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A living-dead magnetic layer at the surface of ferrimagnetic DyTiO3 thin films
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Abstract

When ferromagnetic films become ultrathin, key properties such as the Curie temperature and the saturation magnetization are usually depressed. This effect has been thoroughly investigated in magnetic oxides such as half-metallic manganites, but much less in ferrimagnetic insulating perovskites such as rare-earth titanates RTiO3, despite the appeal of these materials to design correlated two-dimensional electron gases. Here, we report on the magnetic properties of epitaxial DyTiO3 thin films. While films thicker than about 50 nm show a bulk-like response, at low thickness we observe a surprising increase of the saturation magnetization. We model this behavior using a classical model of "dead layer" but we assume that this layer is actually "living", i.e. it responds to the magnetic field with a strong paramagnetic susceptibility.

Through depth-dependent X-ray absorption and photoemission spectroscopy, we show that the "living-dead layer" corresponds to surface regions where magnetic (S=1/2) Ti 3+ ions are replaced by non-magnetic Ti 4+ ions. Element specific hysteresis cycles obtained at the Dy M5 and Ti L3 edges indicate that the surface Ti 4+ ions decouple the Dy 3+ ions, thus unleashing their strong paramagnetic response. Finally, we show how capping the DyTiO3 film with different materials can help increase the Ti 3+ content near the surface and thus recover a better ferrimagnetic behavior.

Among transition-metal perovskites, rare-earth orthorhombic titanates RTiO3, (R=La... Lu or Y) emerge as a particularly interesting family of Mott insulators [1][2][3][4] . The most stable valence state of rare-earths (except for Eu and Ce) is 3+, which imposes a 3+ valence state to the Ti, that is thus in a spin ½ 3d 1 electronic state. A salient feature of RTiO3 compounds is the phase transition from ferrimagnetic to antiferromagnetic (G-type) order when going from small (Lu... Gd) to large rare-earths (Sm... La) [1,3] . This insulating-ferrimagnetic behavior is exceptional among simple perovskites and offers perspectives for engineering novel magnetic states at oxide interfaces [5,6]. . However, the growth of high quality thin films of rare-earth titanates is challenging due to the relatively poor stability of the Ti 3+ valence state [7] . So far, literature on ferrimagnetic titanate thin films is very scarce, aside from a few reports on GdTiO3 [8,9] and YTiO3 [10,11] . Here, we focus on DyTiO3 (DTO), for which thin film growth has never been reported. In the bulk, this compound has a Curie temperature (TC) of 60 K, among the highest in the RTiO3 family, and a non-collinear magnetic order comprising canted Dy moments whose resulting magnetization is antiferromagnetically coupled to that of Ti spins [12,13], , leading to a saturation moment MS = 3.7 µB/f.u. (f.u.: formula unit) [1] . Unlike in the better studied GdTiO3, the magnetic hysteresis cycles of DTO are very square with a strong remanence and a high coercive field [1] , making it more appealing to interfacially imprint a clear magnetic response onto an adjacent oxide layer [6] for instance.

We report on the epitaxial deposition of single-phase epitaxial thin films of DTO using pulsed laser deposition (PLD) in two different growth conditions both corresponding to very low oxygen partial pressures (PO2). We show that while thick films (>50 nm) have almost bulk-like magnetic properties, with a high remanence and a Curie temperature near 60 K, in thinner films a paramagnetic component develops at the expense of the ferromagnetic one. By combining in situ X-ray photoelectron spectroscopy (XPS) and ex situ X-ray absorption spectroscopy (XAS) using several detection modes we could gain insight on the depth dependence of the Ti valence.

Through the correlation between the thickness dependence of the magnetic properties and the depth dependence of Ti oxidation state, we infer how overoxidized Ti ions at the film surface alter the coupling between Dy ions, yielding a peculiar increase of the high-field magnetization in ultrathin DTO films. We present X-ray reflectometry magnetic hysteresis cycles at the Dy M5 and Ti L3 edges that confirm this picture. Finally, we explore the effect of epitaxial capping layers on the Ti valence and the magnetic properties.

