Evidence of fct distortion as origin of the ferromagnetic ground state in v—Fe
nanoparticles
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~v—Fe and related alloys are model systems of the coupling between structure and magnetism in
solids. Since different electronic states (with different volumes and magnetic ordering states) are
closely spaced in energy, small perturbations can alter which one is the actual ground state. Here,
we demonstrate that the ferromagnetic state of y—Fe nanoparticles is associated with the face-
centered-tetragonal (fct) structure, not the face-centered-cubic (fcc) as generally accepted. Combin-
ing a wide range of complementary experimental techniques, including low-temperature Mdssbauer
spectroscopy, advanced transmission electron microscopy and synchrotron radiation techniques, we
unambiguously identify the fct ferromagnetic ground state, with lattice parameters a = 3.76(2) A
and ¢ = 3.50(2) A, and a magnetic moment of 2.45(5) up per Fe atom. Our findings indicate that
the ferromagnetic order in nanostructured v—Fe is generally associated with a tetragonal distortion.
This observation motivates a theoretical reassessment of the electronic structures of v—Fe taking

fct distortion into account.

I. INTRODUCTION

Metallic Fe in the face-centered-cubic (fec) structure
(v-Fe) and related alloys are model systems of the in-
terplay between crystal structure, electronic structure
and magnetism.'™® A well known example of this inter-
play is the Invar effect (anomalous thermal expansion),
which originates from the thermally induced transition
between different electronic structures which are asso-
ciated with different lattice volumes and different mag-
netic ordering states (e.g. in Fe-Ni alloys’26710  Fe-
Cu alloys®, PdsFe!!, and MnggNij»!?). The different
electronic states are associated with similar total ener-
gies, and therefore small perturbations (change in tem-
perature, strain, etc.) can dramatically change how the
different states are populated, thereby strongly affect-
ing structural, transport and magnetic properties. Var-
ious states have been theoretically investigated for ~-
Fe, including ferromagnetic, antiferromagnetic, and non-
magnetic states.!>17 These studies typically consider an
isotropic variation in lattice parameter for the different
electronic/magnetic states, thereby maintaining the fce
structure. Here, we experimentally demonstrate that the
ferromagnetic state of y—Fe nanoparticles is, in fact, as-
sociated with the face-centered-tetragonal (fct) structure,

not fce, shedding new light on the long-standing question
regarding the ground-state of y-Fe.l:®

Since bulk y—Fe is thermodynamically stable only at
high temperature (1043-1667 K), experimental research
on y—Fe has mostly relied on ultra-thin Fe films epitax-
ially grown on Cu'®22 and to a lesser extent on other
fcc metals (e.g. Pd?* and Rh®). The v phase is sta-
bilized by the similar lattice constant a of fcc Cu and
Fe (3.61 and 3.54 A, respectively). The lattice mis-
match induces an in-plane tensile strain (along the two
in-plane dimensions) and, consequently, an fct distor-
tion which stabilizes a ferromagnetic ground state within
the first few Fe monolayers.!®?* The question which
we address here is: what is the ground state of v—Fe
(structural and magnetic) when tensile strain is applied
along all three dimensions? Previous work has focused
on y—Fe nanoparticles embedded in Cu, which are typ-
ically antiferromagnetic,2>27 although ferromagnetic?®
and paramagnetic (likely antiferromagnetic with a Néel
temperature below 1.8 K)2?° states have also been re-
ported. Typically it is assumed that the y—Fe nanoparti-
cles retain the fcc structure. This assumption appears to
hold for antiferromagnetic v—Fe nanoparticles, although
a transition to a slightly fct distorted phase has been ob-
served below the Néel temperature.?” For the ferromag-
netic v—Fe, on the other hand, it has remained unclear



