2-x(111) film.  Thus, the data indicate formation of a 
hexagonally-ordered Cr2O3/TiO2-x heterostructure.  The titania oxygen vacancies are not readily 
passivated upon exposure to higher pressures of O2.  Exposure of this interface to ~ 10-4 Torr O2 
for 30 minutes at room temperature yielded no significant change in the relative Ti(III) intensity 
in the XPS Ti 2p signal (not shown). 
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 Planar and polar MOKE data were acquired between 280 K and 315 K for the 
Cr2O3/TiO2-x(111) film, and showed little variation with temperature, exhibiting significant 
exchange bias and hysteresis. Planar MOKE data acquired at 300 K are displayed in Fig. 6a, and 
corresponding polar MOKE data at this temperature are shown in Fig. 6b. It can be seen in 
Figure 6a that the center of the hysteresis is translated from its normal center i.e. H = 0 to HE ≠ 
0. Exchange bias and some evidence of residual antiferromagnetism is evident in the polar 
MOKE taken at 300 K (Figure 6b), although exchange bias dominates in a manner similar to that 
seen in the planar MOKE results.  
 
4. Discussion 
 The data presented here demonstrate strong chromia/titania interfacial magnetic 
interactions at and above room temperature, in direct contrast to previous reports indicating 
exchange bias at the Cr2O3(10-10)/rutile-TiO2(001) interface only for T < 40 K [5].  This 
striking difference suggests—aside from an obvious difference in film orientation--significant 
differences in the nature of the TiO2 substrate, and possibly in the way the chromia/titania 
interface is formed, with implications for future device applications. 

Studies of TiO2 growth on Al2O3(0001) at elevated deposition or annealing temperatures report 

formation of rutile TiO2(001), albeit with the formation of a Ti2O3(111) interfacial layer ~ 1 nm 

thick [18]. The lattice constants for this corundum phase Ti2O3(111) layer are a = b = 5.1 Å [18].  

A comparison of the LEED spectra in Figs. 1a, b indicates that the lattice constant of the TiO2-

x(111) film is 5.1 Å, in very good agreement with that of Ti2O3(111).  That such films can be grown 

on top of similar films after extensive annealing in O2 (Supplemental data, Fig. S1) indicates that 

annealing in O2 does not significantly alter film lattice constants or orientation.  These data 

therefore indicate that the TiO2-x(111) films studied here are in fact Magnéli phases (TinO2n-γ).  

Similar, hexagonally ordered Magnéli phases of titania have been grown under similar deposition 

conditions on Pt(111) [6].  Additionally, brief room temperature exposures of such phases, 

including bulk Ti2O3,  to O2 or ambient,  substantially reduces the number of O vacancies within 

the XPS sampling depth, yielding a nearly stoichiometric TiO2 film according to XPS [19], in 

agreement with our results (Fig. 2). Therefore, the data in Figs. 1 and 2 indicate that the TiO2-

x(111) films  examined here are in fact Magnéli phases, or, essentially, O-rich corundum phase 

Ti2O3. 

 Previous studies of chromia/titania interface formation at various temperatures moderately 

elevated above 300 K, have reported Cr/Ti intermixing [1, 20, 21] with quenching of magnetism, 

even at highly ordered interfaces.  The data presented here, however, indicate that Cr deposition 

in UHV at room temperature results in O migration into the Cr overlayer, resulting in chromia 

formation and enhanced Ti(III) sites near the interface (Figs. 2, 3), but with negligible Cr/Ti 

interfacial mixing.  Indeed, XPS data (Fig. 5) demonstrate that the O 1s/Ti 2p intensity ratio (with 

similar inelastic mean free paths for both O 1s and Ti 2p photoelectrons) increases with Cr 

deposition at room temperature, consistent with preferential attenuation of the Ti 2p intensity, due 

to O migration into the growing Cr overlayer.  The stability of the Ti(III) sites thus formed upon 

exposure to relatively high pressures of O2 suggests that this interface is relatively stable under 

ambient conditions, consistent with the ex situ MOKE data (Fig. 6). 

 LEED data (Fig. 1d) indicate that the chromia overlayer thus formed is hexagonally ordered.  
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An epitaxial relationship between Cr2O3(0001)  and corundum-phase TiO2-x(111), with similar 

lattice constants, is not surprising.   

 The existence of the observed exchange bias behavior (Fig. 6) would not be observed for a 

polycrystalline chromia layer [5], and is therefore corroborative evidence for an ordered chromia 

layer.  Similar hysteresis curves, as seen in the MOKE of Figure 6, have been produced for strained 

Cr2O3(0001)/Al2O3(0001), but only in the polar (c-axis) direction [22].  In contrast, d0 

ferromagnetism in rutile TiO2 is manifested in-plane [5, 23].  Since the boundary layer 

magnetization of Cr2O3(0001) is oriented along the c-axis [24, 25], the observation of magnetic 

ordering by both planar (in the thin film plane) and polar (probing moment alignment along the 

normal) MOKE above and below the TN for Cr2O3 indicates an interaction between the in-plane 

ferromagnetically ordered TiO2-x(111) substrate and the polar-oriented boundary layer 

magnetization of the chromia. The off-center hysteresis in both the polar and planar MOKE (Fig. 

