PHYSICAL REVIEW MATERIALS 4, 126001 (2020)

Structural, vibrational, and magnetic properties of self-assembled
CoPt nanoalloys embedded in SrTiO;
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Pulsed laser deposition was used to synthesize vertically aligned nanocomposites, consisting of ultrathin
CoPt nanocolumns embedded in a single crystal SrTiO; thin film. Combining high-resolution transmission
electron microscopy, x-ray diffraction, x-ray absorption spectroscopy, and molecular dynamics simulations, we
provide an in-depth analysis of the structural and vibrational properties of the CoPt phase over a wide range
of concentrations. Our findings show that the CoPt nanoalloys are characterized by a high degree of structural
disorder and complete absence of chemical ordering, even after additional sample annealing (7' ~ 670 °C). For a
Co concentration exceeding c(Co) =~ 0.55, pole figure measurements unravel a transition from a highly textured
short-range disordered fcc phase to a disordered hcp phase with c-axis oriented out of plane, which is at odds
with bulk predictions. These findings, further confirmed by magnetometry measurements, illustrate the profound
impact of vertical epitaxy on the structural properties of bimetallic CoPt alloys.
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I. INTRODUCTION

During the last two decades, a considerable research effort
has been devoted to the development of functional oxide thin
films with embedded metallic nanostructures. A broad variety
of synthesis techniques has been used to grow these hybrid
metal-oxide systems: ion implantation [1], low energy cluster
beam deposition assisted by co-deposition of the matrix [2—4],
ion-irradiation induced viscous flow [5-8], laser treatment
[9] or electrodeposition into prestructured templates [10,11]
were studied in great detail. However, these approaches still
lack the required versatility when one is interested in con-
trolling the nanoarchitecture of the composite system, i.e., the
morphology and crystallographic orientation of the embedded
metallic structure.

Vertical epitaxy, the three-dimensional counterpart of
classical planar epitaxy, has recently emerged as a field of
research, with the potential ability to fill this gap. In fact, it
has been demonstrated that in mixed metal-oxide systems,
nanoscale self-assembly driven by phase separation yields
composites with highly tunable crystallographic properties.
In addition, careful adjustment of the growth conditions, i.e.
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deposition rate, temperature or concentration can be used to
achieve precise control over the aspect ratio and morphology
of the metallic inclusions [12]. As shown in recent studies, the
aforementioned approach seems applicable to a wide range
of materials: successful synthesis of epitaxial Fe [13], Co
[14-17], Ni [12,18-20], Au [21], Ir [22], Pt, Pd, and Rh [23]
nanowire and nanopillar arrays, embedded in different types
of oxide matrices has been reported. However, only few ex-
periments on alloy-based composites have been performed yet
[24,25]. Within this context, CoPt is a particularly interesting
candidate from a fundamental, as well as from a technological
point of view. On the one hand, it is an archetypal alloy,
which has been studied in detail for its disorder-order phase
transitions [26]. On the other hand, some of the ordered
phases display a huge uniaxial magnetic anisotropy, which
makes them appealing for high density data storage and
spintronics applications. Usually, CoPt thin films are grown at
room temperature and require subsequent annealing steps to
achieve chemical ordering [27,28]. In contrast, the synthesis
of vertically aligned metal-oxide nanowire (NW) composites
must be performed at high temperatures (7' > 600°C) to
activate surface diffusion and achieve substantial phase
separation [12]. While this might concomitantly pave the way
for the creation of ordered bimetallic phases during growth, it
is also well known that chemical ordering can be impeded due
to size and shape effects [29]. Matrix atom diffusion into the
embedded metals and compound formation can also play an
important role and have a detrimental impact on the magnetic
properties of CoPt [30,31].

In the present work, we use CoPt-SrTiO3 (CoPt-STO) as
a model system to study the interplay of these effects and
analyze whether or not, chemical ordering takes place when
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ultrasmall nanoalloys self-assemble in a single crystal matrix.
Several studies have focused on deposition of CoPt alloy thin
films and nanostructures using single crystal SrTiO3; (STO)
substrates [32-34]. However, to the best of our knowledge, no
data is available yet concerning the possibility to grow metal-
oxide composite structures using these materials. In the first
part of this paper, we demonstrate that codeposition of Co, Pt,
and STO at high temperatures indeed results in self-assembly
of nanocolumnar metal-oxide thin films. We then turn to an
in-depth description of their peculiar structural and magnetic
properties before closing with a conclusion and outlook.

