Thermal conductivity in self-assembled CoFe;04/BiFeO; vertical nanocomposite films
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Abstract

The thermal conductivity of self-assembled nanocomposite oxide films consisting of cobalt
ferrite (CFO) spinel pillars grown within a single-crystal bismuth ferrite (BFO) perovskite matrix
is described as a function of the volume fraction of the spinel. Single phase BFO and CFO had
cross-plane thermal conductivities of 1.32 Wm'K-! and 3.94 Wm'K"! respectively, and the
thermal conductivity of the nanocomposites increased with CFO volume fraction within this range.
Steady state gray variance-reduced Monte Carlo simulations also show an increase in thermal
conductivity with CFO volume fraction.



The importance of nanoscale heterogeneity in determining thermal transport in materials is well
established [1-4]. The thermal transport properties of a heterogeneous system depend on the nature
of the materials present, their volume fractions, the structure and geometry of the interfaces, and
on the length scale of the modulation with respect to the mean free path of the thermal carriers [5-
12]. Interfaces play a significant role, and may be characterized by a thermal conductance arising
from their interaction with the phonons and electrons that transport heat through the system
[2,13,14]. The thermal transport properties of thin film materials are important in diverse
applications including lasers and LEDs, photovoltaics, microelectronic devices, phase change
memory, rewritable optical media, and thermoelectric devices.

Materials that consist of two (or more) phases, such as multilayers or superlattices, can be
categorized depending whether the mean free path of the thermal carriers is smaller or larger than
the characteristic size of the phases in the material. In the former case, the in-plane thermal
conductivity parallel to the layers can be treated as the volume-weighted sum of the bulk thermal
conductivities of the phases, whereas the cross-plane thermal conductivity perpendicular to the
layers can be determined from the sum of the thermal resistance of the two materials plus a
contribution from the interfaces [1]. However, for long mean free paths, phonon interference
effects become important. For example, superlattice studies have demonstrated a minimum in
through-thickness thermal conductivity as a function of the period of the layers, indicating a
transition between coherent phonon transport in the low-period regime and incoherent transport
for thicker layers at the nm length scale similar to the mean free path of phonons that dominate
thermal transport [15-17]. Thermal conductivity parallel to the interfaces is sensitive to specular
reflection of phonons from the interfaces, and to interface roughness and other materials properties
[12,18-20], leading to anisotropic thermal conductivity.

Thermal transport has been characterized and modeled in a variety of heterogeneous materials
with planar interfaces parallel to the substrate, and in materials with randomly oriented interfaces
such as nanocrystalline materials [21] or nanoparticles embedded in a matrix [22]. There has been
little work on thin film systems with interfaces normal to the film plane, although the thermal
conductivity of etched mesoscale structures with interfaces perpendicular to the substrate has been
examined [23].

The thermal transport in films with perpendicular interfaces may be conveniently examined by
taking advantage of a class of self-assembled two-phase crystalline thin films in which one phase
grows as vertical columns embedded in a matrix phase. These structures form spontaneously
during codeposition of two immiscible phases such as a spinel and a perovskite. Both phases are
epitaxial with the substrate and the interfaces share a common orientation. Notably, the interface
strain state is determined primarily by lattice mismatch between the two phases rather than by
clamping from the substrate. A range of materials combinations forms vertical nanocomposites
[24-30], most commonly spinel-perovskite nanocomposites grown on a perovskite substrate [24],
but also nanocomposites containing ZnO or rocksalt structures [27], metal-oxide nanocomposites
[28], and even nanocomposites with three components such as SrTixCui.xO3/SrO/Cu [30]. Such



structures provide systems with well-defined, densely spaced vertical interfaces, and provide
model systems that allow the thermal properties of heterogeneous materials to be quantified.

In this work, we measure the thermal conductivity of spinel/perovskite nanocomposites
consisting of pillars of ferrimagnetic CoFe2O4 (CFO) in a matrix of ferroelectric BiFeOs; (BFO)
grown on single crystal (001) SrTiOs3 (STO) substrates by pulsed laser deposition. The pillars have
a square or rectangular cross-section and the vertical interfaces between the BFO and CFO consist
of {110} planes. We use time domain thermoreflectance (TDTR) to measure the thermal
conductivity of nanocomposite films in the cross-plane direction normal to the substrate, i.e.
parallel to the pillars, as a function of the volume fraction of CFO which determines the density of
the interfaces. Steady state gray variance-reduced Monte Carlo simulations of heat transport in the
nanocomposite films were carried out. Both the experiment and modeling show an increase in
thermal conductivity with CFO volume fraction.

