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ABSTRACT: The influence of Cu doping on the structural and
magnetic properties of the Fe;Se, ferrimagnet has been investigated

by a combination of X-ray diffraction, Raman spectroscopy, X-ray © Se
absorption spectroscopy, and magnetic measurements. While the © Fez’;
effects of dopants with ionic radii closer to those of the Fe sites in 8 E‘Z?*
Fe;Se, had been studied before, Cu is a less conventional dopant,

due to its smaller size (at the same ionic charge) and preference for
lower coordination numbers. A (Fe,_,Cu,);Se, series, where x =
0—0.15, has been prepared by either high-temperature annealing or
the solvothermal method. Although only a limited amount of Cu
enters the Fe;Se, structure, the Cu doping causes a substantial
increase in the coercivity of the material. Furthermore, the samples prepared by the solvothermal method exhibit much larger
coercive fields as compared to those observed for the samples prepared by high-temperature annealing. The effect was traced to the
higher lattice strain accumulated in the samples synthesized solvothermally, as evidenced by the broadening of their Raman peaks.
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B INTRODUCTION

The ability to control magnetic anisotropy from the atomic to
mesoscale level is instrumental to the development of new
magnetic materials with high-energy products.' Recent years
have witnessed extensive experimental’ * and theoretical™®

parallel to the bc plane of the monoclinic lattice (space group
C2/m)."” These vacancy-containing layers host Fe?* ions and
alternate, along the a-axis, with vacancy-free layers that contain
Fe®" ions, with each Fe site being octahedrally coordinated by
Se®” ions (Figure 1a). In the magnetic structure of Fe;Se,, the

efforts in this direction, aimed at finding more affordable
alternatives to the state-of-the-art permanent magnets that rely
on the availability of costly lanthanide elements, such as
neodymium, dysprosium, and samarium. Taking into account
the high magnetocrystalline anisotropy offered by these
elements, it is extremely challenging to eliminate them from
the permanent magnets used in such critical technologies as
electric motors, magnetic resonance imaging, sensors, read-
heads, actuators, loudspeakers, etc.” Nanostructured magnetic
materials, where the changes in physical properties can be
controlled at a nearly atomic scale, hold promise to offer a
solution to this challenge. It has been well documented that the
magnetic properties of nanomaterials can vary greatly from
their bulk counterparts.” In particular, one can take advantage
of the increased magnetic anisotropy observed for nano-
particles that approach the single-domain size limit. Using this
approach, both theoretical’™"" and experimental'*~'® models
have been proposed to implement composites of nanoscale
magnets to achieve magnetic hardness and energy products
that exceed the values observed for any of the individual
components.

Fe;Se, is a rare-earth free ferrimagnet with an ordering
temperature (Tc) of 332 K'” and a relatively high energy
product of 4.37 kG Oe at 300 K.'* It belongs to the Cr,S,
structure type, which can be described as a variant of the NiAs-
type structure that lacks 50% of metal sites in every other layer
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moments on Fe®" sites are aligned antiparallel to the moments
on the Fe®" sites, and both types of moments point along the b
axis (Figure 1b). The values of the moments per Fe site,
determined by neutron diffraction at 4.2 K, were 2.89 pug and

Figure 1. Crystal (a) and magnetic (b) structures of Fe;Se,,
emphasizing the octahedral coordination of the Fe sites and the
antiparallel moment alignment in the ferrimagnetic state.
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2.27 py, respectively.”’ Given the 1:2 Fe**/Fe’* ratio, the total
saturation magnetization (M,) expected at low temperatures is
~1.65 g, as was observed experimentally.