II. MATERIALS AND METHODS
A. Sample preparation

CoPt-STO thin films were grown by sequential pulsed laser
deposition on STO(001) substrates, using Pt, CoO and STO
targets. A quadrupled Nd:YAG laser (wavelength 266 nm)
was employed, operated at 10 Hz with a fluence in the 1-
3J/cm? range. The temperature of the substrate during growth
was close to 650 °C, the base pressure in the UHV chamber
was below 2 x 10~? mbar, the pressure during growth did not
rise above 5 x 1077 mbar. The general growth procedure con-
sisted in a repetition of one basic deposition sequence, with
alternating laser shots on STO, CoO and metallic Pt targets
[Fig. 1(a)]. The total number of laser shots in one sequence,
as well as the total number of laser shots np, + ncoo was kept
constant, while the ratio np; /nco0 was changed systematically,
to obtain samples with varying concentration. A thin STO
capping layer of 2-3 nm thickness was deposited to protect
the NWs from oxidation. Detailed information on the synthe-
sis procedure and the underlying mechanisms giving rise to
nanocomposite growth can be found in earlier publications
[24], especially in Ref. [12], where a detailed description of
the early stages of NW growth in Ni-STO thin films is pro-
vided using kinetic Monte Carlo and density functional theory

calculations (DFT) combined with experiments. Recent DFT
calculations suggest that these results also apply to CoPt-STO
nanocomposites [35].

B. Structural and magnetic measurements

The structure of the samples was studied using a combina-
tion of techniques including transmission electron microscopy
(TEM) and scanning transmission electron microscopy
(STEM), x-ray diffraction (XRD), and x-ray absorption
spectroscopy (XAS). High resolution transmission electron
microscopy (HRTEM) data were acquired using a JEOL JEM
2100 F equipped with a field-emission gun operated at 200 k'V.
STEM data were gathered using a Titan Themis 200. The sur-
face structure of the samples was analyzed using a Zeiss Ul-
tra55 scanning electron microscope (SEM). Energy-dispersive
x-ray spectroscopy (EDX) was used to map the chemical dis-
tribution of the elements using all three electron microscopes
mentioned above. X-ray diffraction (XRD) and x-ray reflec-
tivity (XRR) data were obtained on a laboratory diffractome-
ter (Rigaku SmartLab) with Cu K, radiation (wavelength of
1.54 A). Co K-edge and Pt L3-edge XAS data were collected
at the beamline SAMBA (Synchrotron SOLEIL). All samples
were probed in fluorescence detection mode. A commercial
vibrating sample magnetometer system was used to record
temperature-dependent magnetization curves (PPMS, Quan-
tum Design) in in-plane and out-of-plane geometry.

C. MEAM-based MD simulations

Classical molecular simulations were carried out with the
LAMMPS [36] code using a cell containing 2916 atoms and
periodic boundary conditions. The interactions between the
atoms were described in terms of the second nearest-neighbor
modified embedded atom method (MEAM) [37] using the
parametrization of Kim et al. [38]. After 10 ps equilibra-
tion of the cell to a mean pressure of Obar within the NPT
ensemble, a run was conducted within the canonical ensemble

(b) 0
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—

FIG. 1. Schematics of the growth procedure and exemplary electron microscopy data. (a) Sequential pulsed laser deposition using Pt,
CoO and STO targets, results in growth of CoPt-STO nanocomposites. (b) HR-TEM plan view and tilted view, which unravels the columnar
morphology of the nanoinclusions in the single crystal STO matrix. (c) Diameter distribution of the embedded structures (sample S4), (d)—(i)
plan view STEM-HAADF and EDX data gathered on sample S1 (red: Co, yellow: Pt, blue: O, magenta: Sr, green: Ti) provide detailed chemical
information on the nanocomposite and confirm phase separation and creation of CoPt nanoalloys.
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TABLE 1. Structural parameters and composition of the
Co,Pt;_,-STO samples. Average nanorod diameters (D) determined
from plan view TEM micrographs, sample thickness ¢ obtained via
XRR. Concentrations measured via SEM-EDX (c;), HRTEM-EDX
(C”) and STEM-EDX (CH]).

Co concentration

Sample (D) (nm) ¢(nm) ¢ (at. %) cy (at. %) cp (at. %)
SO 2.5(5) 73 0 0 -
S1 254) 66 20 (2) 25 15(5)
S2 350) 57 42 (4) 42 32(4)
S3 2.6 (6) 76 51(2) 52 -
S4 2.7(7) 44 57 (5) 57 -
S5 24 (8) 73 57 (3) 63 48(3)
S6 2.6 (6) 57 67 (2) 75 -
S7 1.8 (8) 32 100 100 -

at 300 K using Nosé-Hoover thermostating [39,40]. All runs
were performed over a time span of 100 ps with a time step of
1 fs.

III. RESULTS AND DISCUSSION
A. Bimetallic nanopillar formation

We start this section by providing evidence for phase sep-
aration and nanopillar formation in the CoPt-STO thin films.
Figure 1(b) shows a representative HR-TEM image of sam-
ple S4. In this plan view, nanoinclusions with irregular but
mostly disklike shape can easily be identified. Tilting of the
sample (8 = 25°) revealed the columnar morphology of the
nanocomposite [inset of Fig. 1(b)], which has been found in
all samples, irrespective of concentration. The number densi-
ties and diameters of the embedded structures were quantified
using Mathematica®-based image processing scripts, which
permitted us to analyze a large number of plan view micro-
graphs (a detailed summary of the results obtained for various
Co and Pt concentrations is given in Table I). The porosity
of the samples, i.e., the ratio of nanowire and total film vol-
ume, was equal to 17 ==4%. The average diameters of the
columns were found to lie roughly between 2 and 3.5 nm, with
no systematic change upon variation of the concentration.
Figure 1(c) shows an exemplary diameter distribution ob-
tained on sample S4. While the latter exhibits an overall
Gaussian shape, slight deviations become apparent for small
diameters. Indeed, in all samples, a second peak, typically
below d >~ 1.5 nm, is observed, hinting at a small amount of
additional buried structures. This is confirmed by careful anal-
ysis of STEM-high-angle annular dark-field (HAADF) maps,
which provide better contrast due to high Z sensitivity. As
shown in Fig. 1(d), small clusters with faint contrast located
in between the pillars can be identified.