The spinel/perovskite films were grown by codeposition of CFO and BFO from two separate
targets using combinatorial pulsed laser deposition (PLD) with a 248 nm wavelength ArF laser as
described previously [31]. The STO (001)-oriented substrates were held at a temperature of 750°
C. The targets were ablated alternately and the substrate holder was rotated 180° every time the
targets were exchanged. Each “layer” of material deposited from either target was less than one
monolayer thick (~0.4 nm), ensuring that continuous in-plane multilayers did not form. Instead,
diffusion of arriving species on the surface led to the growth of CFO pillars in a BFO matrix. The
coordinated motion of the substrate holder and targets during growth led to a set of samples with
a range of CFO:BFO ratios.

The area fraction, pillar size and pillar interface length per unit area were obtained by image
processing of top-down SEM micrographs. The CFO pillar areas were determined by Imagel
software and the total perimeter was calculated assuming that they each had a square cross-section,
yielding the interface density. The volume fraction of CFO was taken as equal to the area fraction
of pillars in the SEM images on the assumption that the pillars have vertical facets, as observed in
prior work [32]. For each image a threshold pillar area was set such that small pillars or features
of order 5 nm diameter and below were excluded from the analysis.

Magnetic hysteresis of the samples was measured using a vibrating sample magnetometer (ADE
VSM) in fields up to 10 kOe. X-ray absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) were measured at the Advanced Photon Source at Argonne National
Laboratory using beamline 4-ID-C. A magnetic field of 3.36 kOe was applied normal to the film
plane and XAS was measured in total electron yield (TEY) and total fluorescence yield (TFY)
modes. The cross-plane thermal conductivity was measured by TDTR [33-35] at 300 K and 220
K. Aluminum layers with thickness of ~85 nm were deposited on the nanocomposite films to serve
as a transducer. By measuring the time-dependent reflectivity of the metallic Al overlayer after
heating with a pulsed pump laser (wavelength 400 nm, pulse width 200 fs, spot size 50 um) using
a time-delayed probe laser (wavelength 800 nm, modulation frequencies 3, 6, 9, 12 MHz), the



thermal transport properties in the underlying thin film were extracted by fitting to a three-layer
heat diffusion equation for the cooling of the sample [34]. The layer structure consists of the Al
film, the nanocomposite film, and a finite thermal interface conductance separating them. The
parameters used as the input of the fitting are given in Table L.

SEM images of four nanocomposite samples are illustrated in Figure 1. The thickness of each
sample was 51 nm, as indicated by the XRR (X-ray reflectivity) measurement and fitting, Figure
2a. X-ray diffraction (XRD), Figure 2b, shows the presence of both spinel and perovskite peaks
consistent with the phase-separated morphology, with the CFO peak intensity increasing with
volume fraction. Prior work has shown that the BFO grows with cube-on-cube epitaxy on the STO,
1.e. <001>gro is parallel to <001>sto. The CFO is also cube-on-cube epitaxial with the STO (its
lattice parameter is close to twice that of the BFO and STO) and grows as rectangular pillars with
{110} vertical facets within the BFO matrix. The CFO pillars are terminated with four {111} facets
and a top (001) facet [29].

Figure 2c shows the average pillar edge length and the interface density as a function of the
volume fraction of CFO, which varied from 6.3% to 43.6%. The interface density, found from the
total perimeter of the pillars, initially increased with increasing volume fraction, but was almost
the same for the two samples with highest volume fraction. The average pillar edge length was
similar for the two samples with lowest volume fraction, but then increased with volume fraction.
The trends suggest that for small CFO flux there is an increasing probability of pillar nucleation
with increasing flux, but above a certain volume fraction (here above ~12%) additional flux
contributes to increasing the size of the pillars rather than nucleating new ones. There is
considerable distribution of pillar sizes and spacings in all the samples, but the average spacing is
the order of 50 nm and average pillar diameters are 12-22 nm.

The magnetic hysteresis loops of one of the samples is shown in Figure 3(a). Other samples
showed similar loop shapes. The magnetic hysteresis originates from the CFO pillars, and the BFO,
a canted antiferromagnet, contributes negligibly. All the samples show similar saturation
magnetization normalized by CFO volume fraction, of order 50-60 emu cm™. The magnetization
is low compared to that of bulk CFO (~400 emu cm™ [36]), which is attributed to the non-ideal
stoichiometry of the CFO pillars. Growth of single phase CFO films from the same target under
similar PLD conditions led to excess Co such that Co:Fe ~ 1.4:2 instead of the stoichiometric ratio
of 1:2. As shown in Figure 3(b), increasing the Fe content of single-phase CFO by combinatorial
deposition from CFO and Fes;O4 targets led to an increase in the magnetization of the film.
However, the nanocomposites were not deposited with additional Fe3sOs and the pillars are
therefore assumed to approximate the Coi2Fei1 304 composition obtained from the CFO target
corresponding to sample 1 of Figure 3(b).