A number of studies have reported the influence of
substituting other transition metals for Fe on the structural
and magnetic properties of bulk Fe;Se,. The substitution by
Co or Ni was found to afford solid solutions (Fe;_.M,);Se,
with the full range in the case of M = Co (0 < x < 1) and a
limited albeit wide range for M = Ni (0 < x <0.8). In both
series, the increase in the Co or Ni content led to the decrease
in the T¢ and M; of the material.”' The substitution by Ti or V
proceeded to the limiting composition with x = 0.67.”> The
initial increase in the Ti content led to the suppression of T
and M, but at x = 0.3 and above, a substantial change in the
character of temperature-dependent magnetization curves was
observed. This change was attributed to the emergence of
competition between ferromagnetic (FM) and antiferromag-
netic (AFM) exchange between Fe moments within the layers
parallel to the bc plane. Indeed, FeTi,Se, was shown to be an
antiferromagnet with the ordering temperature of 134 K.**

In contrast to the aforementioned cases, the substitution of
Cr for Fe does not have such a detrimental effect on T. For
example, Fe,CrSe, (corresponding to x = 0.33) showed T =
320 K,** similar to the value observed for the pristine Fe;Se,.
Moreover, in the range of 0 < x < 0.33, the T passed through
a maximum, reaching a value of 365 K at x = 0.17. The
magnetic anisotropy constant (K,) and coercivity (H.) also
increased due to the Cr substitution.”> These observations
were attributed to the increase in the magnetic exchange
constant in (Fe;_,Cr,);Se, as compared to pure Fe;Se,.
Despite the increased coercivity, the energy product could not
be greatly increased because M, was rapidly suppressed by Cr
doping. The decreased magnetic moment of the Cr** ion (S =
3/2) relative to the high-spin Fe®* ion (S = 5/2) caused
Fe,CrSe, to behave as a nearly compensated ferrimagnet, with
the M, = 0.05 pp.**

In an effort to increase both magnetization and coercivity,
and thus achieve a higher-energy product, Sen Bishwas et al.
explored the synthesis of (Fe,_Mn,);Se, nanorods.'® At small
doping levels (x < 0.07), the T¢ and H, values decreased only
slightly, while M increased substantially. Due to this effect, the
energy product increased by ~30% at 300 K and nearly
doubled at 10 K, in comparison to the values observed for pure
Fe,;Se, nanorods. In contrast, nanosized (Fe;_,Cr,);Se,
showed a large increase in coercivity, which maximized at x
~ 0.23, but at the expense of a substantial decrease in
magnetization,26 in accord with the observations made earlier
for the bulk (Fe,_,Cr,);Se, samples.”*

Among all of these efforts, there is no information on the
effect of Cu doping on the structural and magnetic properties
of Fe;Se,. A possible reason for the lack of such reports is the
strong preference of Cu for tetrahedral coordination and +1
oxidation state in binary and ternary selenides. Indeed, a well-
known stable structure of chalcopyrite, CuFeSe,, contains Cu*
and Fe®* ions.”””® We examined a single report on the
synthesis of CuFe,Se,”” but found that the author, likely, had
mistaken a mixture of CuFeSe, and binary iron selenides for a
new ternary phase.

Given the strong preference of Cu for the tetrahedral
coordination in the known Cu-containing selenides,”*™** we
hypothesized that a minor doping of Cu into the structure of
Fe;Se, might cause a substantial local structural distortion and,
as a result, an increase in the coercivity of the Cu-doped Fe;Se,

due to the increased lattice strain. Herein, we report a study of
the partial substitution of Cu for Fe in Fe;Se, prepared by a
conventional high-temperature annealing or under solvother-
mal conditions typically used to decrease the particle size. We
demonstrate that the bulk structure can accommodate only a
very limited amount of Cu. Furthermore, we find that the
synthetic method used has a substantial influence on the
observed structural and magnetic properties of the Cu-doped
Fe;Se,. In particular, we observe that the coercivity of Fe;Se, is
greatly increased due to the lattice strain created by the
solvothermal synthesis and Cu doping.

B MATERIALS AND METHODS

Starting Materials. Fe;(CO),, (cont. 1—10% of MeOH),
Cu(acac), (>99%, acac = acetylacetonate), Ph,Se, (98%),
octadecene (tech. 90%), and oleylamine (70%) were
purchased from Sigma-Aldrich and used as received. Finely
dispersed powders of iron (99.9%), copper (99.9%), and
selenium (99.99%) were obtained from Alfa Aesar. The Fe and
Cu powders were additionally purified by heating under a flow
of H, gas at 500 °C for S h and at 200 °C for 2 h, respectively.