To complement our morphological analysis, quantitative
EDX data of the thin films were acquired with different spatial
resolution, giving access to chemical information on various
length scales (Table I). Low resolution maps, were obtained
by using SEM-EDX and scanning point arrays over the entire
sample to improve the statistics. EDX data gathered with

this approach unraveled the lateral homogeneity of the thin
films. This was further confirmed by using HRTEM-EDX.
Data obtained when scrutinizing thin film regions containing
several thousand NWs (typical length scales close to 100 nm)
were found in very good agreement with the aforementioned
results. In addition, samples S1, S2, and S5 were analyzed in
greater detail using STEM-HAADF and STEM-EDX, provid-
ing chemical information down to sub-nm length scales. As
exemplified in Figs. 1(e)—1(i), the columnar inclusions display
strong Co and Pt signals, correlating with low Sr, Ti, and O
intensities. This provides strong evidence for phase separa-
tion and creation of CoPt alloy nanostructures. Surprisingly,
STEM-based quantitative chemical analysis of embedded
metallic CoPt yielded systematic concentration deviations
of roughly 10-15%, when compared to the low resolution
EDX data: all samples appear to be slightly Co deficient
(Table I). This holds true for isolated CoPt columns as well as
for larger matrix-nanowire composite regions (probed lateral
length scales of approximately 10 nm), which display al-
most identical concentrations. Thus, the observed discrepancy
cannot be attributed to cobalt enrichment in the surrounding
STO. To resolve this apparent contradiction, it is necessary
to recall that STEM-EDX mapping not only yields a highly
local chemical analysis of the sample in plane, its vertical
sensitivity also differs from the two aforementioned EDX
techniques. In fact, only the upper 10-15 nm of the thinned
film were probed in order to achieve ideal electron beam
transparency. In contrast, the SEM-EDX and HRTEM-EDX
analysis presented above allowed to assess the chemical com-
position of the composite thin film from its surface down
to the substrate interface. The observed differences thus hint
at a weak concentration gradient in the thin films, which
appear to be slightly Co enriched at the substrate interface,
while presenting a larger Pt concentration at their surface.
Finally, quantitative chemical analysis of the matrix indi-
cates that, within measurement uncertainty, the concentration
of Ti, c¢(Ti), approximately equals the concentration of Sr,
¢(Sr) and we obtain ¢(Ti) =~ ¢(Sr) >~ 1/3 - ¢(O). This is in
agreement with the expected formation of STO and further
confirmed by our TEM data as well as XRD measurements,
that will be presented in a later part of this work. Note that
the presence of minute amounts of Sr, Ti and O on top of
Co and Pt in plan view, as seen in Fig. 1(d), results from
the thin STO capping layer, used to prevent oxidation and
contamination.

B. Alloying and absence of chemical short range ordering

While the combined SEM, TEM, and EDX analysis, pre-
sented in the last section, allows us to conclude that shape
anisotropic CoPt-rich inclusions are formed inside the STO
matrix during growth, they provide little information on a
possible oxide or compound creation in the matrix/nanorod
interface region. In addition, EDX mapping does not allow
us to discriminate between chemically ordered and disordered
phases. To complement our structural analysis, we therefore
performed x-ray absorption spectroscopy measurements that
will be presented in the following paragraphs.
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FIG. 2. XANES data obtained at the Co K- and Pt L;-edges (increasing Co concentration from top to bottom) and main features labeled
from A to F: Co and Pt foils (dashed blue and dashed orange, respectively) and samples S7 (blue), S6 (brown), S4 (purple), S2 (red), S1 (green)
and SO (orange). (a) Co K-edge, (b) magnified spectra illustrating the decreasing magnitude of peak A with increasing Pt concentration. (c)
Pt L;-edge and (d) zoom on the white line. Note that the curves in (a)—(c) were shifted vertically for clarity.

