SKIN LAYER OF BiFeO3; SINGLE CRYSTALS
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Abstract

A surface layer (“skin”) that is functionally and structurally different from the bulk was
found in single crystals of BiFeOs;. Impedance analysis indicates that a previously
reported phase transition at T*~275+5°C is confined within the surface of BiFeOs, and
grazing incidence x-ray diffraction confirms that that the skin’s out of plane lattice
parameter increases sharply at T*, while the bulk of the sample remains completely
unchanged. Meanwhile, the room temperature symmetry of the surface is found to be
lower than that of the interior: the out-of-plane lattice parameter is contracted and
therefore the out-of-plane component of the polarization is reduced. The distinct
structure of the surface will affect samples with large surface to volume ratios such as
fine grained ceramics and thin films, and should be particularly relevant for devices that
rely on interfacial coupling.
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Bismuth ferrite, BiFeOs, has become the cornerstone of magnetoelectric multiferroic
research, thanks to its high ferroelectric and magnetic ordering temperatures, large
ferroelectric polarization, and strong coupling between polarization and magnetic easy
plane, all of which are potentially useful for devices [1, 2, 3]. And, yet, the phase
diagram of this archetypal material is still an enigma, with a large (and growing)
number of structural and/or functional anomalies reported as a function of temperature
that may or may not signal the existence of phase transitions (see Ref. [3] for a critical
review of some of them). Another unaddressed issue concerns the existence or
otherwise of a surface layer (a “skin”) in BiFeOs;. Notice that several important
perovskites (e.g. SrTiO; [7,8], BaTiO; [9] or relaxor Pb(Mg;3Nb,/3)O3 [10]) are known
to have surface layers that are structurally different from the interior of the crystal. The
existence of a surface layer with different symmetry in BiFeO; would not be surprising;
recent work by Dieguez et al. [11] has shown that there is a plethora of different
structural phases within just 100 meV of the ground state of BiFeOs;, an energy gap
comparable to surface relaxation energies of perovskites [12, 13].

The problem of the nature of the surface may be connected to the problem of the
unexplained phase transitions, and may in fact account for the most intriguing aspect of
these anomalies, which is that their observation depends on the experimental technique
used. For example, back-scattering Raman experiments show strong phonon softening
at T*=270°C [4], and yet this apparent phase transition was completely undetected by
either birefringence [5] or neutron studies [6]. If the transition at T* were confined
within the surface, this would explain why it is observed in backscattering Raman,
which is a surface-sensitive probe, but not in transmission (neutron and birefringence)
experiments, which are bulk-sensitive techniques. Aside from these fundamental
questions, characterizing the skin of BiFeO; is also crucial from an applied point of
view, because the spintronic devices proposed for this material are based on interfacial
interactions, such as exchange bias between its surface (its skin) and contiguous
ferromagnetic layers [2, 14, 15].

Aiming to unravel these issues, we have investigated the structural and dielectric
properties of the skin layer of BiFeOs single crystals as a function of temperature, with
techniques allowing a tuneable information depth. Impedance analysis indicates that the
reported anomaly at T* indeed corresponds to a phase transition localized only at the
interface, while grazing incidence x-ray diffraction confirms that the lattice spacing of
the surface changes abruptly at T*, with the bulk remaining unchanged. Such
completely decoupled and localized phase transitions are quite unprecedented, but they
may not be unique: we note that, at low temperatures, there are other unexplained
anomalies in this material [16]. Meanwhile, at room temperature the skin of BiFeOs is
found to have a contracted out-of-plane lattice parameter, consistent with a surface
tilting of the polarization towards the horizontal (in-plane) direction. These results are
evidence that the surface of BiFeOs is different from its interior, both structurally and
functionally.

Following the method proposed by Kubel and Schmid [17], rosette-like crystals, as
described by Burnett et al. [18], were obtained. The sample used for x-ray
investigations was optically polished using sandpaper and diamond paste. Finally, in
order to minimize the mechanically damaged surface layer whilst preserving its
smoothness, a 30 minute chemical-mechanical polishing using silica slurry (Syton SF1;



Logitech) was employed. The final local RMS roughness was better than 0.8 nm, as
determined by atomic force microscopy. The crystals grow with the perovskite
pseudocubic <001> axis out of plane. Ferroelectric/ferroelastic domains are clearly
observable using birrefringence (see figure 1). The quadrant arrangement is consistent
with the polar vector pointing alternately the four diagonals of the perovskite unit cell,
though the existence of actual ferroelectric flux closure cannot be verified by
birrefringence alone. We parenthetically note that this would be a rare example of
macroscopically observable ferroelectric closure quadrant, with previous examples
limited to nanoscopically engineered domains in thin films [19]. Dendritic crystals with
(110) planes parallel to the surface were also made by Tabares-Mufioz and Schmid [20-
22], and their electrical properties were characterised. The surface transition was seen in
both sets of crystals.