whether the nanoparticles exhibit an fct distortion, sim-
ilarly to thin films. More recently, Baker et al. proposed
that v—Fe nanoparticles embedded in Cu;_,Au, indeed
develop an fct distortion with increasing Au concentra-
tion z, i.e. increasing lattice constant of the host ma-
trix, and consequently of the tensile strain acting on the
nanoparticles.?® However, the extended X-ray absorption
fine structure (EXAFS) data on which this work was
based did not allow for an unambiguous identification of
the fct distortion.3 Here, we show that v—Fe nanoparti-
cles embedded in SrTiO3 have a ferromagnetic fct ground
state. Using SrTiOg3 as a host matrix, which is also cubic
but with a much larger lattice parameter (3.905 A), pro-
vides sufficient separation between the X-ray diffraction
peaks of v—Fe and of the host matrix, allowing us to un-
ambiguously identify the fct distortion. It is nevertheless
an extremely challenging system from the characteriza-
tion point of view (due to, e.g., the small size and limited
amount of the nanoparticles), requiring the use of low-
temperature Mossbauer spectroscopy, advanced trans-
mission electron microscopy and synchrotron radiation
techniques, in addition to more conventional experimen-
tal methods.

II. METHODOLOGY
A. Sample preparation

The samples consist of commercial SrTiO3 single crys-
tal substrates (Crystal GmbH), [001] oriented, implanted
with ®"Fe™ ions to a fluence of ~ 1 x 10' atoms per cm?,
at 60 keV, at room temperature, under an angle of 10° to
minimize ion channeling during implantation. Based on
SRIM2008 simulations,?! we estimate a projected range
R, =314 A, straggling AR, = 140 A and a Fe to Ti peak
concentration of approximately 22%. Thermal annealing
was subsequently performed under vacuum (~ 1 x 107°
mbar), first at 500 °C and then at 900 °C (both for 10
min). The first annealing step (500 °C with a ramp rate
of 1.2 °C/s) induces the recrystallization of the implanted
layer (amorphous upon implantation), whereas the sec-
ond (900 °C, 5 °C/s) increases the magnetization (after
the 500 °C annealing the magnetization is negligible).
The detailed optimization of the implantation and an-
nealing parameters will be reported elsewhere.

B. Structural characterization
Transmission electron microscopy (TEM)

The samples for the electron microscopy studies were
prepared using focused ion beam (FIB) milling and ion
milling. High angle annular dark field scanning transmis-
sion electron microscopy (HAADF STEM) and energy
dispersive X-ray (EDX STEM) spectroscopy experiments

were performed using a FEI Titan 80-300 “cubed” micro-
scope equipped with a Super-X detector and operated at
200 kV. The results were recorded using probes with con-
vergence semi-angles in the 21 - 25 mrad range (with a
probe size of about 1 A). The probe current ranged be-
tween 100 and 200 pA. High resolution transmission elec-
tron microscopy (HR-TEM) was performed using a FEI
Tecnai G2 or a Jeol 2100F microscopes, both operated
at 200 kV.

Synchrotron radiation X-ray diffraction (SR-XRD)

The SR-XRD measurements were performed at the
Rossendorf (Helmholtz Zentrum Dresden-Rossendorf)
BM20 beamline (at room temperature with a wave-
length of 1.078 A) and at the French CRG beamline
BMO02-D2AM (at room temperature with a wavelength
of 1.1808 A) at the European Synchrotron Radiation Fa-
cility (ESRF). The peaks in the spectra are fitted for ev-
ery measured crystallographic direction ([002], [311] and
[202]) with three different fit models (Gaussian, Gaus-
sian/Lorentzian blend and Voigt) using a free command-
line self-contained Matlab function peakfit.m (Version
7.45). We then take the average 20, _pe value over the
three fit models, giving one 20,_p. value for each mea-
sured direction. These three 20, _p. values are then used
to calculate the in-plane (a) and out of plane (c¢) lat-
tice constants, assuming equal in-plane lattice constants
(along the [100]- and [010]-direction, i.e. a = b).