1. X-ray absorption spectra (XAS) of as-deposited samples

Figure 2 shows x-ray absorption near edge spectra
(XANES) recorded at the Co K-edge and Pt L;-edge for
nanocomposites with varying Co and Pt concentration, as well
as reference spectra measured on Co and Pt foils. At the Co
K-edge, three distinct features (labeled A, B, and C) can be
identified in the near-edge region [Fig. 2(a)]. Peak A reflects
transitions from 1ls core levels to unoccupied states exhibit-
ing mainly 3d character while the peak B results from final
configurations with 4p character [41—44]. Previous work has
evidenced that the magnitude of these local maxima in CoPt
alloys depends on the concentration, reflecting their sensitivity
upon modifications in the alloy electronic density of states. As
can clearly be inferred from Fig. 2(b), the magnitude of peak
A decreases with increasing Pt concentration in the samples.
This behavior agrees with data reported in earlier studies
[41,42,45] and has been explained theoretically by an increase
in 3d electron occupancy at Co sites when increasing the Pt
concentration. In contrast, the feature B is less straightforward
to analyze in the present case. While a reduction in peak
intensity with increasing Co concentration was demonstrated
(and traced back to a reduction of 4p states resulting from
an alloying induced weakening of p-d hybridization at Co
sites [42]), our data reveal a concomittant change of the peak
shape with concentration. Indeed, for high values of c(Pt), B is
composed of two maxima B; and B,, which arise from band
structure effects. These separated structures merge into one
with increasing c(Co), which suggests a loss of crystallinity in
the NWs with higher Co concentration [20]. Finally, peak C
can be attributed to fine structure oscillations: with increasing
Pt content, a shift towards lower energies (larger interatomic
distances) is observed. A detailed analysis of the extented
x-ray absorption fine structure (EXAFS) part of the spectrum
will be given in the next section. At the Pt L;-edge, differ-
ences between the spectra are less pronounced [Fig. 2(c)]. The
most prominent feature in the Pt XANES is the white line,
reflecting 2p3,» — 5ds, transitions [46] [peak D in Fig. 2(c)].
As shown in Fig. 2(d), superposition of the spectra reveals
a decrease of the white line intensity and broadening with
increasing Co concentration. This effect is rather small and

saturates around 40% Co concentration, in agreement with
literature data [42].

While XANES confirm phase separation and growth of
metallic CoPt structures embedded in STO, they do not pro-
vide details on the degree of ordering of the alloy [47]. In
contrast, analysis of the fine structure permits us to gather
information on the type and the number of neighboring atoms,
as well as on distances separating the absorber and the scat-
terer [48]. For data analysis, the IFEFFIT libraries were used
[49]. Raw spectra were treated with ATHENA to remove the
background and glitches and to normalize the data. ARTEMIS
was then used for quantitative EXAFS fitting. To achieve
maximum consistency, an identical analysis procedure was
applied to all samples. Measurements on Co and Pt foils
were first used to calculate the amplitude reduction factor Sé
[N =12, S0(Co) =0.8£0.02 and So(Pt) = 0.86 = 0.03)].
We then fitted all nanocomposite spectra by assuming Co
and Pt atoms to be exclusively surrounded by either Co or
Pt neighbors. In these calculations, only next neighbors (n.n.),
i.e., the first coordination shell was taken into consideration.
Fourier transformations of x (k) spectra were performed in
the range 3 A~! < k < 11 A~ using a Hanning window with
dk =1 A~'. Six modeling parameters per edge were used:
an energy correction factor AE, two n.n. distances d (one for
each type of neighbor), two total n.n. numbers N (N¢, and
Npt) and one Debye-Waller factor 0. While, for the present
system, it would seem advisable to choose different disorder
parameters to describe Co-Pt and Co-Co as well as Pt-Co
and Pt-Pt bonds, this approach did not result in a consistent
fitting of the data and produced large errors. We, therefore,
stuck to a single EXAFS Debye-Waller parameter o per edge
in the first place. Similarly, we found that a third cumulant
C3, usually employed in nanoscale systems as a correction
for non-Gaussian distance distributions, did not improve the
fits and no clear evolution of C; with concentration could be
identified.

Figures 3(a) and 3(b) show y () data obtained by Fourier
transformation of k> weighted y (k) spectra gained on CoPt
alloy composites together with corresponding fits. Co and Pt
foils and elemental nanocomposites are presented as well. In
general, the agreement between the measured data and fits

126001-4



STRUCTURAL, VIBRATIONAL, AND MAGNETIC ...

PHYSICAL REVIEW MATERIALS 4, 126001 (2020)

(a) (b) | (c) 12f 1
10f -
= 8T 1 &
25 6 ? Tée s -
. 2 4+ 1 il
Co-foil 9l J
o 07\ L L L L L L L L L -
c‘g_\ / _——— c‘g-\ (d) 1 7\ T T T T T T T T T l/\7
< b N = f .
~ | Co-NWs increasing Co - :::2 0.8F ,// ]
= concentration = GZ“ [ X i
— - = 0.6] T T
Q - ,A/ -
O ®
04 T T
: X
g | i
N N ¢ I
0 7\'/(\ \x\ L L \7
0 1 2 3 4 5 6 0 1 3 4 5 6 0. 0.5 1.
R(A) R(A) global ¢(Co) (at %)
@ X[ T @ T T ) BT
2.7 £ 8 2.7 T 2.7 T 2.7 e
— g — e — g ] — 1
=< 2.6 =< 26 < 26 fféi <26 5
~= = 3 S 7 ']
2.5 2.5 2.5 2.5 s
2.4 Pt-Pt 2.4 Pt-Co 2.4 Co-Pt 24(® Co-Co
0. 0.5 1. 0. 0.5 1. 0. 0.5 1. 0. 0.5 1.