Synthesis—Method A. The samples of (Fe,_,Cu,),Se, (x
= 0, 0.01, 0.02, 0.03, 0.04, 0.05) were prepared by annealing
pelletized stoichiometric mixtures of elements (the total mass
of each sample—300 mg) sealed in 10 mm inner diameter
fused-silica tubes that were sealed under vacuum (<107*
mbar). The mixtures were heated to 1050 °C in 10.5 h,
maintained at this temperature for 10 days, and quenched into
an ice bath.

Synthesis—Method B. The samples of (Fe,_,Cu,);Se, (x
= 0, 0.01, 0.03, 0.05, 0.07, 0.10, 0.15) were prepared by
combining Fe;(CO);, and Cu(acac), in the required
stoichiometric ratio, for a total of 0.75 mmol of the metal
ions, with 234 mg (0.75 mmol) of Ph,Se, in a mixture of 8 mL
of oleylamine and 2 mL of octadecene. The mixture was
degassed under vacuum at 80 °C for 40 min, after which the
reaction vessel was refilled with Ar and heated to 300 °C at a
rate of 5 °C/min. The reaction was allowed to progress for 1 h,
followed by air-cooling. The products were precipitated by
sequential addition of 4 mL of hexanes and 3 mL of methanol
followed by centrifugation. The isolated precipitate was
washed repeatedly with hexane and methanol until the
supernatant became clear and colorless. Final purification
was achieved by magnetic separation using a circular Nd,Fe ,B
magnet to attract the product, while the supernatant solution
was being filtered through a porous glass frit. The recovered
product was dried by suction.

Powder X-ray Diffraction (PXRD). Room-temperature
PXRD data were acquired on a Rigaku MiniFlex X-ray
diffractometer equipped with a D/tex Ultrax detector and a
Cu Ka radiation source (4 = 1.54187 A). Each pattern was
recorded in the 26 range of 10—80° with a step of 0.05° and
the total collection time of 1 h. A NIST-grade LaB4 powder
was used as an internal standard. The analysis of PXRD
patterns was carried out with SmartLab Studio II software.”

Raman Spectroscopy. Raman spectra were recorded on a
Horiba JY LabRam HR Evolution spectrometer, equipped with
a 600 lines/mm grating and a CCD detector. The samples
were prepared as dispersed powders placed on glass slides. A
633 nm HeNe laser used for irradiation was focused on the
sample with an x50 LWD objective lens. The spectra were
collected in the range of 100—700 cm ™.
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Figure 2. PXRD patterns for the (Fe,_,Cu,);Se, samples prepared by Methods A (a) and B (b). The asterisks indicate the peaks of the CuFeSe,
byproduct. The insets show enlarged regions of the patterns revealing the shift in the peak positions caused by the doping of Cu into the structure

of Fe;Se,.
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Figure 3. Relative changes in unit cell parameters and volume as a function of the Cu doping fraction (x) in the samples of (Fe,_,Cu,);Se,
prepared by Methods A (a) and B (b). The lines connecting the data points are guides for the eye.

X-ray Absorption Near-Edge Structure (XANES) Spec-
troscopy. XANES spectra were collected at beamline 9-BM of
the Advanced Photon Source (APS) at Argonne National
Laboratory. Powder samples of (Fe,_,Cu,);Se;, containing
15% by mass of polyethylene glycol, were pelletized, mounted
on a carbon tape, and covered with a Mylar film. The
measurements were performed in a fluorescence mode using a
PIPIS detector. The scans were taken at Fe and Cu K-edges for
each sample. Calibrations were done on films of Fe or Cu for
the corresponding K-edges. The data were processed and
analyzed with the Athena subroutine of the IFEFFIT
software.”® For each sample, 3 Fe and 12 Cu K-edge spectra
were combined and averaged to improve the data quality.

Magnetic Measurements. Magnetic properties were
studied with a magnetic property measurements system,
MPMS-XL (Quantum Design), equipped with a super-
conducting quantum interference device (SQUID). Samples

25786

were weighed and packed in polycarbonate capsules and
covered with 1-eicosane wax to prevent the reorientation of
particles during magnetic measurements. Temperature-de-
pendent zero-field-cooled (ZFC) and field-cooled (FC)
magnetization data were measured in a constant applied
magnetic field of 100 Oe at a sweep rate of 2 K/min. Field-
dependent isothermal hysteresis loops were measured at 5 and
250 K with the applied field varying from —50 to 50 kOe.