Emission channeling (EC)

Emission channeling makes use of the charged parti-
cles emitted by a radioactive isotope.3? A sample was
first implanted with stable *Fe to a fluence of 1.3 x 106
atoms per cm? and subsequently co-implanted with ra-
dioactive *?Fe (with a half-life ¢, 5 = 46 days) to a fluence
of 1 x 10'* at/cm~2 by implanting the precursor isotope
*9Mn (t1/2 = 4.6 s) which decays to %Fe. The radioac-
tive implantation was carried out at the on-line isotope
separator facility ISOLDE at CERN. Angular-dependent
emission yields of the §~ particles emitted during decay
were measured at room temperature, along three crys-
tallographic directions ([100], [211], and [110]). Quanti-
tative lattice location is provided by fitting the experi-
mental patterns with theoretical ones (calculated using
the many-beam formalism3?) using the two-dimensional
fit procedure outlined in Ref.33.

Eztended X-ray absorption fine structure (EXAFS)

Fluorescence extended X-ray absorption fine struc-
ture (EXAFS) experiments were performed at the X-
ray absorption spectroscopy station of the Dutch-Belgian



Beamline (DUBBLE, BM26), at ESRF. The measure-
ments were carried out at the Fe K-edge (7112 eV), at 25
K. Background subtraction, data processing, and fitting
made use of ATHENA and ARTEMIS from the IFEF-
FIT 1.2.11c package.>*35 Ab initio calculations (feff83¢)
were used to determine the backscattering amplitude and
phase shifts of the single scattering (SS) paths.

C. Magnetic characterization
SQUID magnetometry

The magnetic characterization was performed us-
ing a superconducting quantum interference device
(SQUID) magnetometer (LOT-QuantumDesign SQUID-
VSM MPMS3), following strict procedures in order to
avoid measurement artefacts and external magnetic con-
tributions. These procedures were developed based on
statistically relevant tests, which allowed us to determine
the practical limits of SQUID magnetometry for the de-
tection of ferromagnetism under various sample prepara-
tion, processing and handling conditions.?” All measure-
ments were carried out with in-plane applied magnetic
field along the (100) axis.

Ferromagnetic resonance (FMR)

The FMR measurements were performed with a stan-
dard Bruker X-band (9 GHz) spectrometer using 100kHz
field modulation and lock-in detection. This gives rise to
first derivative lineshapes. The magnetic field range was
0 to 1.9T and the spectra were measured in the tem-
peraure range from 4K to room temperature. The sam-
ple size was of the order of 3 x 4 mm?. The observed
FMR spectrum could be well fitted with a Lorentzian
lineshape. The intensity of the FMR spectrum is ob-
tained from a double integration.

D. Conversion electron Mdssbauer spectroscopy
(CEMS): correlating structural and magnetic
information

The conversion electron Mossbauer spectroscopy
(CEMS) measurements were performed at various tem-
peratures between 5 K and room temperature using a
57Co (39 mCi) source mounted on a velocity drive set
for a velocity scale of approximately + 12 mm/s. At
room temperature, a parallel plate avalanche detector
(PPAD) was used.®® This detector uses acetone under
25 mbar as counting gas. The bottom electrode, con-
nected to a negative bias voltage, was in contact with
the sample while the top electrode was grounded. At
low temperature, the sample was mounted on a cryostat
(Oxford instruments, MICROHR2, microstat HiRes mi-
croscope cryostat). The Mossbauer measurements were
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FIG. 1. Transmission electron microscopy (TEM) images
taken along the [100] zone axis. (a) High-resolution TEM
(HRTEM), low magnification, showing a near-surface layer of
~ 70 nm with features of 2-5 nm. (b) HRTEM, high magni-
fication, on a 7-Fe nanoparticle with noticeable {100} facets
(although the atomic structure visible in the nanoparticle re-
gion is that of the SrTiOg layer in which the particle is embed-
ded). (c) High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM). (d) Energy Dis-
persive X-ray (EDX) maps of the same region as (c), for Ti,
Sr, and Fe. (e) Same as (d) for Fe only. The EDX maps show
that although most of the features observed in HRTEM can
be ascribed to nanoparticles, some of them are also likely to
be due to voids (large vacancy clusters).

recorded using three channeltrons from Dr. Sjuts Op-
totechnik GmbH (model KBL15RS).3? The isomer shift
(6) values and associated velocity scale were calibrated
relative to a room temperature spectrum for an a-""Fe
thin film deposited on Si measured in the absence of an
external magnetic field. The spectra were analyzed using
the Vinda code.*?