500 pm

Figure 1 Polarized optical microscopy viewgraph of a mirror-polished single crystal of BFO
with habitus parallel to <001>,cudocuvic, Showing a quadrant-like arrangement of the four types of
ferroelastic domain present in the sample.

The ac impedance of a (110) crystal, measured using an Agilent impedance analyzer
(model 4294 A), is shown in Figure 2. The electrodes were sputtered gold, with Pt wires
attached to them using silver paste. The capacitive impedance shows Maxwell-Wagner
behaviour [23], typical of a material with two lossy dielectric components in series,
corresponding to the bulk and the interfacial regions [24, 25]. The giant and frequency-
dependent increase in capacitance is due to the bulk of the crystal becoming more
conducting than the interface (the large loss at high temperature and/or low frequency
indicate that the impedance is dominated by charge transport); as the voltage is then
mostly dropped on a very thin interfacial region, there is a large increase in apparent
capacitance [25]. The key observation here is that, for the low frequency data (where
interfacial capacitance is probed), there is a small peak whose temperature
(T* =272 °C) is frequency-independent (figure 2). The fact that the position of T is
frequency-independent indicates that it is not a dynamic effect and is therefore
consistent with a true phase transition. On the other hand, the fact that there is no
anomaly in the high frequency curves (where bulk capacitance dominates) implies [26]
that the bulk of the crystal is not undergoing any phase transition. The T* peak therefore
corresponds to a phase transition confined within the skin of the crystal.



The T* anomaly has also been observed in ceramics, which have a bigger surface to
volume ratio, using Raman in backscattering geometry, and a faint trace is even
noticeable in reflection-mode x-ray diffraction [4], but the anomaly is absent in optical
[5] and neutron [6] transmission experiments. One thus notices that the anomaly is best
evidenced by techniques more sensitive to the surface rather than the bulk. On these
grounds, X-ray diffraction at grazing incidence angle (GID) is a very convenient
technique to track the eventual structural changes, with an information depth selected at
will from few unit cells to several hundreds of microns by changing the incidence angle
[27]. We therefore used GID to characterize the surface layer of BiFeOs. The GID
experiments were carried out at a fixed wavelength of 0.826 A on a six-circle
diffractometer and a point scintillation detector at SpLine beamline (BM25B), ESRF,
Grenoble, France [28]. The sample was placed on a heating stage covered with an air-
tight capton housing filled with 1 bar of pure oxygen in order to prevent the formation
of oxygen vacancies at high temperature. The temperature range of this study is 25°C -
400°C.
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Figure 2. The impedance spectroscopy shows a peak at T*=272 °C in the low frequency, high
capacitance region of the spectrum; this peak is absent from the high frequency data, signalling
that the phase transition is confined to the interfacial region.

Before starting the diffraction measurements we have checked the quality of the surface
by measuring the x-ray specular reflection. From the reflectivity data we determined the
root-mean square roughness of the substrate to (1.3 £ 0.1) nm and the BiFeOs density to
(9.15 + 0.05) gem™; these values are close to the directly measured roughness of 0.8nm
(using atomic force microscopy) and theoretical chemical density of 8.34 g/cm’. The
critical angle of total external reflection is (0.211 £ 0.005) degrees for the photon energy
used at the synchrotron.



We first show the room temperature evidence of a skin layer, based on X-ray diffraction
measurements performed on a crystal with (001) planes parallel to the surface. Fig. 3
shows reciprocal space maps around the (102) reflection collected while freezing the
incidence angle at shallow (0.1°, panel a) and deep (5°, panel b) values, corresponding
to a penetration depth of 1 nm and 1 micron, respectively [27]. Due to the presence of
ferroelastic domains (rhombohedral crystal structure) as well as mosaicity in the BiFeOs
crystals, we used a pseudocubic orientation matrix as the most efficient tool to explore
the reciprocal space using a base of three perpendicular reciprocal lattice vectors: H, K
and L, with L being the direction perpendicular to the crystal surface. The maps in Fig.
3 correspond to a two-dimensional projection of three dimensional collected meshes.

The reciprocal space maps in Fig. 3 evidence all the mentioned features: first, due to the
ferroelastic twinning, splitting between the (102) and (012) reflections is observed.
Second, there is considerable broadening of the intensity maxima. This spread is due to
mosaicity [29], and complicates somewhat the analysis. However, the mosaic blocks are
randomly rotated but not deformed, i.e., the actual lattice parameters are independent of
mosaic rotation since the mosaic broadening of the diffraction maxima is in the
direction perpendicular to the scattering vector. Of relevance here is that for the
determination of the (102)-interplanar distances in the skin and in the bulk it is only

necessary to collect the lengths, Q=+/H? + K* + L , of the scattering vector. The point
of this analysis is that Q is a unique signature for a given interplanar distance in the
crystal, irrespective of the presence and orientation of the twins and mosaic, in analogy
with powder diffraction.