B RESULTS AND DISCUSSION

Synthesis. Method A for the synthesis of (Fe,_,Cu,);Se,
followed the conventional annealing protocol. The pelletized
stoichiometric mixtures of elements were annealed at 1050 °C
for ~10 days, followed by quenching the reactions into an ice
bath. In a typical synthesis of bulk or doped Fe;Se, reported
previously, the annealing was performed at 800—900 °C, after

https://doi.org/10.1021/acs.jpcc.1c06841
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Figure 4. Raman spectra of the (Fe,_,Cu,);Se, samples prepared by Methods A (a) and B (b). The dashed vertical lines, which cross the energy

axis at 220 and 400 cm ™, are guides for the eye.

which the samples were reground and reannealed at the same
or slightly lower temperature to obtain single-phase
products.””>” We found that such an annealing regime, in
the presence of Cu, led to the formation of the stable CuFeSe,
phase as a major byproduct. By increasing the reaction
temperature to 1050 °C and quenching the samples, we were
able to obtain phase-pure products without the need for the
additional annealing step.

In Method B, the (Fe,_,Cu,);Se, samples were prepared by
reacting Ph,Se,, Fe;(CO)y,, and Cu(acac), in a mixed
oleylamine/octadecene solvent (4:1 v/v), with the goal to
reduce the particle size to nanoscale. As will be shown below,
such a route succeeded in producing smaller particles but only
at the submicron scale (Figure S1). Previously reported
solvothermal syntheses of Fe;Se, employed Fe(acac); and
elemental Se powder in oleylamine,’®*™*° or even a
solvothermal reaction between the powders of Fe and Se.*'
These precursors, however, are prone to the formation of
oxides at elevated temperatures, and an excess of Se might be
difficult to remove from the reaction products. We found that
the use of Fe;(CO), and Ph,Se, circumvented such problems,
and pristine or Cu-doped Fe;Se, samples were obtained by
reactions carried out in oleylamine/octadecene at 300 °C for 1
h. It is also important to note that, in comparison to the
traditional synthetic routes that used Fe(acac); and Se as
starting materials, we did not observe a ferrimagnetic Fe,Seg
impurity in any of our samples.

For brevity, from this point forward, we will refer to the
samples prepared by high-temperature annealing and solvo-
thermal methods as A-samples and B-samples, respectively.

Crystal Structure. PXRD analysis (Figure 2) of the A-
samples of (Fe,_,Cu,);Se, revealed that single-phase products
are obtained at lower Cu content, up to x = 0.02. For samples
with x > 0.03, peaks corresponding to the CuFeSe, byproduct
became visible, growing in intensity as the value of x increased.
Thus, it appears that the maximum amount of Cu that can be
cleanly doped for Fe in the structure of Fe;Se, is 2% if the
conventional high-temperature annealing is used. Unit cell
constants were determined by the LeBail fitting procedure
(Figure S2). The parameters a and ¢ and the cell volume
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showed a relatively large initial decrease for x = 0.01 before a
slight recovery at x = 0.02, after which they remained nearly
constant (Figure 3a). The decrease in the unit cell volume is
primarily due to the large decrease in the a parameter, which
corresponds to the direction of the stacking of alternating
layers of Fe?* and Fe®* ions, as shown in Figure 1. The exact
values of unit cell parameters and volume refined from the
PXRD patterns are listed in Table S1.

One should not discard the scenario where Cu might be
entering vacant octahedral sites to form a filled structure of
Fe,Se,, given the possibility to vary the Fe*"/Fe’* ratio to
compensate for the positive charge brought by such Cu
intercalation. We attempted to prepare samples with excess Cu,
corresponding to the composition (FeCu,);Se, but such
attempts led to the formation of CuFeSe, and Fe,Seg (Figure
S3), thus suggesting that it is very unlikely that Cu atoms
populate the vacant octahedral sites in the Fe;Se, structure.