III. RESULTS

This section is divided in two parts. First, we describe
the basic structure and magnetic characterization of the
Fe nanoparticles embedded in SrTiOsz. In the second
part, we focus on the structural fct distortion and its
effect on the magnetic properties.

After implantation and the two-step thermal anneal-
ing, the modified layer corresponds to the top ~ 70
nm of the SrTiO3 substrate (transmission electron mi-
croscopy (TEM) measurements in Fig. 1). Embedded in
this layer, Fe nanoparticles with a diameter of approx-
imately 5 nm can be observed using energy dispersive
X-ray (EDX) spectroscopy (Fig. 1 e). Structurally, these
Fe nanoparticles are identified as metallic Fe in the y—Fe
phase: Fig. 2 shows the difference between unimplanted
and implanted samples using synchrotron radiation X-ray
diffraction (SR-XRD), highlighting the presence of the
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FIG. 2. Synchrotron radiation X-ray diffraction (SR-XRD)
measured at room temperature with a wavelength of 1.078 A.
(a) Symmetric [001] and (b) asymmetric [111] w/26-scans. For
comparison, data for an unimplanted sample are also shown.
In addition to the SrTiOs substrate peaks, epitaxial ~-Fe
peaks are observed, with pronounced peak broadening con-
sistent with the small particle size (2-5 nm). The 26 value for
bulk a—Fe (002) is indicated with a black arrow, to emphasize
that no a-Fe is detected.

~v—Fe phase in the SR-XRD symmetric [001] and asym-
metric [111] w/26— scans. Additional asymmetric scans
are discussed below, in the context of the fct distortion.
The implanted layer (perovskite) and the y—Fe nanopar-
ticles exhibit an epitaxial relationship ((100) || (100) and
(111) || (111)), as evidenced by SR-XRD (Fig. 2), i.e.
parallel {100} planes of the implanted layer and ~-Fe,
which is consistent with the {100} facets observed by
TEM for several of the «-Fe nanoparticles (Fig. 1 b).
We attribute the stability of the v phase in SrTiO3 (3.905
A) at room temperature to the better lattice matching
of v—Fe (8% lattice mismatch) compared to bee («) Fe
(27%).

SQUID magnetometry measurements reveal a typical
superparamagnetic behavior (Fig. 3), with a blocking
temperature (relative to the magnetometry measurement
time-scale of seconds) of approximately 13 K (associated
to the peak temperature in the field-cooled and zero-
field-cooled magnetometry measurements in Fig. 3 a),
consistent with small nanoparticles (nm size) with a fer-
romagnetic ground state and a Curie temperature (T¢)
above 400 K (highest measured temperature). The ferro-
magnetic resonance (FMR) measurements exhibit broad
line spectra characteristic of superparamagnetic particles
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FIG. 3. SQUID magnetometry data with in-plane applied
magnetic field along the [100] axis, expressed as magnetic
moment in Bohr magnetons (ug) per Fe atom, normalized
to all implanted Fe. (a) Field-cooled (FC) and zero-field-
cooled (ZFC) measurements, with a field of 5 mT (50 Oe).
(b) Isothermal magnetization curves after subtraction of the
diamagnetic component determined by a linear fit to the data
in the high-field region (4-5 T).
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FIG. 4. FMR spectra as a function of temperature, with the
magnetic field applied perpendicular to the sample plane, and
fit (for 291 K and 250 K) with a Lorentzian lineshape (black
line).