Both Co?" and Co*" have a preference for the octahedral (Oy) sites in spinel, but the degree of
inversion (site occupancy) of the spinel can depend on its preparation conditions [37,38]. The
magnetic moments on the tetrahedral (7,) and octahedral sites are coupled antiferromagnetically,



so for stoichiometric CoFe,O4 without oxygen deficiency, which can be written [Fe3* ][ Fe*",
C0%*]0ctO4, the net magnetic moment is due only to the Co** Oy because the Fe** moments cancel
out. For the Co2Fe; sOs4 spinel, which can be written [Fe**Jwe[Fe**0.3, Co**0.2, C0?"1.0]0ctOs4, the Fe
magnetic moments no longer compensate each other. The net magnetic moment is then expected
to be lower than for CoFe>Oa.

The XAS and XMCD results (Figure 4) of two nanocomposites, which were grown at a
different time from those of Figure 1 but with similar growth conditions, show that both Co and
Fe have a non-zero net magnetic moment as displayed by the presence of dichroism in Fig. 4b and
d. By comparing the profile of the Fe XAS (Fig. 4a) with prior reports, we find that Fe is primarily
in the Fe?" and Fe** ionic states, and while we cannot rule out a contribution from Fe*" in the BFO,
which has a weak magnetism due to antiferromagnetic canting, the latter is too small to account
for the Fe XMCD [39-42]. The XAS of cobalt reported in Fig. 4c indicates a mixed oxidation state
comprising mainly Co?" and Co**. This observation is consistent with an imbalance between Fe
site from the O, and Ty sublattices, as expected from the excess Co present at the octahedral sites.
Indeed, the XMCD lineshape in Fig. 4b reveals the presence of Fe*" and Fe** Oy and Fe** T, [39-
42]. The XMCD signal observed on the Co site indicates that the direction of the spins is parallel
to Fe>*/Fe*" Oy and opposite to the Fe*™ Ty, which further corroborates the hypothesis of an inverse
spinel.

The magnetization and other properties such as magnetocrystalline anisotropy and
magnetostriction are sensitive to the chemical distribution and valence states of the cations on the
octahedral and tetrahedral sites. Cation off-stoichiometry in CFO is known to lower the
magnetization, both for Co-rich [36] and Co-deficient [43] compositions, and can lead to formation
of secondary phases such as (antiferromagnetic) rocksalt structures. Excess Co also dramatically
reduces the magnetostriction in bulk CFO [36]. In the nanocomposite, there also exists the
possibility of cation exchange with the BFO, although prior work did not show significant Co
incorporation into BFO [32].

The loops for the nanocomposites for out-of-plane field and in-plane field are similar indicating
less magnetic anisotropy than for previously reported nanocomposites [31]. The anisotropy
originates from magnetoelastic anisotropy due to the out-of-plane compressive strain state of the
CFO caused by its lattice mismatch with the BFO at the vertical interfaces, and shape anisotropy
from the pillars. Magnetocrystalline anisotropy does not contribute to the difference between the
in-plane (field in the [100] direction) and out-of-plane (field in the [001] direction) loops. The low
anisotropy of the samples is attributed to two factors. First, the lower magnetostriction of the off-
stoichiometric CFO reduces the contribution of magnetoelastic anisotropy. Second, the low film
thickness limits the pillar aspect ratio (height/diameter) which in combination with the low
magnetic moment reduces the shape anisotropy.

Figure 5a shows the thermal conductivity extracted from TDTR of the nanocomposites plotted
vs. CFO volume fraction. We reported thermal conductivity of 1.32 Wm™'K-! for single-phase BFO
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films, [44], and we measured a conductivity of 3.7 — 3.9 Wm'K"! for single-phase CFO films
grown on (110) STO with Co:Fe stoichiometry of 1:2, Figure Sb. An interesting result for the
single-phase CFO is that the thermal conductivity had a small dependence on the magnetization
state, with the conductivity of films at remanence after saturation approximately 5% smaller than
that of AC-demagnetized films, Figure 5b.

For the nanocomposites, the thermal conductivity scales approximately linearly with CFO
volume fraction, increasing by a factor of ~2 in the range of 6.3 — 43.6% vol. CFO. The interface
density appears to be less significant, since the two highest volume fraction samples have similar
interface densities but different thermal conductivities. The thermal conductivity at 220 K is
slightly higher or similar to that measured at 300 K. An increase in thermal conductivity with
decreasing temperature is expected in single crystals due to the reduction in phonon-phonon
scattering and increase of the mean free path of the phonons at low temperature. The heterogeneous
nature of the nanocomposite is assumed to limit the mean free path and therefore the amount of
enhancement in thermal conductivity as the temperature decreases.