In contrast to the annealed A-samples, the B-samples of
(Fe,_,Cu,);Se,, obtained by the solvothermal method, showed
negligible changes in unit cell parameters and volume as a
function of x, within the experimental error (Figure 3b).
Similar to the A-samples, the B-samples contained the minor
CuFeSe, byproduct already seen at x = 0.03, and the amount
of this byproduct increased with x (Figure 2b).

Raman Spectroscopy. To gain insight into the effect of
substitution on the lattice strain of the material, the pure and
Cu-doped samples of Fe;Se, were examined by Raman
spectroscopy. The undoped Fe;Se, showed Raman peaks
with maxima at 221, 240, 288, 405, 489, and 605 cm™! for the
A-sample (Figure 4a) and at 219, 284, 397, 484, and 601 cm ™
for the B-sample (Figure 4b). The only previous study of
Raman spectra for Fe;Se, reported similar peaks in the given
energy range and briefly attributed the peaks at 228 and 411
cm™! to lattice vibrations.'® Using Porto’s nuclear site group
analysis,”* we find that possible Raman-active vibrations for
Fe;Se, include 6A, and 3B, modes. The strong Raman modes
observed at 221/219 and 288/284 cm™' correspond to the
energy of Fe—Se bond vibrations, and the observation of two
such modes is in agreement with the anisotropy (low
symmetry) of the crystal structure. The peaks at 405/397

https://doi.org/10.1021/acs.jpcc.1c06841
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and 605/601 cm™" are likely overtone frequencies of the 221/
219 cm™! vibration, showing increased anharmonicity when
moving to higher overtones (as judged by the increased
asymmetry of the peaks). On the other hand, the peak at 489/
484 cm™ is likely a combination mode of Fe—Se vibrations
observed at 221/219 and 288/284 cm™'. Interestingly, all B-
samples and the A-sample with x = 0.01 showed a weak Raman
peak at ~180 cm™". The nature of this peak is yet unclear.
With the substitution of Cu for Fe, the Raman peaks in the
A-samples show a tendency to shift to lower energies at the
higher Cu content (Figure S and Table S2). This shift also
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Figure S. Variation of the energy (black) and FWHM (blue) for the
221/219 cm™ Raman peak as a function of the Cu content (x) for the
(Fe,_,Cu,);Se, samples prepared by Methods A (square boxes) and B
(circles), respectively.

correlates with the peak broadening, as evidenced by the larger
full width at halfmaximum (FWHM) of the Raman peaks
observed for the samples with the larger values of x. The
broadening becomes especially obvious for the peaks at 240
and 400 cm™!, the amplitude of which is substantially
diminished (Figure 4a). Interestingly, the FWHM correlates
with the shift in the peak maximum (Figure S). Thus, doping

Cu into the Fe;Se, lattice leads to the increased lattice strain,
as could be expected from the difference in the radii of the
corresponding ions (Table S3) and the preference of Cu for
lower coordination numbers."

The B-samples showed much less consistency in the energy
and FWHM of the Raman peaks. The values of these
parameters vary widely from sample to sample, and the peak
widths, in general, are substantially larger than those observed
for the A-samples. We attribute this inconsistency to the higher
strain accumulated in the B-samples during the solvothermal
synthesis. It is quite reasonable to assume that the high-
temperature annealing, undergone by the A-samples, relieved
the strain in the lattice. Indeed, the larger FWHM observed for
the B-samples is comparable to the FWHM of the Raman
peaks reported for the Mn-doped samples of Fe;Se,, which
were also prepared by a solvothermal method."®