6) is the characteristic signature of exchange bias in our Cr2O3/TiO2-x interface.  The exchange 

bias field for an AFM/FM interface is given by the Meiklejohn-Bean expression [26]: 𝜇𝑜𝐻𝐸𝐵 =  − 𝐽𝑆𝐶𝑟2𝑂3𝑆𝑇𝑖𝑂2𝑀𝑇𝑖𝑂2𝑡𝑇𝑖𝑂2     (1) 

where J is the phenomological coupling between d0 ferromagnetism in rutile TiO2 and boundary 

layer magnetization of the antiferromagnetic chromia. 𝑆𝐶𝑟2𝑂3 and 𝑆𝑇𝑖𝑂2 are interface 

magnetizations, 𝑀𝑇𝑖𝑂2 is the saturation magnetization for ferromagnetic TiO2 and 𝑡𝑇𝑖𝑂2 is the 

thickness of ferromagnetic layer. A hysteresis loop shift in planar MOKE data with an increase in 

temperature from 280 K to room temperature (not shown) also confirms the presence of exchange 

bias in the Cr2O3/TiO2-x heterostructure. Similar hysteresis shifts along the direction of applied 

field have already been reported in the study of in-plane exchange bias of Cr2O3(10-10)/rutile-

TiO2(001) interface [5]. In their study, they completely suppressed the perpendicular exchange 

bias by growing the Cr2O3 along the (10-10) plane, constraining the c-axis to lie in the film plane. 

For our study, we have grown Cr2O3 along the (0001) plane, and thus have seen a strong 

perpendicular exchange bias as shown in the polar MOKE data taken at 300 K Fig 6 (b). The 

presence of in-plane and perpendicular exchange bias is therefore evidence of interaction between 

the polar-oriented boundary layer magnetization of Cr2O3(0001) and d0 ferromagnetism of the 

TiO2-x(111) substrate, and compelling evidence that the actual spin structure is canted. 

 A pertinent question, particularly for device applications, is why this chromia interface exhibits 

exchange bias to above 300 K, yet a recently studied Cr2O3(10-10)/TiO2(001) interface [5] did not 

show such bias above ~ 40 K.  In the absence of detailed knowledge of the chemistry of that 

interface, no firm conclusion is obtainable.  An interesting possibility, however, is that the titania 

films examined here exhibited a significantly higher concentration of O vacancies than the rutile 

TiO2 films examined by Yuan, et. al. [5].  The d0 ferromagnetism of undoped TiO2 and similar 

oxides has been correlated with O vacancies, and consequent n-type doping of the 3d conduction 

band [1, 3, 27].  Given the limited sensitivity of  XPS to O vacancy formation, it may be that the 

titania Magnéli phase films examined here have higher concentrations of O vacancies than the 

more often examined rutile or anatase phases of TiO2. Magnéli phases are usually highly 
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conductive [28].  It may also be that formation of the interface in the manner reported here, 

resulting in significant additional oxygen vacancy formation in the TiO2-x layer within the XPS 

sampling depth of the interface, may be responsible for the more thermally robust magnetic 

interactions reported here.  In any case, the data reported here indicate that titania Magnéli phases 

are strong candidates for further study.  Additionally, however, our data also suggest that Cr 

deposition under these conditions on, e.g., anatase or rutile TiO2(001) or SrTiO3(001) may result 

in sufficient titania O vacancy formation near the interface as to create a two-dimensional electron 

gas (2DEG) [29, 30].  The interaction of a magneto-electric antiferromagnet with such a two-

dimensional electron gas as interesting device implications [4].  Such studies are in progress in our 

laboratories. 
 

5. Summary and Conclusions 
 XPS, LEED, and EELS demonstrate that Ti MBE on Al2O3(0001) at 500 K in 10-6 Torr O2 

yields corundum-phase TiO2-x(111) films for which 0 < x < ~ 0.3.  Subsequent deposition of Cr 

in UHV at room temperature results in Cr2O3(0001) formation and additional Ti(III) formation 

within XPS sampling depth of the chromia/titania interface. Both planar and polar MOKE 

measurements indicate exchange bias characteristic of antiferromagnet/ferromagnet interaction, at 

temperatures up to at least 315 K.  These results indicate that chromia/titania heterostructures with 

controlled oxygen vacancies in the titania phase exhibit significant potential for low power 

spintronic applications at and above room temperature. 
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Figures and Captions 
 
 

 
 
 
 
Fig. 1 LEED images of (a) a clean Al2O3(0001) substrate; (b) a 49 Å thick TiO1.8(111) film 
deposited on Al2O3(0001); (c) a similar film as in (b) but annealed at 1000 K in 10-6 Torr O2 
for 300 min; (d) after deposition of Cr and formation of ~ 10 Å of chromia. The images 
were acquired at 60 eV (a,b), 100 eV (c) and 80 eV electron beam energy due to significant 
sample charging. 
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Fig. 2  XPS Titanium oxide spectra (a) TiO1.7(111) film (as in Fig. 1b); (b) Nearly 
stoichiometric film obtained after annealing in 10-6 Torr O2 for 300 min (as in Fig. 1c); and 
(c)after Cr deposition at room temperature (as in Fig. 1d).  Red trace—experimental 
spectrum; solid black trace—Ti(IV) component; dashed black trace—Ti(III) component; 
dotted trace—sum of Ti(IV) and Ti(III) components.  
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Figure 3.  EELS spectra for 5 nm thick titania film (a) after Ti deposition ((5) in Fig. S1) 
and annealing in O2 ((6) in Fig. S1).  Electron excitation energy is 100 eV. 
 

 
Figure 4.  Evolution of (a) O 1s) and (b) Cr 2p spectra upon Cr deposition for average Cr 
thicknesses of (i) 2.1 Å, (ii) 6.6 Å and (iii) 10 Å.      
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Figure 5  O 1s/Ti 2p XPS intensity ratio as a function of chromia overlayer deposition at 
room temperature. Dashed line is an exponential fit to the data, excluding the data point 
near 4 Å Cr thickness.  
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Figure 6.   (a) Planar MOKE data and (b) Polar MOKE data, acquired at 300 K for the 
same film as in Figs. 4 and 5.  Similar planar MOKE data were obtained at 280 K – 315 K. 
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