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Abstract 

 
In this work, we present an investigation on the effects of thermal annealing on the magnetic response of Lithium Niobate/Fe 

samples. Fe thin films have been deposited on Lithium Niobate Z-cut ferroelectric substrates by vapor phase epitaxy. A series 

of annealing treatments were performed on the samples, monitoring the evolution of their magnetic properties, both at the 

surface and on the volume. The combination of structural, magnetic, chemical and morphological characterizations shows 

that the modification of the chemical properties, i.e. the phase decomposition, of the substrate upon annealing affects 

drastically the magnetic behavior of the interfacial Fe layer. By tuning the annealing temperature, the magnetic coercive field 

value can be increased by an order of magnitude compared to the as-grown value, keeping the same in-plane isotropic 

behavior. Since no evident differences were recorded in the Fe layer from the chemical point of view, we attribute the origin 

of this effect to an intermixing process between a fragment of the substrate and the Fe thin film upon critical temperature 

annealing, process that is also is responsible for the observed changes in roughness and morphology of the magnetic thin 

film. 
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1. Introduction 
 

The control of magnetization and magnetic anisotropy are of 

utmost importance in spintronics, especially in view of 

applications for data storage and data manipulation. Tuning 

of the magnetic properties of an heterostructure can be 

pursued in several ways. One way is tailoring the magnetic 

film overlayer by multi-stack architecture [1, 2] or exploring 

different deposition conditions (rate, substrate temperature, 

angle of impact of the atomic beams on the substrates) [3, 4].  

A second way is to act on the substrate to induce changes in 

the epitaxial magnetic overlayer, as for example by 

exploiting interface stress control of piezoelectric substrates 

[5-9] or by controlled after-growth annealing. In this last 

case, magnetocrystalline anisotropy of a ferromagnetic 

overlayer may be induced by structural anisotropy at the 

interface driven by the substrate surface crystallography [10, 

11]. Thermal annealing may as well affect the substrate 

structure and composition. This is particularly relevant in the 

case of unstable substrates. Among them, ferroelectric 

Lithium Niobate LiNbO3 (LN) is a paradigmatic case. Its 

properties strongly depend on the quality of its synthesis, i.e. 

its composition (stoichiometric, congruent, etc. [12]). In fact, 

ions tend to migrate easily during crystal growth, creating 

intrinsic defects in the crystal lattice [13-15]. LN crystals are 

extremely useful in ferroelectric-piezoelectric based devices 

[16, 17]. Being LN insulating, a conductive amorphous, 

polycrystalline or epitaxial layer is often deposited on top of 

it to act as electrode [18-23]. Patterned ferromagnetic layers 

can be used as sensors of magnetic surface acoustic waves, 

being especially efficient at room temperature [18, 24, 25]. 

The performances of such devices deteriorate above 300°C 

because of LN becoming chemically unstable [26, 27]. This 

is mostly due to a dissociation reaction that occur in the 

substrate, which leads to a combination of effects such as 

surface rearrangement, increase of surface roughness and/or 

changes in the surface stoichiometry [27]. Such changes in 

the substrate are reflected in changes of the overgrown 

materials that can experience oxidation and/or modifications 

of their properties. 

In this work, we combined structural, magnetic, chemical 

and morphological analysis to investigate how the chemical 

modifications of LN upon annealing in the temperature range 

from 300 to 800°C induce giant changes on the magnetic 

properties of a Fe thin film grown on top of it.  
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By performing magneto-optic Kerr effect (MOKE), X-Ray 

Diffraction (XRD), X-ray Photoemission Spectroscopy 

(XPS), X-ray Absorption Spectroscopy (XAS), Atomic 

Force Microscopy (AFM) and Energy-Dispersive X-ray 

spectroscopy (EDS), we characterize the substantial 

magnetic changes that occur in the system.  These changes 

are not related to variations in the chemical properties of the 

magnetic layer, but they are mostly due to Fe 

microstructural/morphological variations induced by Li and 

Nb oxides clusters interdiffusion towards the surface after 

phase decomposition. 
 