(Fig. 4). When the temperature is lowered below room
temperature, the FMR line broadens and shifts to lower
magnetic fields. Below 200 K the resonance is no longer
discernible due to excessive line broadening.

It is important to note that not all of the implanted Fe
atoms precipitate into y-Fe nanoparticles. A significant
fraction of the implanted Fe substitutes for Ti, forming
a Sr(Ti,Fe)Os matrix in which the ~-Fe nanoparticles
are embedded. The combination of emission channeling
(EC), EXAFS and XRD provides a detailed description
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FIG. 5. (Left) Experimental **Fe 8~ emission channeling
patterns in the vicinity of the (100), (110) and (211) direc-
tions. (Right) Corresponding best fits yielding 34(8)% of the
Fe atoms in Ti sites, and the remaining 66(8)% contribut-
ing with an isotropic emission (attributed to *°Fe in ~-Fe
nanoparticles and disordered/non-epitaxial regions).

of the non-precipitated Fe component. Figure 5 shows
59Fe EC data and the best fit, which is obtained for
34(8)% of Fe atoms in Ti sites, with the remaining 66(8)%
contributing with an isotropic emission (in random sites).
The random component can be attributed to °°Fe present
in y-Fe nanoparticles and in Sr(Ti,Fe)Os regions which
are either disordered or not epitaxially recrystallized.
Since ~-Fe or disordered/non-epitaxial Sr(Ti,Fe)Os are
not perfectly coherent with the epitaxial Sr(Ti,Fe)Os
layer, the 8~ particles emitted from Fe atoms within ~-Fe
nanoparticles are more likely to be dechanneled, thereby
contributing with an isotropic emission (cf. Ref.*! for a
more detailed discussion on these effects in Fe-implanted
Zn0). The coexistence of y-Fe nanoparticles and dilute
Fe in Ti sites is also confirmed by EXAFS (Fig. 6), yield-
ing fractions of 63(12)% and 37(12)% for Fe in y-Fe and
Sr(Ti,Fe)Og, respectively. The non-precipitated Fe frac-
tion in Sr(Ti,Fe)Oz exhibits Brillouin-like paramagnetic
behavior (cf. supplemental material).

Conversion electron Mdssbauer spectroscopy (CEMS)
measurements at various temperatures between 5 K and
room temperature (Fig. 7) confirm the presence of ~-
Fe and non-precipitated Fe (Sr(Ti,Fe)O3) components.
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FIG. 6. Extended X-ray absorption fine structure (EXAFS)
data measured in the vicinity of the Fe K-edge, at room tem-
perature. Top: Magnitude of the Fourier transform (symbols)
as a function of non-phase corrected radial distance: exper-
imental data (symbols) and best fit (black line) allowing for
two fractions of Fe atoms: in Ti sites in Sr(Ti,Fe)Os and in
~v-Fe. The dashed line represents the Hanning window from
1.2 to 2.7 A with a width of 0.3 A used in the fit (the data
corresponding to higher-order coordination shells is not in-
cluded in the fit). Bottom: Magnitude of the Fourier trans-
form corresponding to the first shell in Sr(Ti,Fe)Os and in
~v-Fe, illustrating how the analysis discriminates between the
two components. Inset: Spectra of k3-weighted EXAFS as a
function of photoelectron momentum. The dashed line repre-
sents the Hanning window from 2 to 13 A~ with a width of
0.5 A™" used in the fit.