Epitaxial thin films of DTO (110)o (o : orthorhombic notation) have been grown on LaAlO3 (001)pc (pc : pseudo-cubic notation) substrates by means of pulsed laser deposition (PLD) in a chamber with a background pressure was in the low 10 -89 mbar range at room temperature and using a multiphase ceramic target ablated by a KrF excimer laser at 2 Hz. The growth of rareearth titanate thin films requires a low PO2 to stabilize the 3+ oxidation of Ti and avoid oxygen interstitials leading to a Ti 4+ state [7][8][9] . We found two suitable growth atmospheres : one under a total pressure of pure oxygen of 410 -7 mbar and one under an argon atmosphere of 110 -3 mbar, both with a substrate temperature of 900°C. The growth was monitored in situ by reflection high-energy electron diffraction (RHEED). For both growth conditions, we observe oscillations of the specular beam intensity (cf insets of Figure 1a andb), indicative of a layerby-layer growth, slightly clearer for growth in pure Ar.

Figure 1a

and 1b shows X-ray diffraction (XRD) 2θ-ω scans for DTO films with a thickness ranging from 5 to 80 nm grown in pure Ar and low PO2, respectively. In addition to the LAO substrate (001)pc reflections, we only observe peaks corresponding to the DTO (110)pc reflections. The out-of-plane lattice constant is between 3.9070.009 Å for all films. For both sets of growth conditions, we thus managed to obtain single phase films of DTO over the full range of thicknesses.

We investigated the magnetic properties of those films through SQUID magnetometry (SQUID: superconducting quantum interference device) after field cooling in 100 Oe. Figure 1c and1d display the field dependence of the magnetization at 10 K for films grown in pure Ar and in low oxygen pressure, respectively. Figure 1e and 1f show the temperature dependence of the magnetization at 100 Oe. Thicker films show a clear hysteresis with a saturation moment at 50 kOe MS=3.5-3.7 µB/f.u., a large remanence and a ferromagnetic transition near 60 K, consistent with the bulk MS and TC [1] . As thickness decreases, TC is gradually reduced for films grown in oxygen whereas it stays more or less constant down to 5 nm for the films grown in pure Ar. In parallel, thickness reduction promotes a puzzling change in the M(H) loops: the loops become less square and more slanted with both remanence and coercivity decreasing, but the high-field magnetization increases up to more than 6 µB/f.u. This behavior is at odds with the situation in ferromagnetic manganites for instance, in which thickness reduction yields a concomitant decrease of both TC and MS, the thinnest films showing no magnetic response [14,15] . These results are summarized in Figure 2. While for both sample series the remanent magnetization monotonically decreases as thickness is reduced (Figures 2a and2c), the saturation magnetization shows an opposite behavior and tends to increase at low thickness (Figures 2b and2d).

In classical itinerant ferromagnets or double-exchange systems such as manganites, the reduction of the saturation magnetization in ultrathin films has been modelled using the socalled "dead-layer" picture that assumes that a fraction of the filmnear the interface with the substrate or at the film surfaceis non-magnetic (i.e. its magnetization is zero). In La2/3Sr1/3MnO3 the dead layer at the interface with an insulating perovskite such as SrTiO3 has a typical thickness of a few nm [14,16,17] . It is believed to originate from changes in the optimal carrier density (due to charge transfer from the adjacent material and/or to the presence of oxygen vacancies) that drive the material's ground state towards neighboring antiferromagnetic and insulating states of the (bulk) phase diagram [16][17][18] .

While our experimental results also suggest that when thickness is reduced the relative contribution of the ferrimagnetic phase of DTO to the overall magnetic response decreases at the expense of another one, they are clearly incompatible with a picture assuming such a non-magnetic dead layer. Instead, we propose that the observed behavior arises from the existence of a non-ferromagnetic "living-dead layer", responding to the field with a strong paramagnetic susceptibility, as suggested by the shape of the M(H) loops in Figure 1c and1d.

To substantiate our claim, we fit the thickness dependence of the remanent and saturation magnetization with this living-dead layer model. Although some dead layer may also be present at the substrate/film interface, we hypothesize that the response is dominated by a dead layer at the film surface. We assume that this layer is paramagnetic and thus has a null magnetization at remanence and a large magnetization at high field. We use a simple bilayer model (a ferrimagnetic layer and a paramagnetic layer):