2. Fe thin film depositions and thermal post-

treatments 
 

Black LN substrates Z-cut, i.e. orientated with the hexagonal 

lattice c-axis perpendicular to the surface, were cleaned with 

acetone and ethanol in an ultrasonic bath, with outgassing in 

air at 80°C for 30 minutes before inserting in the Ultra High 

Vacuum (UHV) apparatus. 

10 nm Fe thin films were deposited on it by vapor phase 

epitaxy at a pressure not exceeding 1.10
-9

 mbar and on the 

substrate maintained at Room Temperature (RT). Shadowing 

effects [28] were avoided by orienting the sample surface 

perpendicularly to the metal vapor beam average direction 

during the deposition. Multiple samples were deposited at 

different deposition rates in the [1 - 4 Å.min
-1

] range, as 

calibrated by quartz microbalance. Different deposition rates 

in this range did not affect the results. All the presented 

results refer to Iron samples grown at the rate of 2 Å.min
-1

. 

Fe (a = b = c = 0.286 nm) generally grows cubic with a 

closed packed (110) bcc planar film, but LN has a hexagonal 

unit cell (a = b = 0.5149 nm and c = 1.386 nm) [19]. The 

lattice mismatch between substrate and overlayer is large and 

a deposition at room temperature is expected to give a 

disordered polycrystalline growth of Fe on top of LN. This 

was confirmed by the lack of X-ray diffraction peaks or ion 

electron-diffraction spots in LEED (not reported here). 

After deposition, different annealing in UHV condition were 

done by Joule heating and electron bombardment, using a 

filament placed below the sample holder, at temperatures 

ranging from 300 to 800°C for one hour. 

 

The effects of the thermal treatments on the LN substrate and 

Iron overlayer were probed by XRD with a PanAnalytical 

X’Pert Pro diffractometer (Cu-   wavelength) in high 

intensity mode, i.e. using a Parallel Plate Collimator (PPC) 

as secondary optical block. The pristine sample shows only 

the peak corresponding to the LN substrate (Figure 1) while 

no peaks associated to the Fe overlayer were observed. For 

all the annealing temperatures, no Fe crystallization, i.e. 

single crystal domain, was observed neither by LEED nor by 

XRD.  On the other hand, LN substrate present a structural 

change after annealing at 800°C, with the appearance of a 

new phase, as shown in Figure 1. 

 

Together with the substrate diffraction peak of LiNbO3 

(0006), a new crystalline phase, i.e. LiNb3O8 (Lithium 

Triniobate), is found after annealing at 800°C. The presence 

of this additional peak, indicated by the black arrow, attests 

the deterioration of LN substrate as it is consequent of the 

dissociation reaction [26]: 

3LiNbO3 → LiNb3O8 + Li2O 

As reported in [14], this monoclinic phase precipitates 

epitaxially at the surface of LN Z-cut substrate with (    ) 

growth plane. Its thickness depends of the annealed 

temperature, time and pressure, but can rise up to 140 nm for 

a similar experiment [19]. Such compound was not detected 

at lower annealing temperatures, differently to what observed 

in [26]. We attribute this discrepancy to either (i) a low 

percentage of LiNb3O8 phase below 800°C, (ii) a poor 

LiNb3O8 crystallization, (iii) or to the quality and 

composition of the used LN substrates, which may be 

different between suppliers and lead to different deterioration 

temperatures [26, 27]. 

 

 
Figure 1. θ-2θ X-ray diffraction scans measured on 10 nm 

thick Fe deposited on pristine LNZ (black), annealed 1 hour 

at 450 °C (red) and 800°C (green). 
 

3. Magnetic characterizations of Fe thin films 

 
The magnetic characterization of the LN/Fe sample was 

performed with in-situ longitudinal MOKE measurement in 

the NFFA UHV MBE-cluster setup [29]. Measurements 

were done at room temperature using a s-polarized blue laser 

(435 nm) and chopper modulation at 789 Hz, with a laser 

spot size of about 500 μm
2
 [29, 30]. The sample was rotated 

around its plane axis with steps of 45° to characterize its 

anisotropic response along the LN crystallographic directions 

H // LN [     ], H // LN [     ] + 45° and H // LN [     ] 

directions.  