Details on the analysis and fitting model are given in
supplemental material. ~-Fe appears as a mixture of
two components: superparamagnetic and blocked ~y-Fe
nanoparticles, with a total v-Fe fraction of 64.6(3)%.
The ratio of superparamagnetic to blocked components
increases with increasing temperature (Fig.7 ¢) due to su-
perparamagnetic relaxation. Compared to magnetome-
try measurements, the shorter time-scale associated with
the Mossbauer state (98 ns) results in a higher blocking
temperature T,. A Ty of 13 K for magnetometry mea-
surements corresponds to a T} of approximately 30 K
for CEMS measurements (assuming Néel relaxation??),
which is consistent with the significant increase in super-
paramagnetic fraction between 10 K and 50 K (Fig. 7
¢). The most important conclusion to be drawn from the
CEMS measurements is that the isomer shift of the mag-
netic component corresponds to y—Fe (Fig.7 b),*746 not
a—Fe or Sr(Ti,Fe)Oz. This unambiguously establishes
that the superparamagnetic component in the magne-
tometry data originates from ~-Fe nanoparticles with a
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FIG. 7. (a) Conversion electron Mossbauer spectroscopy

(CEMS) data and fit measured at different temperatures (5-
294 K). (b) The measured isomer shift corresponding to y—Fe,
compared to the one of a—Fe, measured in the same setup on
a 20 nm a—Fe film deposited on Si. (c¢) The fractions of the
different components: y—Fe in the blocked regime, y—Fe in
the superparamagnetic (SPM) regime, non precipitated-Fe in
Sr(Ti,Fe)Os (the fit model is described in supplemental ma-
terial).

ferromagnetic ground state.

As in the work of Baker et al,?* our EXAFS data
do not allow us to identify unambiguously whether the
~v-Fe nanoparticles have fcc or fct structure. The fit im-
provement obtained by allowing for an fct distortion is
only marginal (cf. supplemental material). On the other
hand, SR-XRD measurements along different crystallo-
graphic directions ([002], [311] and [202]) provide direct
evidence of fct distortion. Figure 8 shows SR-XRD data
measured in the vicinity of the [002] and [311] diffrac-
tion peaks of SrTiO3z and y—Fe, which are well sepa-
rated, thanks to the significant difference in lattice pa-
rameter. Figure 8 also compares the data to the expected
position of the diffraction peaks for bulk y—Fe (fcc with
a =c =354 A, based on extrapolation from antiferro-
magnetic Fe-alloys?”). The [002] direction is only sen-
sitive to the out-of-plane lattice parameter ¢, whereas
[311] and [202] depend on both ¢ and the in-plane lat-
tice parameter a (with the [311] direction being the most
sensitive to changes in a). Combining the fit results
for all three directions, we obtain a = 3.76(2) A and
¢ =3.50(2) A (the error includes contributions from the
fit for each direction, from variations across the different
directions and from the difference between measured and
theoretical values of the SrTiOs matrix), corresponding
to an fet distortion ef = ;== = 7.3(8) %. We can
therefore conclude that the y—Fe nanoparticles adopt
an fct structure to accommodate the tensile strain im-
posed by the Sr(Ti,Fe)Os host matrix, similar to ultra-
thin v—Fe films on fcc metals,®'823 despite the fact that
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FIG. 8. Synchrotron radiation X-ray diffraction (SR-XRD)
measured at room temperature with a wavelength of 1.1808
A.(a) Asymmetric (311) and (b) symmetric (002) w/26-scans.
The measured 260 values obtained from the fit are indicated
in red, whereas the 20 values corresponding to bulk fcc y—Fe
are indicated in blue (a = ¢ = 3.54 A, based on extrapola-
tion from Fe-alloy data®”). The inset illustrates that the data
cannot be reproduced by an expanded fcc structure instead
of an fct distortion, by comparing the experimental data of
(a) in the region of the (311) peak of y—Fe peak (solid sym-
bols) and the fit (red line) to that same fit shifted to the 26
value corresponding to a = ¢ = 3.50 A (green line), i.e. of
an fcc lattice with the c-parameter determined from the (002)
direction.