𝑀 𝑡𝑜𝑡𝑎𝑙 = 𝑚 𝑡𝑜𝑡𝑎𝑙 • 𝑡 = 𝑚 𝑃 • 𝑡 𝑃 + 𝑚 𝐹 • 𝑡 𝐹 𝑚 𝑡𝑜𝑡𝑎𝑙 = (𝑚 𝑃 -𝑚 𝐹 ) • 𝑡 𝑃 𝑡 + 𝑚 𝐹
with t = tF + tP the total film thickness, tF the thickness of the ferrimagnetic layer, tP the thickness of the paramagnetic layer, mF the moment per unit volume of the ferrimagnetic layer and mP the moment per unit volume of the paramagnetic layer. We used the DTO bulk value 3.7 µB/f.u. [1] for mF and focus on the samples grown in pure Ar. Setting mP to the maximum magnetization of the thinnest sample (mP6.5 µB) and using tp as a fitting parameter (model 1) yields a high fit quality, with tp=7-8 nm (Fig. 2a). A dead layer thickness of 5 nm is obtained by fitting the remanent magnetization (Fig. 2a) and assuming here mP=0 µB. For the O2 grown films, the fit of MR (not shown) is not very good, possibly reflecting a progressive reduction of the anisotropy in the ferrimagnetic layer when decreasing thickness. We will come back to these data later on.

We now turn to the origin of this dead layer. To address this issue, we have investigated the valence of the atomic species present in the film using X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) with three detection modes probing the sample over different depths. In Figure 3 we plot the XPS spectra of Ti 2p core levels for two 20 nm films collected at different angles, allowing to vary the probing depth over about 5 nm. Focusing on the spectra for the pure Ar film (Fig. 3a and3b), we notice that each of the Ti 2p1/2 and 2p3/2 peaks comprises two main components: one corresponding to Ti 4+ (shaded in blue) and another to Ti 3+ (shaded in red) at higher and lower binding energies, respectively. A third, minor component, possibly corresponding to Ti 2+ (in green) is also visible [19,20] . At normal emission (Fig. 3a), the 3+/4+ ratio is 80:20 and decreases to 39:61 at 45° emission. The data thus clearly point to a gradient of Ti valence over the sample depth, with a higher concentration of Ti 4+ near the surface [21] . Following Ref. [22] , we estimate that the equivalent thickness of the Ti 4+ surface layer is about 1.3 nm. For the film grown in O2, the XPS spectrum at normal emission (Fig. 3c) suggests a larger proportion of Ti 4+ (3+/4+ ratio is 20:80), in line with the more degraded magnetic response of films grown in O2 in this thickness range.

Further insight into this depth dependence of the Ti valence state is provided by XAS on a 80 nm film. We have acquired spectra using three different detection modes: total electron yield (TEY, probing depth 2-10 nm), total fluorescence yield (TFY, probing depth a few tens of nm) and X-ray excited optical luminescence (XEOL, the whole film thickness is probed). In TEY (Fig. 3d), the spectrum exhibits four main features corresponding to the transition from 2p3/2 (L3 edge) and 2p1/2 (L2 edge) levels to the 3d levels split into t2g and eg states by the crystal field. The spectrum looks close to the one expected from Ti 4+ (as in SrTiO3 for example [23] ), with albeit some noticeable differences in line shape and intensities. As we probe deeper in the sample using TFY (Fig. 3e), the spectrum exhibits additional components, and peaks at lower energy grow in intensity [24,25] . We interpret this as the signature of Ti 3+ ions for which XAS features shift to lower photon energies due to the smaller binding to the 2p levels and present a richer multiplet structure due to the splitting of the t2g and eg states, expected for a 3d 1 configuration. Finally, the XEOL spectrum (Fig. 3f) suggest the presence of an almost pure 3+ state [21,26] , very rarely reported in the literature (presumably because most XAS experiments used TEY detection and thus only probed the Ti 4+ rich dead layer at the surface [27] ).

The data in Fig. 3d-f provide information [28] on the effective volume fraction of regions in which Ti is 4+. Fig. 3g presents linear combinations of pure Ti 4+ [23] and "pure" Ti 3+ XAS spectra (we use our XEOL data for which Ti is very close to pure 3+). By comparison with the experimental spectra we can estimate that the XAS data collected in TEY correspond approximately to a 80:20 Ti 4+ :Ti 3+ ratio and in FY to a 10:90 ratio. Since in TEY the probing depth is about 5 nm, this indicates that a region near the film surface with an effective thickness of 4 nm contains Ti 4+ only. This layer contributes to the XAS in TFY, and the 10:90 ratio suggests a probing depth of 40 nm in TFY, which is reasonable. The good correspondence between this equivalent thickness of pure Ti 4+ and the thickness of the magnetic living-dead layer strongly suggests that the deviation from a 3+ valence near the film surface triggers the paramagnetic response of the Dy ions.