In Figure 2 (a), (b), (c) and (d), the hysteresis loops along 

these directions are shown for the as-grown, annealed at 

450°C, 600°C and 800°C Fe respectively. The hysteresis 

loops measured for annealing steps below 450°C did not 
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present any evolution in the magnetic behavior compared to 

the as-grown one (not shown). An additional polar plot of the 

in-plane coercive field is presented in inset of the Figure 1 

(a). 

 

The following conclusion can be drawn from the above 

measurements: 

(i) The Fe layer displays a perfectly in-plane isotropic 

behavior, with squared hysteresis loops for all sample 

conditions. This is consistent with a disordered 

polycrystalline growth of Fe, with no induced interfacial 

effects affecting the anisotropy [31]. 

(ii) The as-grown sample has a relatively low coercive field 

(6.5 mT), as expected for a soft magnetic material, but after 

annealing at 450°C the coercive field increases by an order 

of magnitude, reaching up to 85 mT, (i.e. 13 times larger). In 

addition, a linear slope appears after switching the 

magnetization, which remains up to 500 mT, without 

reaching a proper magnetic saturation of the hysteresis loop. 

(iii) At 600°C, linear slopes are still present, while the 

coercive field reduces to 44 mT. 

(v) At 800°C, no magneto-optical order was detected.  

 

4. Surface and volume chemistry characterizations  
 

In order to understand the origin of the magnetic changes of 

Fe as a function of the annealing temperature, and to 

correlate them with the different ratios of phase 

decomposition of LN upon annealing, we performed a series 

of in-situ XPS and ex-situ XAS measurements at the 

different annealing steps. 

XPS measurements were performed with an Al source (Kα = 

1486.7 eV) and hemispherical electron energy analyzer in a 

dedicated chamber of the NFFA UHV MBE-cluster system 

[32]. Photoemission spectra were taken with the sample 

surface at 45° with respect to the incident beam. In this 

condition, the probed area on the sample surface covers an 

area of ~1 mm
2
. One must note that the probing depth of 

such measurements is around 1 nm. All spectra were aligned 

with reference to the binding energy of C 1s peak. 

Figure 3 presents a comparison of the survey scans between 

as-grown (black), annealed at 450 °C (red), 600 °C (blue) 

and 800 °C (green) panel (a) the Fe 2p core levels (b) and Nb 

3d (c). Fitting of the core levels are also presented with the 

envelope and background respectively presented with solid 
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Figure 2. Room temperature hysteresis loops measured for 10 nm thick Fe film deposited on pristine LNZ 

substrate before (a) and after annealing at 450 °C (b), 600°C (c), 800°C (d) along different crystallographic 

axis. A polar plot of the in-plane coercive field is present in inset of (a). The three colored squares 

correspond to the in-plane directions presented on the hysteresis loops. 
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and dotted lines. For the sake of clarity, only Fe 2p as-grown 

core levels is shown. 

The as-grown Fe layer spectrum presents Fe 2p peaks with 

the typical skewed lineshape of the metallic Iron. After the 

annealing at 450°C or 600°C, i.e. in correspondence of the 

large changes in magnetization (see Figures 2 (b) and (c)), 

the Fe 2p peaks and peakshape do not show appreciable 

changes (see Figure 3 (b)). This suggests that the large 

magnetic effects upon annealing are to be connected with 

modifications at the LN/Fe interface. A very small surface 

contamination coming from silver paste degassing during the 

annealing can be seen (see Ag 3d peaks close to 570 and 370 

eV in Figure 3 (a)). 