c(Pt) (at%) c(Pt) (at%)

c(Pt) (at%) c(Pt) (at%)

FIG. 3. EXAFS measured on nanocolumnar CoPt-STO samples with varying Co/Pt ratio (arrows indicate increasing Co concentrations).
Co and Pt foil data are shown for comparison. x (r) data obtained after Fourier transformation of k% x (k) at the (a) Co K-edge and (b) Pt L;-edge
(same color coding as in Fig. 2) as well as corresponding fits (black dashed line). (c) Total number of next neighbors (n.n.) as a function of
concentration, (d) local Co concentration vs global Co concentration (crosses indicate the values expected for pure L1y and L1, phases), n.n.
distances for (e) Pt-Pt, (f) Pt-Co, (g) Co-Pt and (h) Co-Co bonds (blue solid points: Co K-edge, orange circles: Pt L;-edge, black dashed line:

MEAM results).

is good. However, quantitative analysis of the measurements
reveals that the CoPt alloy exhibits some rather peculiar fea-
tures. First, note that the total number of next neighbors is
much smaller than what is expected for a bulk fcc metal
(N = 12), which is shown in Fig. 3(c). In addition, we also
find systematic variations with concentration and edge type:
the coordination number decreases almost linearly with Co
concentration. At the same time, the overall number of next
neighbors seems to be slightly larger at the Pt edge. Knowl-
edge of the number of next neighbors of each type allows us
to calculate a local concentration and can be used to assess
the degree of short- range ordering. As becomes clear in
Fig. 3(d), neither L1, nor L1, phases (expected values for
perfect short range order are marked with crosses for both
edges) can be evidenced. Within measurement uncertainty, lo-
cal Co and Pt concentrations, i.e., the number of Co neighbors
surrounding either a Pt or Co atom, are identical and match
the global concentration, which yields strong evidence for
random mixing of the constituents [26]. This can additionally
be checked by analyzing the n.n distances. Considering the
alloy to be chemically disordered, we expect d to increase

monotonuously with the Pt content [26]. This is indeed what
we observe, as shown in Figs. 4(e)—4(h). Note that we find an
identical behavior for Co-Pt bond lengths at the Co and at the
Pt edge, which illustrates the viability of our fit strategy. These
experimental bond lengths resulting from our EXAFS fits can
finally be compared with theoretical predictions. In the present
case, we calculated the expected concentration dependent
values of dco—co, dco—pt = dpi—co and dp_p; for a randomly
alloyed CoPt bulk system using MD simulations based on
the MEAM. The results are shown in Figs. 3(e)-3(h). While
very good agreement of the differential increase dd /dc(Pt) is
observed, all experimental data display a constant offset §.
The discrepancy found for Pt-Pt bond lengths is rather small
(6 ~0.03 A), it increases for CoPt bonds (8 >~ 0.08 10\) and
becomes as large as § >~ 0.15 A for Co-Co bonds, a relative
contraction of approximately 6%.

2. In situ annealing experiments

The absence of chemical ordering, the small coordination
numbers as well as the bond-length contractions described in
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FIG. 4. In situ annealing study performed on sample S3, using
annealing times #; = 10h (at 750 K) and #, = 2 h for all other tem-
peratures. (a) Local Co (n.n) concentration (blue dots: Co K-edge,
orange dots: Pt L;-edge, dashed dotted lines: expected values for an
ideal L1, phase) and (b) n.n distances as a function of 7 (same color
coding as before).

the previous paragraph require closer analysis. In a first step,
in order to check for a possible quenching of as-deposited
samples into metastable, far from equilibrium states (e.g.,
due to rapid cooling at the end of the growth process), we
complemented our experiments with an in situ XAS annealing
study performed on sample S3, which is characterized by al-
most equiatomic composition (Cos;Ptsg). As shown in Fig. 5,
the data gained upon annealing up to 1000 K (r ~ 2 h and
T >~ 600°C are typically employed to achieve L1; ordering
in CoPt thin films), do not hint at significant changes in the
lattice parameters, nor do they provide any evidence for a
pronounced, systematic evolution of the system. A very small
decrease of the relative amount of Co n.n. is observed at the Pt
as well as at the Co edge and might be ascribed to partial Co
oxidation. In fact, the appearance of a shallow peak at small
distance in the y (r) data supports this hypothesis.