To test our hypothesis of a link between the titanium valence state and the observed paramagnetic signal, we measured the magnetic field dependence of the dichroic signal at the Dy M5 and Ti L3 edges using X-ray Resonant Magnetic Scattering (XRMS) to obtain elementselective magnetic hysteresis cycles as function of temperature, see Figure 4. Both Ti and Dy show a hysteresis cycle at low temperature (Fig. 4a and4c), with a magnetic transition occurring around 60 K, in good agreement with the SQUID data for thick samples. This observation supports the globally ferrimagnetic magnetic order of DyTiO3 observed in Refs. [12,13] (see bottom sketch in Fig. 4b). The main point is that while the titanium develops a purely ferromagnetic response, the dysprosium shows a superposition of a ferromagnetic and a paramagnetic response. The signal at the Dy edge is thus the superposition of the response of Dy ions coupled with the Ti 3+ by exchange and of uncoupled (paramagnetic) Dy ions in a Ti 4+ environment. This demonstrates the causality between the change in the titanium valence at the sample surface and the living dead layer phenomena. We can now come back to the analysis of Fig. 2b and2d, assuming that the paramagnetic signal with a large magnetization at high field comes from uncoupled Dy 3+ ions (model 2). The moment of such a 4f 10 system is 10.6 µB per ion at saturation. From simulations of its Brillouin function

𝑚(𝐻) = 𝑔𝐽 ( 2𝐽 + 1 2𝐽 coth ( 2𝐽 + 1 2𝐽 𝑥) - 1 2𝐽 coth( 1 2𝐽 𝑥))
where g is the Landé factor, 𝑥 = , we determine that the moment is 8.3 µB at our maximum field of 5 T. We thus set mP=8.3 µB/f.u. The fits of mtotal vs t for both thin film series are shown as blue lines. The agreement with the data is good within error bars and yields tP=4-5 nm for the pure Ar series and tp=1-2 nm for the O2 series. To sum up, both the XAS and SQUID data point to the presence of a 4-5 nm thick dead layer at the surface of the films, comprising Ti 4+ ions and behaving as a paramagnet (see top sketch of Fig. 4b). The effective dead layer inferred from (in situ) XPS is thinner, 1.3 nm, which probably reflects some additional surface overoxidation after air exposure.

Finally, we have explored several possibilities to "revive" the magnetic dead-layer. Following Xu et al [7] the presence of the titanium 4+ at the surface of rare-earth titanates might be explained by oxygen ions migrating to interstitial sites during the cooling process. We have thus attempted to reduce the surface of a DyTiO3 film by capping it with different materials.

Starting with a 10 nm DTO film with a high Ti 4+ level and relatively poor magnetic response, we first investigated the effect of a 5 unit-cell cap of LaAlO3 grown by PLD in the same conditions as the DTO film. In Figure 5a we compare the XPS response of the DTO film right after growth, and of the very same film after in situ capping. We see that the 3+ components of the titanium 2p levels are enhanced by the addition of 5 u.c. of LAO; we estimate that the 3+/4+ ratio increases from 29:71 to 45:55. To see a clear effect on the magnetic properties, we grew a similar sample with a 30 nm LAO capping layer, and also studied films with 30 nm Au and Al caps. The Figure 5b shows a clear improvement of the ferrimagnetic properties of the DTO capped with the reducing materials (LAO and Al), with a much higher remanent magnetization, and a lower magnetization at 5 T. Both Al and LAO are reducing materials and it is thus expected that the excess of oxygen at the interface with DTO will be partially diminished. On the contrary Au, a noble metal, does not have such a strong effect. These results suggest that a reducing process takes place to restore the 3+ valence at the surface by taking the excess oxygen out.