After annealing at 800°C, i.e. at the step at which no 

magnetic signal was recorded with MOKE, major changes 

appear in the XPS survey spectrum:  

(i) The presence of Nb peaks, together with the increase of 

the O 1s contribution, is a sign of deterioration of the LN 

substrate, with dissociation species diffusing from the 

interface [18] towards the Iron surface. The Nb 3d symmetric 

peak shapes (Figure 3 (c)) are reminiscent of Nb oxides [33, 

34]. After an analysis of the core levels and a comparison 

with data from the literature [33-36], the binding energy of 

the measured Nb 3d peaks corresponds to the 5+ oxidization 

state and more especially to LiNb3O8 compound, slightly 

shifted from Nb2O5 and LiNbO3. The Li 1s peak was indeed 

found at lower binding energy (not shown). 

(ii) As a consequence of the interdiffusion between substrate 

elements and Iron overlayer, the intensity of the Fe 2p peaks 

is attenuated, but the lineshape remains metallic (see Figure 3 

(b)). 

(iii) The presence of Mo 3d peaks is due to impurities from 

the electron bombardment on the sample holder. From the 

analysis of the core levels weighted by their scattering cross 

sections (not shown), the Mo percentage is close to the one 

of Nb. 

XAS measurements in Total Electron Yield (TEY) mode 

probes about ~ 5 nm of material below the surface. In order 

to reached the LN/Fe interface region, two samples of 5 

nm Fe thick have been deposited on pristine LN and 

annealed at 450 °C and 800 °C. From the magnetic point of 

view, no significant differences were recorded with respect 

to the 10 nm thick case (Figure 2). The samples were then 

capped at RT with a 3 nm thick Au layer before exposure to 
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Figure 3. XPS survey and core level scans using Al source and respectively a pass energy of 40 and 30 eV. 

In (a), black, red, blue and green curves correspond respectively to as-grown, annealed at 450°C, 600°C and 

800°C. Using the same color legend but renormalized to the main edges, Fe 2p and Nb 3d core levels are 

presented in (b) and (c) respectively. In addition, fitting of the core levels (asymmetric Doniach-Sunjic and 

symmetric Gaussian-Lorentzian line shapes for Fe and Nb respectively) plus their background (Shirley) are 

presented with solid and dotted lines respectively. 
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air. Once again, the deposition has been made by vapor phase 

epitaxy at a pressure not exceeding 1.10
-9

 mbar. Such process 

allowed transferring it from the growth chamber to APE-HE 

beamline [37]. XAS spectra at Fe L2,3 edges were probed at 

room temperature, in linear polarization, with the sample 

surface at 45° with respect to the incident beam, normalizing 

at each energy value the intensity of the sample current to the 

incident photon flux current, probing an area of ~150 μm
2
. 

The resulting spectra are shown in Figure 4. In addition, a 

metallic 5 nm Fe XAS reference spectrum (black curve) was 

added to help the comparison. The Fe reference sample was 

deposited and recorded in the same cluster setup and 

beamline, respectively.  

 
Figure 4. Absorption spectra taking at Fe L2,3 edges for a 

metallic Fe reference (black), a 5 nm thick Fe after 

annealing at 450 °C (red) and 800 °C (green). 
 

Quite surprisingly, for both annealing temperatures no 

visible changes from the metallic behavior (as the one of the 

Fe reference shown for comparison) are observed. This 

implies that no detectable chemistry changes are present 

through the whole Fe layer volume after LN annealing even 

at the 800°C step, which showed clear signs of LN phase 

decomposition up to the surface (Figure 3). 

 

5. Microstructural variations  
 

Since our measurements exclude chemical modifications of 

Fe upon annealing, we investigated the morphologic 

variations of LN/Fe after each annealing step. In order to do 

so, AFM images were recorded in tapping mode on 3 nm 

thick Au capped samples on 10 nm Fe thickness. Since Au 

capping layer was deposited after the annealing steps, we 

estimate that it does not affect substantially the observed 

morphology. Together with these AFM images, a possible 

scenario of the microstructural processes taking place during 

the annealing steps was derived and sketched in Figure 5. 

The RMS roughness of the as-grown LN/Fe sample 

(Figure 5 (a)) is 0.8 ± 0.2 nm, which attests a relatively 

flat surface after room temperature deposition.  