The linear increase in thermal conductivity with CFO volume fraction is reproduced by
modeling, described below. However, comparing to the single-phase films, even the lowest
fraction of CFO yielded a significant increase in thermal conductivity over that of single-phase
BFO, and the thermal conductivity of the nanocomposites with 43.6% CFO was close to that
measured for single-phase CFO. This may indicate that the single-phase film properties are not
identical to those of the same material in the nanocomposite, due to differences in strain state [45]
or in the composition of the CFO.

To simulate heat transport in the BFO/CFO nanocomposite films, steady state gray variance-
reduced Monte Carlo simulations [46,47] at room temperature were performed, Figure 5c. The
hot side temperature was fixed at 301K and the cold side temperature was fixed at 300K. Film
thickness was 42nm. Two sets of gray properties were manipulated to achieve the pure values of
BFO and CFO. The domain consisted of a matrix and a single centered pillar, where the square
pillar was fixed to have sides of length 12 nm. The remaining matrix dimensions were set to
maintain the desired volume fraction. The probability of transmission between pillar and matrix
was fixed at 0.5. The model predicts an approxmately linear increase in thermal conductivity with
CFO volume fraction, consistent with the experimental data. This suggests that in the
nanocomposite, the averaged contributions of the two phases, rather than contributions from the
interfaces, govern the cross-plane thermal conductivity.

Transient thermal grating (TTG) spectroscopy was used to characterize the in-plane thermal
conductivity, perpendicular to the pillar axis, in which two interfering laser beams produce a
spatially-modulated thermal profile in an absorbing layer whose decay is measured by the
diffraction of a probe beam [48,49]. However, based on modeling of the effect of film thickness
and on the bulk thermal conductivities of STO and BFO, the analysis was insensitive to variations
in the film in-plane thermal conductivity due to the dominant effect of the substrate. This precluded
identification of a trend in the in-plane thermal conductivity of the samples.



In summary, self-assembled BFO/CFO vertical nanocomposite films with volume fractions of
CFO in the range 6.3 — 43.6% were grown via combinatorial pulsed laser deposition. The cross-
plane thermal conductivity, in which the heat flow is parallel to the BFO/CFO interfaces, increased
approximately linearly with CFO content from 2.25 Wm'K™! to 3.94 Wm™'K-! at room temperature,
between the thermal conductivities of single-phase BFO and CFO. Steady state gray variance-
reduced Monte Carlo simulations at room temperature reproduced the increasing thermal
conductivity with CFO volume fraction.
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Table I. The parameters used as input in the fitting of a three-layer heat diffusion equation

Thermal Volumetric heat capacity Layer Thickness
conductivity C, 300 K (J/m3-K)
(W/m-K)
Al 236.8 2.490x10° 85 nm
xCcro + (1-x)Cgro
CFOBFO1x Kk (Ccro=3.445x10°, 50 nm
Cgro=3.074x10°)
STO 11.2 2.617x10° 500 um

» ~_.
' 4
e ’,

»

5

BFO matrix

CFO pillar

Figure 1 SEM top view images of four BFO/CFO nanocomposites of increasing CFO volume
fraction. The left insets show the structure schematically and the right insets show higher
magnification images.
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BCFO3 Layer Thickness  Density Roughness
(nm) (g/lcm3)
Al 84.75(7) 27 3.02(4)
BCFO3 50.60(3) 9.345(7) 042(3)
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Figure 2 (a) XRR thickness measurement and fitting of the nanocomposite film and Al
overlayer. (b) ®—20 scans of the nanocomposites showing the CFO, BFO and STO peaks. (c)
Pillar size and interface density as a function of the volume fraction of CFO, based on SEM
image analysis.
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Figure 3. (a) VSM hysteresis loops of the nanocomposite corresponding to the bottom left sample
in Figure 1, normalized to the CFO volume, measured with out-of-plane (OP) and in-plane (IP)
field. (b) IP hysteresis loops of CFO grown with increasing amounts of codeposited Fe3O4. Sample
4 has the composition closest to stoichiometric CFO.
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Figure 4. (a,c) XAS and (b,d) XMCD of BFO-CFO nanocomposites measured in TEY mode,
for (a,b) Fe and (c,d) Co. Red and black data represent measurements from two different samples.
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Figure 5 (a) Dependence of cross-plane thermal conductivity on CFO volume fraction at 220
K and 300 K measurement temperature; (b) Thermal conductivity of a CFO single phase film
grown on STO (110) measured at different modulation frequencies, both in a dc-remanent state
and after ac-demagnetization. The insets are 2 um x 2 pm magnetic field microscope images of
the sample showing finer, higher contrast domain patterns in the ac-demagnetized state. (c)
Simulated cross-plane thermal conductivity versus CFO volume fraction. Inset: Schematics of the
simplified geometry used in the steady state gray variance-reduced Monte Carlo simulation.

17