In summary, we have shown the presence of a 4-5 nm thick "living-dead" layer at the surface of a ferrimagnetic rare earth titanate, DyTiO3. In this region, the valence of the Ti strongly deviates from 3+ towards 4+, which empties the Ti 3d band thus killing the ferrimagnetic response but exhuming a massive paramagnetic signal from uncoupled Dy 3+ ions. Through in situ XPS and ex situ XAS at the Ti edge with different probing depth, we have found that while in the bulk of the films Ti is clearly 3+, Ti 4+ is progressively more visible as the most superficial regions are probed. The observed concomitant decrease of the remanent magnetization and increase of the saturation magnetization when reducing film thickness indicates the presence of a paramagnetic dead layer. This picture of magnetically coupled Ti and Dy ions coexisting with some paramagnetic Dy is corroborated by element specific hysteresis cycles. Our results shed light on the reported anomalies in XAS and XMCD spectra in nominally trivalent Ti oxides, and suggest severe materials compatibility constrains for titanate-based quantum heterostructures.

Experimental section

Sample preparation

The samples have been grown on (001)-oriented LAO substrates (from CrysTec GmbH). A polycrystalline target (PiKem) consisting of a mixture of Dy2O3, TiO2 and Dy2Ti2O7 with an overall 1:1 Dy:Ti ratio was ablated by a Coherent Compact KrF (248 nm) excimer laser at a repetition rate of 2 Hz and with a fluence of 2 J/cm 2 . The deposition has been done at a substrate temperature of 900 °C. Two different atmospheres are suitable for the growth of DTO, 410 -7 mbar of O2 or 110 -3 mbar of pure Ar. The Ar has been used to control the scattering of lighter species (mainly O -) and the pressure of 1x10 -3 mbar is optimum to that effect [29,30] . The substrate-to-target distance was set to 4.5 cm. After deposition the samples were cooled in the same growth atmosphere at 50 °C.min -1 . The LAO capping was grown in the same condition as the DTO deposition. A PLASSYS magnetron sputtering at room temperature has been used to grow the 30 nm layers of Au and Al.

Structural characterization

We used an Panalytical Empyrean X-rays diffractometer to acquire the 2θ-ω scans. For that we used for the incident beam a Ge(220) mirror prefix module with a 1/8° receiving slit and a mask of 2 mm. For the detector optic a 1/4° anti-scatter slit was placed before a 3D PIXcel detector.

The absence of Laue fringes in the 2θ-ω scans may be ascribed to the surface roughness of about 1 nm and to the composition gradient near the surface. Film thickness was determined through X-ray reflectometry on the same setup.

X-ray photoemission spectroscopy

X-ray photoemission spectroscopy was performed using an Mg Kα source (hν= 1253.6 eV).

Spectra analysis was carried out with the CasaXPS software. The depth detection limit has been previously measured to be 15 u.c. of LAO (≈5.6 nm) [31] . 
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A peculiar magnetic "dead layer" is detected at the surface of thin films of DyTiO3, a ferrimagnetic Mott insulator. Depth-dependent X-ray spectroscopy indicate that this layer is associated with a deviation of the Ti valence from 3+ towards 4+ at the film surface, suppressing the magnetic coupling between Ti ions and unleashing a strong paramagnetic response from uncoupled Dy ions.

X-ray resonant magnetic scattering

The XRMS measurements were carried out at the synchrotron radiation source BESSY II of the Helmholtz-Zentrum Berlin at the VEKMAG end station installed at the PM2 beamline [START_REF] Noll | Proc. MEDSI2016[END_REF] .

Element selective magnetic hysteresis loops were obtained in reflection geometry at energies across the Dy M5-and Ti L3 edges showing maximum dichroic signal at a gracing incidence angle of 15° for the the incoming circularly polarized radiation. After fixing the energy at one of the maximum of dichroism in reflection mode at a 15° angle, we plotted this value as a function of field to obtain the hysteresis cycle of Figure 4.

X-ray absorption spectrocopy

The XAS experiments was performed at the Swiss Light Source (SLS) on the XTreme beamline [START_REF] Piamonteze | [END_REF] . We obtain the XAS spectra under a 5 T magnetic field at 20 K. They have been acquired in three detection modes Total Electron Yield (TEY), Total Fluorescence Yield (TFY), X-rays Excited Optical Luminescence (XEOL). The TEY was acquired by measuring the ground current and the fluorescence data in TFY (without energy selection; however, the photodiode for TFY is capped with an Al foil which ensures that visible photons and electrons do not reach the diode). For XEOL measurements, a similar type of photodiode was used, sensitive to both visible photons and X-rays but mounted at the back of the sample ensuring that no X-rays are transmitted to the photodiode.
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