in this case the strain is applied along all three dimen-
sions as opposed to two dimensions in thin films. As
in the thin-film case, this fct distortion stabilizes the
ferromagnetic ground state (resulting in superparamag-
netic behavior in the case of nanoparticles). The ob-
servation of a ferromagnetic ground state instead of an
antiferromagnetic one, for nanoparticles with a unit cell

volume of 49.6(5) A3, is also consistent with the high-

volume (48.22 A?)) ferromagnetic state extrapolated from
ferromagnetic y—Fe-based alloys, compared to the low-

volume (44.36 AS) antiferromagnetic state extrapolated
from antiferromagnetic y—Fe-based alloys.*” We also ob-
serve that the fct distortion induces a magnetocrystalline
anisotropy, which is visible in the magnetization data
as in-plane versus out-of-plane anisotropy: a lower sat-
uration field and higher thermoremanent magnetization
for in-plane field, corresponding to an in-plane easy axis
(Fig. 9). Taking the definition of the anisotropy field
H, which is required to saturate the magnetization of
a uniaxial crystal in a hard direction (of the order of a
few T along the [001] direction in this case - Fig. 9), we
can estimate a magnetocrystalline anisotropy constant
K., of the order of 10 J/m3, using K, = H,uoM,/2,*?
with Mg being the saturation magnetization. Note that
this is not the magnetic anisotropy component responsi-
ble for the blocking/relaxation behavior observed in the
temperature-dependent magnetic measurements (magne-
tometry and CEMS). Taking the blocking temperature
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and out-of-plane parallel to the [001] axis (green), expressed
as magnetic moment in Bohr magnetons (ug) per Fe atom
in yv—Fe nanoparticles (y—Fe fraction obtained from CEMS
measurements). (a) Magnetization curves measured at 5 K
after subtraction of the linear component determined by a
linear fit to the data in the high-field region (2-3 T), corre-
sponding to the diamagnetic substrate and the Brillouin-like
paramagnetic Fe (dilute component). The saturation moment
is slightly higher than that quoted in the text due to the
small non-linear contribution from the Brillouin-like param-
agnetism of the dilute component at 5 K. (b) FC and ZFC
magnetization. Inset: Thermoremanent magnetization.

from magnetometry measurements (13 K), we estimate
an anisotropy constant below 10° J/m3 (assuming Néel
relaxation?), i.e. at least one order of magnitude below
the magnetocrystalline anisotropy constant (10° J/m?).
This weaker anisotropy component is most likely due to
shape anisotropy originating from e.g. the particles not
being perfectly spherical but they exhibiting some degree
of faceting (Fig. 1.b) or a prolate/oblate shape , which
is consistent with an anisotropy constant of the order of
10° J/m3.48

Finally, we can determine the average moment per Fe
atom in the ~-Fe nanoparticles by dividing the satura-
tion moment by the number of Fe atoms in the v phase.
For the total saturation moment of the y-Fe component,
we take the value at 40 K (3.64(2) x 107° emu): a suf-
ficiently low temperature to be comparable to the truly
intrinsic moment per Fe (at 0 K), but sufficiently high
for the Brillouin-like paramagnetic magnetization of the
dilute Fe component to be linear in field, i.e. being sub-
tracted together with the diamagnetic background from
the substrate (also linear in field). The number of Fe
atoms in the + phase is obtained by multiplying the to-
tal number of implanted Fe atoms (9.7 x 10'® at/cm?)
by the corresponding fraction determined experimentally.
As described above, different techniques (EC, EXAFS
and CEMS) were used here to quantify the fraction of Fe
in the two components (y-Fe nanoparticles versus dilute
Fe in Sr(Ti,Fe)O3). Considering the data reported here,
although all techniques yield equal fractions within error,
CEMS (64.6(3)%) gives the best precision. Taking the -
Fe fraction obtained from CEMS, we obtain a moment
per Fe atom in ~-Fe of 2.45(5) pp.