XANES Spectroscopy. To establish the nature of Cu
dopants in all samples, room-temperature XANES spectra were
collected at the Cu and Fe K-edges. As mentioned in the
Introduction section, one of the motivations for our work was
the knowledge that the oxidation state of +1 had been typically
observed for Cu in various selenides. Nevertheless, the Cu K-
edge spectra of both A-samples and B-samples exhibit a weak
pre-edge feature at 8979.5 eV (Figure 6), which can be
assigned only to the dipole-forbidden 1s — 3d transition of the
Cu** ion with the single hole in the 3d orbitals."* This
assignment is also supported by the fact that the XANES
spectrum of Cu,Se does not show such a pre-edge feature, with
the absorption edge appearing at a notably higher energy, 8982
eV.* In typical Cu K-edge spectra of Cu(I) compounds, the
absorption edge characteristic of the Cu” ion appears in the
8983—8985 eV range.”® In contrast, both samples A (Figure
6a) and samples B (Figure 6b) show the absorption edge at
~8986 eV, which is also characteristic of the Cu** ion. A small
contribution from the absorption in the range typical of Cu*
ions might be present for the B-samples, as judged by the
asymmetry of the strong absorption peak (Figure 6b). Our
analysis is also supported by the reported XANES spectra of
CuO and Cu,0O. While the absorption edge was observed at
lower energy for Cu,O, the spectrum of CuO showed a weak
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Figure 6. Normalized Cu K-edge XANES spectra for the (Fe,_,Cu,);Se, samples prepared by Methods A (a) and B (b). The vertical dashed lines
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Table 1. Magnetic Properties of the (Fe,_,Cu,);Se, Samples Prepared by Methods A and B

A-samples T (K) H_ (kOe) M, (emu/g) B-samples T (K) H, (kOe) M, (emu/g)
x = 0.00 330 3.0 9.1 x = 0.00 323 17.7 12.3
x = 0.01 286 5.8 11.1 x = 0.01 322 22.4 13.2
x = 0.02 305 4.7 12.3 x =0.03 321 24.8 13.3
x =0.03 310 2.3 10.1 x = 0.05 317 25.0 9.7
x = 0.04 315 1.9 8.7 x = 0.07 319 249 9.2
x = 0.05 318 0.7 4.8 x =0.10 316 26.2 10.6

x = 0.15 311 252 8.1
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Figure 9. Field-dependent magnetization recorded at 5 K for the (Fe;_,Cu,);Se, samples prepared by Methods A (a) and B (b). The inset shows
the enlarged hysteresis region for the A-samples at lower fields. The nominal Cu doping fraction (x) is given in the legends.

pre-edge feature located at a slightly lower energy than that of
the absorption edge of Cu,0."’

Examination of the Fe K-edge XANES spectra reveals three
absorption features common for all the samples (Figure 7).
Similar spectra were obtained in the only other reported
XANES study of Fe,Se,.*® The energies of the absorption
peaks and the overall nature of the Fe K-edge spectra remain
almost unchanged upon Cu doping, suggesting that the local
structure around the Fe sites is essentially preserved. The pre-
edge feature at 7110.9 eV corresponds to the dipole-forbidden
1s — 3d transition. The two higher-energy absorption features
correspond to 1s — 4p transitions, with the first of them
observed as a shoulder at ~7120 eV for both series of samples.
The third, highest in energy absorption feature, shows the
largest difference between the two series of samples, as this
peak appears at 7126.3 eV for the A-samples and at 7128.9 eV
for the B-samples. This energy difference may suggest the
presence of a higher amount of Fe** sites in the B-samples, as
such shifts of spectral features to the higher energy have been
attributed to the higher oxidation state of Fe.”” Such an effect
can be caused by a slight cation deficiency of the B-samples
prepared by the solvothermal method.

Magnetic Properties. The temperature-dependent mag-
netization measured under an applied field of 100 Oe revealed
the divergence between the ZFC and FC magnetization curves,
characteristic of ferrimagnetic ordering (Figure 8). The Curie
temperature (T), determined as the ZFC-FC divergence
point, was equal to 330 K for the undoped A-sample and 323 K
for the undoped B-sample. The summary of the ordering
temperatures and other magnetic parameters for all samples is
given in Table 1. With the increase in the Cu content, the value

of T¢ is gradually suppressed across the B-series, reaching the
lowest value of 311 K at x = 0.15. In contrast, the value of T
in the A-series initially experiences a substantial drop to 286 K
for x = 0.01 but then recovers and slightly increases (from 305
to 315 K) for the samples with the higher Cu content.
Interestingly, such behavior correlates with the larger FWHM
of the ~220 cm™" Raman peak observed for the A-sample with
x = 0.01 as compared to the FWHM of this peak for the A-
samples with x = 0, 0.02, and 0.03 (Figure 4), suggesting that
the lattice strain increases with the initial Cu doping but then
slightly relaxes. We would like to point out that the presence of
the minor CuFe,Se, impurity does not affect the magnetism of
samples A and B. The AFM transition that takes place in
CuFeSe, at 70 K is not observed in the measured ZFC and
FC magnetization curves, thus indicating a negligible
contribution from this impurity to the overall response from
the main ferrimagnetic phase.