3. Vibrational properties and Debye-Waller factor

Besides giving access to changes in local order and aver-
age interatomic distances, our annealing study also provides
information on the vibrational properties of the nanoalloy
via calculation of the temperature dependent Debye-Waller
factor o (7). This yields a valuable consistency check for
our EXAFS analysis, as the aforementioned contraction of
bond lengths should also become manifest in a change of the
vibrational signature of the system. Using the equipartition

with temperature. Measurements performed at the (a),(b) Co K-edge
(blue) and (c),(d) Pt L;-edge (orange) as well as literature data gained
on pure Co and Pt systems (red and green) and fits to Eq. (1) (fits
to MEAM simulations: dashed lines, fits to experimental data: solid
line).

theorem, a link between the characteristic frequency of an
ensemble of uncoupled, quantized harmonic oscillators with
energies E; = n;(hwg + 1/2), i.e., the Einstein model, and the
width of the distribution of interatomic distances o is readily
established:

o*(T) = i
o MCL)E

coth(Bhiwg/2). €))

Here, M denotes the reduced mass of the absorber-scatterer
pair, wg, the Einstein frequency, and 8 = 1/kgT. For ease
of comparison with literature values, we used a frequency to
temperature conversion: kgfg = fiwg. This approach has been
used extensively in EXAFS analysis and usually results in a
rather good description of the experimental data, as o (T) is
not impacted by the details of the phonon density of states
[48].

We adopted the textbook approach for description of o (T)
and decomposed the latter into a dynamic and a temperature
independent static part: o(T) = 052 + 04(T)?. In contrast to
the strategy used in the last section, EXAFS data were fit-
ted using two different o values. Calculated EXAFS o¢o—co,
OCo—Pts Opt—Co and ope_p; as well as fits to the experimental
and MEAM results using Eq. (1) are shown in Fig. 5 (Table II
provides a survey of the calculated Einstein temperatures). A
comparison of our MEAM modeling with EXAFS literature
data gained on bulk Co and Pt shows good agreement and un-
derpins the validity of our approach. As expected, o (T) of the
alloy differs significantly from the aforementioned elemen-
tal data. While the values show significant scattering (which
results from the use of two different o values at each edge)
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TABLEII. Einstein temperatures 0g(K): bulk literature values for
Co and Pt [50,51] and calculated data for the present CoPt nanoalloy.
MEAM results are given in parenthesis.

Bond type Co edge Pt edge
Co bulk hep/fec Co-Co 295/286 (265) -
Pt bulk Pt-Pt 179 (173)
CoPt-STO Co-Co 405 (409) -
Co-Pt 396 (412) 416 (412)
Pt-Pt - 242 (248)

the Einstein temperatures deduced from our experiments are
very close to the bulk MEAM predictions (Table IT). Within
experimental uncertainty, the nanoalloy thus behaves as a bulk
system. This finding is at odds with the pronounced bond
length shortening described in a previous section of this paper,
which should result in a shift of the characteristic frequency
to higher values. As will be shown in the next section, a closer
analysis of the static Debye-Waller factor o, might provide the
key for a better understanding of the XAS data.

4. Structural disorder

As can be seen in Fig. 5, a comparison of our experimental
CoPt data with MEAM-based simulations show a large con-
stant offset, i.e., unexpectedly large oy values revealing the
presence of pronounced structural disorder. In fact, detailed
analysis of the XAS data confirms this observation. A subtle
hint at the poor crystallinity of the CoPt phase has already
been identified in the XANES, where, at the Co edge, the
double peaks B1 and B2 merge into a single maximum with
increasing Co concentration [20,52]. Note that a similar van-
ishing of the double peak was reported in experiments on
CosPtso nanoparticles with sizes of approximately 2 nm [45].
Further qualitative confirmation for the low degree of crys-
tallinity can be obtained by closer inspection of the Fourier
transformed x (r) spectra. As shown in Figs. 3(a) and 3(b),
all information beyond the first coordination shell is aver-
aged out and the spectra become essentially flat. The effect
becomes more pronounced with increasing Co concentration,
it therefore seems not plausible to link it to a concentration
gradient in the sample. More likely, this observation results
from a severe loss of structural order, as has been reported in
studies dealing with amorphous ultrathin films [53], irradiated
nanoparticles [52], and ultrasmall embedded NWs [20]. This
is further supported by the small coordination numbers and
shifts in n.n. distances observed in our EXAFS analysis. At
first glance, the bond length contractions might be conceived
as a consequence of the small size of the bimetallic inclusions.
Indeed, capillary pressures are well known to induce bond
length changes up to several percent [54]. However, the di-
ameters of the rods appears too large to induce such strong
shifts. In addition, the behavior of embedded structures is
expected to be different from freestanding clusters as they do
not exhibit a free surface but an interfacial layer with epitaxial
coupling to the matrix, going along with the creation of metal-
lic bonds [55]. Furthermore, as shown in the last section, we
find no evidence for bond stiffening, which should result from
a reduction of the interatomic distances. The coordination

numbers shown in Fig. 3(c) are even more striking. While
they are close to ten at the Pt edge for higher Pt concen-
trations (which appears reasonable for such small nanowires
considering their high surface to volume ratio), we observe
a pronounced decrease with Co concentration. Especially at
the Co edge, the values become too small to be explained by
finite size effects. It is clear that neither the few clusters seen in
TEM nor minute amounts of Co atoms incorporated into the
matrix can induce such a behavior. As already highlighted,
we find no evidence for Co oxidation and we also empha-
size that the data cannot be fitted by taking interdiffusion
of matrix elements such as Ti into consideration. The poor
crystallinity of the embedded CoPt phase can however provide
an explanation for these observations. In fact, large degrees of
structural disorder are known to induce a breakdown of the
Gaussian approximation used for EXAFS fitting, which can
result in an underestimation of n.n. distances and coordination
numbers [48]. In the present case, the disordering appears
to be quite pronounced, as the use of higher cumulants did
not yield any improvement of the fits. As will be shown in
the next paragraph, characterization of the samples via XRD
further underpins this hypothesis and suggests a progressive
and important loss of crystallinity of the embedded phase with
increasing Co content.