IV. DISCUSSION

We have established that y-Fe nanoparticles embedded
in SrTiO3 have an fct ferromagnetic ground state. We
can now compare our findings (efcs = 7.3(8)%; 2.45(5)
up per Fe atom) to the more recent work of Baker
et al. suggesting that ~-Fe nanoparticles embedded in
Cui_zAu, may be fct distorted.® Taking the nearest-
neighbor Fe-Fe distance obtained from the fct fit to their
EXAFS data, we obtain an €., of 5(2)% for the highest
Au concentration (z = 0.12), with an associated moment
2.5(2) up per atom.>® For lower Au concentration (i.e.
smaller lattice parameter Cu;_,Au, and therefore lower
tensile strain) both the distortion and the moment per Fe
decrease.?? We can therefore conclude that y-Fe nanopar-
ticles embedded in Sr'TiO3 are similar to those embedded
in Cu;_zAu, in the limit of high tensile strain and as-
sociated fct distortion (similar e, and p values). Re-
markably, these similarities extend to y-Fe thin films on
Cuy_,Au,: 2.6 up*® and 2.7 up®° for films with approx-
imately the same in-plane lattice parameter a (3.76 A),
i.e. in the extreme of tensile strain. Showing that ferro-
magnetic y-Fe has an fct structure, both in nanoparticle
and thin film form, provides a unifying picture of ferro-
magnetism in these systems. In particular, it suggests
that the inconsistencies among reported ground states
of ~-Fe nanoparticles?>2° may be solved if the fct dis-
tortion is taken in account. One can expect that if fct
structures are considered in theoretical assessments of the
magnetic states of y-Fe nanoparticles, the same degree of
agreement between theory and experiment as achieved
for ultra-thin films?* may also be reached. Some insight
may already be obtained by considering recent density
functional theory (DFT) calculations on bulk y—Fe.%!
Various ordered and non-ordered states are closely spaced
in energy and have different dependencies on the magni-
tude of the fct distortion.®> When the magnetic exchange
energy is not taken into account, the local energy mini-
mum coincides with the fcc structure. However, for the
ordered states (ferromagnetic and antiferromagnetic), in-
troducing an fct distortion decreases the total energy. In
particular, in the region corresponding to the fct distor-
tion reported here (c¢/a of the order of 0.9), the ground
state is indeed ferromagnetic. One can therefore expect
that, if equivalent DFT calculations are performed for
strained nanoparticles, these would reveal that the equi-
librium lattice parameters (and therefore the magnitude
of the fet distortion) are not only determined by the en-
ergy associated with the strain applied at the interface,
but that the exchange energy associated with ordered
states may also play a crucial role.

Fct distortion may in fact be a much more general phe-
nomenon, extending to other observed magnetic ground
states of 7-Fe. For example, «-Fe nanoparticles in the
low-volume antiferromagnetic state, with an fcc struc-
ture above the Néel temperature (T ), have been ob-
served to exhibit a fcc-to-fct structural transition upon
crossing Ty (also a c-axis contraction as in the present



case, although much smaller, 0.32%).2” In an even wider
context, hints of fct-related phenomena have emerged in
the context of thermal expansion of Invar alloys. For
example, anisotropic thermal expansion was observed
in MnggNijo: Invar effect for the ¢ parameter (abnor-
mally small expansion) and anti-Invar (abnormally large)
for the a parameter.!? Such puzzling observations fur-
ther motivate a theoretical reassessment of the magnetic
ground states of elemental y-Fe taking into account fct
distortions, as a model for more complex alloys.

V. CONCLUSIONS

We can summarize our findings in three key observa-
tions: (i) 2 — 5 nm sized y—Fe nanoparticles were suc-
cessfully embedded in SrTiOg; (ii) these y—Fe nanopar-
ticles exhibit a ferromagnetic ground state, unambigu-
ously identified using low-temperature Mossbauer spec-
troscopy; (iii) the ferromagnetic ground state is associ-
ated with the fct structure, not fcc, as demonstrated by
synchrotron radiation X-ray diffraction measurements.
These findings indicate that the fct structure underlies
a universal relation between different forms of magneti-
cally ordered y—Fe (nanoparticles and thin films, ferro-
magnetic and antiferromagnetic), thereby motivating a
theoretical reassessment of the magnetic states of y—Fe

taking into account fct distortion.
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