In Fig. 3-c we plot the radial distribution of intensities integrated over the angular
directions for each shell of constant Q value (i.e., the histogram of the moduli of Q) for
the 3-dimensional HKL maps acquired at high and subcritical incidence angles. The
histograms confirm there are only two values of Q, as expected for the rhombohedrally
distorted perovskite unit cell. Crucially, the comparison between the surface and bulk
hystograms reveal a very clear shift towards larger Q values in the skin. The increased
Q implies smaller lattice spacing. Meanwhile, the skin is expected to be in-plane
coherent with the underlying bulk [30], and therefore the reduction of the (102)-
interplanar spacing implies a contraction of the out-of-plane lattice parameter. From the
difference AL between diffraction maxima at small and large incidence angles we can
estimate the skin’s out-of-plane lattice contraction:
Coin — Chuik -~ AL
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of-plane component of the polarization. However, the polar vector in BiFeOs is known
to be rigid, so that changes in polarization are achieved by rotation of the polar vector
[31], in this case towards the horizontal direction (Figure 3-d). Assuming therefore in-
plane coherence and constant modulus of the polarization [31], the distortion angles of
the perovskite unit cell were calculated as 89.27° for the out-of-plane angles, smaller
than the in-plane bulk value (89.56°). The surface symmetry is therefore reduced to
triclinic. We parenthetically notice that the lattice contraction (0.4%) is of the same
order as that achievable by epitaxial growth of thin films, suggesting that the strain-
temperature phase diagram of BiFeO3 should incorporate intrinsic skin effects.
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Figure 3: Reciprocal space map around of the (102) reflection measured at (a) deep angle and
(b) grazing incidence showing two peaks corresponding to the two diagonals of the ferroelastic
domains. The oblique black lines mark the Q values corresponding to the two diagonals of the
rhombohedrally distorted unit cell in the bulk; one can see the skin’s shift of the intensity
maxima away from the black lines in panel (b). (c) The Q-histogram analysis (see text) reveals
more clearly the shift of the grazing incidence data (skin, blue) towards bigger scattering vectors
(smaller lattice parameters) as compared to the interior of the crystal (bulk, red), thus evidencing
the existence of a skin layer contraction in BiFeO;. (d) Schematic (exagerated) of the skin’s
distortion: the out-of-plane lattice contraction combined with the in-plane coherence and the
known rigidity of the polar vector [31] results in a rotation of the polarization towards the
surface of the crystal.

Now we turn to the anomaly observed in the impedance spectrum and its connection
with the existence of a skin layer. The temperature dependence of the out-of-plane
lattice parameter is shown in figure 4 for large (empty symbols) and small (solid
symbols) incident angles, corresponding to large (~Imicron) and small (~1nm)
penetration depths respectively. The difference between the two curves is striking:
whereas the deep angle (bulk) curve shows a featureless linear thermal expansion, the
curve corresponding to the skin shows a marked anomaly, with negative thermal
expansion setting in around 260°C followed by a sharp increase in unit cell volume
at 280°C. The structural phase transition is therefore confined within the skin.
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Figure 4. Comparison between the reciprocal thermal expansion at the skin (solid symbols) and
inside the crystal (empty symbols) evidencing the local phase transition at T* in the surface of
BiFeO;.

In summary, functional (impedance) and structural (grazing incidence diffraction)
characterization of BiFeOj; single crystals indicate the presence of a skin with different
properties from those of bulk. The skin has a phase transition at T'=275+5 °C, with a
sharp structural discontinuity that is not observed inside the crystal. Such decoupled
skin transition is quite unprecedented, and is probably facilitated by the richness and
relative flatness of the phase diagram of BiFeO; [11]. We do not discard that skin
effects also participate in other unexplained phase transitions of this material at
cryogenic temperatures [3, 16]; two prime candidates are the anomalies at 200K and
140K, which have also been detected by back-scattering Raman [16, 32] but not by
neutrons or bulk magnetometric measurements [33].

At room temperature, the Q-histogram method, in analogy with conventional powder
diffraction, has allowed the lattice analysis of the of a twinned crystal with mosaicity.
The data show unequivocally that the skin’s interplanar distances are smaller than the
bulk’s, implying a rotation of the polarization towards the surface. The polar rotation
should also affect also the magnetic and magnetoelectric properties, because the spin
cycloid and magnetic easy plane are directly coupled to the polarization [15, 34, 35].
Since BiFeO; spintronic devices are based on interfacial coupling [2], the present results
will bear on their performance.
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