The increase in the lattice strain typically leads to the higher
magnetic anisotropy of the material. In accord with this
expectation, 5 K isothermal magnetization measurements on
the A-samples (Figure 9a) revealed a large increase in the
coercive field (H,) when going from x = 0 (3.8 kOe) to 0.01
(5.8 kOe). With further increase in the Cu doping fraction, the
H_ value gradually decreases, falling to 0.7 kOe at x = 0.05
(Table 1). The remnant magnetization (M,) increases from 9.1
emu/g for x = 0 to 12.3 emu/g for x = 0.02, after which it
gradually decreases, reaching the value of 4.8 emu/g at x =
0.0S.

Remarkably, all B-samples showed a much higher coercivity
as compared to the A-samples, in agreement with the
substantially higher lattice strain deduced from the broader
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Raman peaks observed for the B-series. The coercivity
increases abruptly, from 17.7 kOe for the B-sample with x =
0 to 22.4 kOe for the one with x = 0.01, and then more
gradually, reaching a maximum value of 26.2 kOe at x = 0.10.
The samples prepared by the solvothermal method also exhibit
a notable exchange bias effect, observed as asymmetry in the
hysteresis loops (Figure 9b). The exchange bias might indicate
minor surface oxidation that leads to the presence of a thin
layer of antiferromagnetic phase that couples to the underlying
ferrimagnetic phase. Similar to the A-samples, the remnant
magnetization of the B-samples increases with the initial Cu
doping but then decreases at higher values of «, although not as
quickly as observed for the A-series.

B CONCLUDING REMARKS

As demonstrated by the combined results of PXRD, Raman
and XANES spectroscopy, and magnetic measurements, the
properties of (Fe,_,Cu,);Se, samples show substantial differ-
ences, depending on the synthetic method. The main source of
these differences is the lattice strain, which appears to be much
higher in the samples prepared solvothermally (Method B) as
compared to the samples prepared by high-temperature
annealing (Method A). While the presence of this effect was
hypothesized based on the broader Raman peaks observed for
the B-samples, its most dramatic manifestation is the much
larger magnetic coercivity (anisotropy) of the B-samples as
compared to the A-samples (Figure 9).

Interestingly, however, the lattice parameters of the B-
samples show less obvious changes upon Cu doping as
compared to those of the A-samples, although the Cu K-edge
XANES spectra are similar for both series of the
(Fe,_,Cu,);Se, samples. It is likely that the true level of Cu
doping in the B-samples is substantially lower than the nominal
value of x, as also evidenced by the increase in the quantity of
the CuFeSe, byproduct for the B-samples with x > 0.03.

Despite the low level of Cu dopant sites that can be
introduced into the Fe;Se, structure, the presence of such
dopants has a strong impact on the magnetic anisotropy of the
material. For both methods of the sample preparation, the
magnetic coercivity abruptly increases for the Cu doping
fraction as small as x = 0.01. We attribute this initial increase in
magnetic anisotropy to the lattice strain caused by the smaller
size of the Cu®* ions relative to the average size of the Fe** and
Fe®* ions and the preference of Cu for lower coordination
numbers.

Overall, this work demonstrates that the use of unconven-
tional dopants offers a viable strategy for increasing the
magnetic hardness of Fe;Se,. In fact, such doping induces a
substantial lattice strain, due to the large difference in the ionic
radii and coordination preferences of the Fe sites and the
dopant ion. At the same time, the low level of doping does
allow preservation of the high magnetic ordering temperature
and even a slight increase in the remnant magnetization, thus
increasing the overall energy product. Our future efforts will
focus on a more thorough investigation of the nature of local
structural distortions around the dopant ions and the changes
in magnetostriction caused by the increased lattice strain. The
results of these studies will be reported in due course.
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