After annealing at 450°C (Figure 5 (b)), the RMS roughness 

dramatically increases up to 6.1 ± 0.2 nm, with the 

appearance of large spots on top of the surface. From our 

XPS characterizations (see Figure 3 (a) and (b)), we can 

consider that these features are still constituted by the 

metallic Fe top layer. Therefore, at this annealing step the 

increase of roughness due to the LN dissociation reaction, 

already observed in [27], has as direct consequence a 

modification of the morphology of the whole Fe thin film. 

The Fe layer evolves from a continuous flat film to a mix of 

continuous rough film and intermixed one, mainly close to 

the interface, with Li and Nb oxides clusters. We attribute 

such rich morphology as a possible reason of both the 

increase of the in-plane coercive field, due to the higher 

density of blocking points during the magnetization reversal 

[38-40], and of the linear slopes at high magnetic field, due 

to some domains that cannot be switched in this applied field 

range. Finally, the random distribution of these features in 

the AFM image is in accordance with the magnetic isotropy 

shown in Figure 2 (b). 

The final AFM characterization after 800°C annealing 

(Figure 5 (c)) shows a reduction of the RMS roughness to 4.3 

± 0.2 nm, with a decrease of the clusters coverage. From 

literature, a decrease of the LN roughness is expected around 

600-700°C [27, 36, 41]. This decrease is explained by a 

rearrangement of the top surface and of a part of the surface 
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and d), annealed over 450°C (b and e) and at 800°C (c and f). Each cases possess its own color legend 

corresponding to the surface height. Yellow, dark and light grey colors correspond to Fe, LN and 

deteriorated substrate respectively.  
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precipitates, as evidenced by the LiNb3O8 diffraction peak 

still present in XRD characterizations, and including possibly 

Fe in the present case, which is absorbed via a 

retransformation to the LiNbO3 phase, as one can see from 

reduced Fe peaks in XPS characterizations. This second 

morphological transitions may explain therefore the decrease 

of the in-plane magnetic coercive field observed in Figure 2 

(c) at 600°C. Increasing the annealing temperature up to 

800°C may thus lead to a total transformation of the Fe thin 

film into dispersed clusters where no more magnetic 

response is recorded. Such dispersed clusters are however 

closely packed since additional EDS measurements (not 

shown here) using a scanning electron microscope setup 

revealed both Nb and Fe elements uniformly distributed over 

the whole probed area, taking into account a lateral 

resolution of about 150-200 nm. 

 

6. Conclusion 
 

In this work, we have studied LN/Fe samples deposited by 

vapor phase epitaxy as a function of post thermal annealing 

treatments. A full structural, magnetic, chemical and 

morphological characterization have been performed by 

means of XRD, MOKE, XPS, XAS and AFM measurements.  

The as-grown sample displays a ferromagnetic isotropic 

response with a squared hysteresis. Only starting from a post 

annealing temperatures of 450 °C or more, we found large 

modifications of the magnetic properties of the Fe layer. The 

coercive field increases up to a factor 13. This modification 

can be tuned according to the annealing temperature, which 

makes this process suitable for tailoring the magnetic 

coercivity of the magnetic layer over one order of magnitude 

span. The combination of XPS and XAS measurements 

showed that the LN phase decomposition does not induce 

any change in the chemical properties of the Fe layer, even 

after losing any appreciable magnetic response. From XRD 

measurements, we have observed the formation of a new 

crystallographic phase of the LN while the AFM 

measurements show that this transition is accompanied by 

large changes in the morphology of LN/Fe visible in the 

changes of the surface roughness and appearance and 

disappearance of clusters. We attribute the origin of the 

magnetic changes in the magnetic overlayer to partial 

decomposition of the substrate and release of diffusing 

species, i.e. stable Li and Nb oxides clusters, through the Fe 

thin film. 

The role of the morphological changes upon LN annealing 

opens the way to further explore different LN/ferromagnetic 

interfaces, either with different LN-cuts or compositions (for 

example congruent [42], where the presence of defects is 

strongly reduced), or by substituting Fe with different 

ferromagnetic layers to tune the magnetic variations.  
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