C. Matrix-induced fcc — hep transitions
1. X-ray diffraction (XRD) analysis

In addition to the HR-TEM and XAS measurements pre-
sented so far, we collected XRD data, combining 6 — 26
scans and pole figure measurements to gain additional in-
formation regarding the crystallographic properties of our
samples. 6 — 26 data confirm the homoepitaxial growth of
STO on the single crystal substrate (data not shown) and
corroborate our HR-TEM analysis. The scans also provide
information on the embedded CoPt phase. A shallow, broad
peak attributed to diffraction from CoPt (111) planes is ob-
served around 26 ~ 41° and shifts with concentration. The
derived lattice parameters follow bulk predictions [26] and
we find no evidence for large out-of-plane (OP) strains that
were reported in systems with pure cube-on-cube epitaxy,
such as Ni or CoNi nanowires in STO [20,25,56]. In fact,
in the present system, a more complex epitaxial relationship
between the matrix and the nanoalloy was identified. Figure 6
shows pole figure measurements performed on a Pt- and a
Co-rich nanocomposite (S1 and S4, respectively). As can be
seen in Figs. 6(a)-6(c), the Pt-rich sample is characterized by
a pronounced texturing of the metallic phase. The data can
be well reproduced by using three crystallite orientations: the
cube-on-cube orientation and two four-fold degenerated ones
obtained by a rotation around the [—110]so axis leading to
[111]cope//[110]s10 and [11 — 1]cepi//[111]sTO, TESPECtively
(i.e., obtained by a 35.26° and —70.52° rotation around the
[—110]st0, respectively), as shown in Fig. 6.

Surprisingly, the texture changes dramatically with in-
creasing Co content of the samples, as can be seen by
comparing Figs. 6(a)-6(c) with 6(d)-6(f). While the in-
tensity of the poles decreases gradually until reaching
approximately c.i(Co) >~ 0.55 (which provides additional
support for a decreased degree of crystallinity) fundamental
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FIG. 6. Pole figure measurements. (a)—(c) (111), (220) and (200) poles in a Pt-rich sample (S1) as well as predictions using three different
crystallite orientations (inset). (d)—(g) (111), (220) (200) and (-1011) poles in a Co-rich sample (S4).

structural changes occur once the aforementioned critical Co
concentration is reached. While almost all information is lost
in the (220) and (200) pole figures, the (111) pole figure
shows faint peaks corresponding to a cube on cube epitaxy
with an additional central pole. The latter is the signature of
an unexpected hcp phase with ¢ axis oriented out of plane.
This becomes apparent in Fig. 6(g), where hcp (-1011) peaks
[Fig. 6(g)] with 12-fold symmetry can clearly be identified.
Note that this observation is further corroborated by our HR-
TEM data, where characteristic lattice spacings corresponding
to a chemically disordered CoPt hcp phase were identified
(data not shown).

2. Magnetic anisotropy

The columnar structure of the embedded CoPt phase,
as well as the concentration dependent fcc — hcp texture
changes evidenced in the last section, are both expected to
have a marked impact on the magnetic anisotropy of the com-
posite. Analysis of the magnetic properties of the CoPt-STO
thin films as a function of the composition thus provides
supplementary information that can be linked to the struc-
tural and morphological data presented so far. Temperature
dependent magnetization curves were gathered on samples
S1-S5. Exemplary results are shown in Figs. 7(a) and 7(b)
(samples S3 and S5) for IP and OP configurations [Fig. 7(c)].
At room temperature, all nanocomposites exhibit superpara-
magnetic behavior (50e < H, < 200e), while at 10 K, the
ferromagnetic characteristics are retrieved. Pt-rich samples
exhibit coercive fields 2kOe < H, < 3kOe, which increase
slightly with Co concentration. Beyond c, the hysteresis
loops change dramatically. As shown in Fig. 7(b), the low
temperature OP data hint at a much larger coercive field
H. 2 10kOe. In addition, we observe a small “shoulder”,
which suggests that the sample is composed of two dif-
ferent populations of magnetic nano-objects with soft and
hard magnetic properties, respectively. Qualitatively, this is
in agreement with our structural analysis: at low concen-
trations, the samples consist of chemically disordered fcc-

textured nanowires and present a moderate anisotropy, which
results mainly from the high aspect ratio of the embedded
structures. Above cgj, a partial fcc — hcp transformation
occurs, possibly accompanied by an amorphization of parts
of the nanoalloy [20]. The ¢ axis of the hcp phase, an easy
magnetization axis, is oriented in the OP direction which
gives rise to a pronounced anisotropy increase. To assess
this quantitatively we calculated the anisotropy of the sys-
tem via Kegr = Lo fOHS dH(M, (H) — M (H)). The values are
shown in Fig. 7(c). For small Co concentrations, a uniax-
ial anisotropy based solely on magnetostatic contributions
Kns = %Mf(l — 3p) provides a reasonable description of
K.¢. Deviations occur, among other things, from the difficulty
to correctly determine the porosity p of the sample. Note
also that the fcc phase has an easy axis along the [111]
direction, but is magnetically rather soft and thus, has little
impact on the final value of K. [57]. In contrast, for Co
concentrations above cgi;, an increase of K. by a factor
of more than two is seen, which is clearly too large to be
rationalized by the slow growth of K, with Co content. We
ascribe this jump to a magnetocrystalline contribution to the
energy of the system, which stems from the creation of a
significant amount of hcp CoPt. Note that we do not see
any pronounced temperature dependence of K., as would
be expected for pure hcp Co, where K is nearly halved
when increasing the temperature from 10 to 300 K [58].
Unfortunately, data describing the magnetic properties of
chemically disordered CoPt alloys are scarce. Magnetocrys-
talline anisotropy constants of hcp CoPt have been determined
by Bolzoni et al. [59]. For bulk CoPt, the hcp phase is
found stable in a concentration range 0.8 < ¢(Co) < 1 with
0.6 MI/m? < Kyt + 2K < 1.1MJ/m?. To assess these
constants independently, we fitted our IP data at 300 K using
a simple hard axis magnetization model [60], considering
exclusively magnetostatic and magnetocrystalline contribu-
tions: poH (m)Mg = 2(Kne.1 + Kins)m + 4Kincom?, with m =
M/M; and K = Kine.1 + Kine2 + Kins. From the fit, we
get Kpe 1 =2.3- 10° J/m3 while Kjpcp = 1.5 - 10° J/m3, and
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FIG. 7. Temperature dependent magnetometry measurements:
(a) At 10 K (left) and 300 K (right) in IP (black dashed line) and
OP geometries (red solid line) below c.; (sample S3) and (b) At
10 K (left) and 300 K (right) in IP (black dashed line) and OP
geometries (red solid line) above c.; (sample S5). (c) IP and OP
measurement geometries employed in this work (left). Effective uni-
axial anisotropy K. calculated from the magnetization loops at 10 K
(gray circles) and 300 K (black dots). The magnetostatic anisotropy
K. (black solid line) and magnetocrystalline K. fcc contributions
(blue dashed curve) are shown as well (right).

thus K1 + 2Kme2 2~ 0.5MJ/m?. This is compatible with
the data provided by Bolzoni et al. and thus provides
additional quantitative evidence for the creation of the hcp
CoPt phase.

IV. CONCLUSION

To summarize, we showed that sequential deposition of
sub-monolayer amounts of Co, Pt, and STO on STO(001)
substrates results in self-assembly of nanocomposites, with
ultrasmall, shape anisotropic bimetallic CoPt nanoalloys, ver-

tically embedded in STO. Our XAS analysis confirms the
metallic nature of the CoPt phase and provides strong ev-
idence for the absence of oxide or compound formation.
However, in contrast to other well established growth strate-
gies, such as low energy cluster deposition for example,
the present synthesis approach gives rise to a metallic CoPt
nanoalloy phase presenting several interesting properties. Its
two most striking features are the complete absence of chem-
ical ordering, even after additional annealing steps (note that
the temperatures used in the present study generally give rise
to pronounced ordering in CoPt nanostructures [27,45,61])
and the large degree of structural disorder, which is linked to
strong nanocrystalline texturing. While for low Co concen-
trations, several different fcc orientations coexist, higher Co
concentrations give rise to an additional hcp phase, which is
confirmed by magnetometry measurements.

Unfortunately, our growth and annealing temperatures
were limited to T § 670 °C. In bulk CosyPtsg, temperatures
up to ~ 825°C can be used to achieve L1y ordering. It
is therefore conceivable that the system remained stuck in
a metastable configuration. However, past work has clearly
emphasized the impact of size on the order-disorder phase
transition in CoPt nanoalloys. In a seminal study, Alloyeau
et al. demonstrated a pronounced depression of the order-
disorder transition temperature, which, for particles in the size
range 2.4-3 nm, was found between 500 °C and 650 °C [29].
In the light of these observations, an additional temperature
increase would not allow us to achieve further ordering in our
nanocomposite system. Thus, in contrast to what has been
observed when encapsulating CoPt into amorphous carbon
[61], growing nanoalloys using vertical epitaxy might have
a strong impact on their structural and thermodynamic prop-
erties. To what extent the present results might be generalized
to other types of bimetallic ordered phases (CuAu or FePt),
when embedded into a single crystal oxide matrix, remains to
be fully elucidated.
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