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ABSTRACT: Here we report on the microstructural factors Thin Films Nanocomposites|
influencing the formation of the interfacial exchange bias
effect in three-dimensional transition-metal-based nanocom-
posite systems, with relevance to permanent magnet
applications. Bulk phase-separated nanocomposites consisting
of the ferromagnetic a-Fe and metastable antiferromagnetic y-
Fe,;Mn;, phases exhibit a notable low-temperature exchange
bias and substantial coercivity (H,, = 24.6 kA/m, H¢ = 95.7
kA/m) as well as a near room-temperature blocking
temperature. Structural investigation by synchrotron X-ray
diffraction, neutron scattering, and transmission electron
microscopy confirm that the ferromagnetic a-Fe phase
nucleates as small precipitates (d ~ SO nm) at the grain
boundaries of the antiferromagnetic y-Fe;;Mn;, grains (d = 360—740 nm) and grows anisotropically upon heat treatment,
resulting in an elliptical geometry. These results indicate that optimization of the exchange bias effect in bulk nanocomposite
systems may be achieved through maximizing the surface-to-volume ratio of ferromagnetic precipitates in an antiferromagnetic
matrix, enhancing the magnetocrystalline anisotropy of the antiferromagnetic phase to facilitate interfacial pinning and ensuring
a balanced distribution of the ferromagnetic and antiferromagnetic phases. This work further clarifies critical factors influencing
the formation of an exchange bias in an inexpensive transition-metal-based bulk nanocomposite system with potential for
scalable production.
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1. INTRODUCTION be inversely proportional to the FM thickness (reaching a
maximum at sub-10 nm film thicknesses).”* The role of the AF
thickness on exchange bias is much more complex."”* While
studied extensively in oxide-coated particles and two-dimen-
sional (2D) bilayer thin-film systems, research into the
exchange-bias effect in bulk nanocomposite systems has been
d."»’7'* Consequently, many key exchange bias

Unidirectional anisotropy produced by the exchange bias effect
has found wide use in several noteworthy thin-film device
architectures ranging from magnetic recording media to
magnetoresistive devices."” This unidirectional anisotropy is
observed in many diverse magnetic composite systems e
including ferromagnetic (FM)/antiferromagnetic (AF),”" limite _
FM/ferrimagnetic (FI),° and hard FM/soft EM system56 and parameters that are well-understood for thin-film systems
is commonly attributed to exchange interactions occurring at have yet to be fully considered in bulk three-dimensional (3D)
the interface between these magnetic phases." For this study, exchange-biased systems. Understanding these influencing

the FM/AF-type of composite system will be the focus. The factors in bulk systems is necessary for the development of
exchange bias effect results in an asymmetric shift (H,,) of the present-day applications such as 1n§vel permanent magnets
magnetization M(H) loop along the field axis after field- based on the exchange bias effect,””’™” as first proposed by
cooling from a temperature greater than the AF Néel Meiklejohn and Bean in 1957."°
temperature but lower than the FM Curie temperature.’ In
thin-film exchange-biased systems, it has been shown that the Received: December 27, 2018
magnitude of the exchange bias is conditional on the relative Accepted: February 15, 2019
thicknesses of each thin-film layer; exchange bias is known to Published: February 15, 2019
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Exchange bias studies have been largely confined to thin-film
bilayers and oxide core—shell nanoparticles with far fewer
reports of exchange bias in 3D bulk intermetallic alloys.””"*~"”
Early work by Kouvel et al. examined a number of single-phase,
binary alloy systems (Ni—Mn, Fe—Mn, Cu—Mn, Ag—Mn)
made by standard solidification methods and attributed the
noted exchange bias in these alloys to composition fluctuations
or to spin-glass-like states.'”'” Recent studies on the Heusler
family of alloys reported an exchange bias, also attributed to
composition fluctuations, that produced coexisting magnetic
phases.'”'® Khan et al. found that the exchange bias and
blocking temperature (i.e., the temperature where the
exchange bias effect disappears) both scale with Mn content
in the NigoMn,;,,Sb,s_. Heusler alloy.” Further studies have
examined the relationship between microstructure and the
exchange bias effect in various oxide systems generated via
mechanical mixing,zo_22 reduction reaction,”® or high-temper-
ature phase precipitation””*> to obtain a two-phase micro-
structure. Dobrynin et al. examined the formation of an
exchange anisotropy in Co—CoO core—shell nanoparticles
embedded in a noninteracting Al,O; matrix, finding the
surface-to-volume ratio of the nanoparticles to be a crucial
factor in determining the balance of interfacial exchange energy
to volume-proportional Zeeman energy.”® Anhoj et al. studied
the Fe—Mn binary alloy system as well, examining how the
ratio of the FM to AF phase in a ball-milled nanocomposite
affected the coercivity and exchange bias.”” This study,
however, focused on the ratio of the FM to AF phase and
did not address the effect of grain size. More recently, Nayak et
al. offered up a new approach to designing Mn—Fe—Ga
Heulser alloys with a large theoretical exchange bias that would
stabilize the second quadrant magnetization, making it useful
as material for rare-earth-free permanent magnets.”® However,
their study concluded that further work is required to find the
optimal microstructure to maximize coercivity as well as the
total magnetization. Similarly, contemporary studies have
examined CoFe/CoFe,O, core—shell nanoparticles with
specific application in the permanent magnet industry; many
of these studies advocate for further research into the optimal
microstructure.”” '

In this work, Fe;,Mn;, nanocomposites are synthesized via
melt-spinning. The Fe—Mn alloy system was chosen, as it
demonstrates the unique ability to form both the AF y-FeMn
phase, well-studied as one of the most widely used AF
materials for exchange-biased thin-film architectures,>°
and the FM a-Fe phase, recognized for its role in the steel
industry.'”*>*” The Fe,,Mn,, composition is chosen to access
the mixed (a@-Fe + y-FeMn) two-phase region of the Fe—Mn
binary alloy phase diagram.”® Melt-spinning is then utilized
both to retain these nonequilibrium phases at room temper-
ature and to restrict grain growth, producing a nanoscaled
microstructure. The a-Fe phase has a body-centered cubic
crystal structure (Im3m space group) and unit cell lattice
parameter of a = 2.866 A that exists below T = 1185 K and can
accommodate up to ~3 wt % Mn under equilibrium
conditions.”® The pure a-Fe phase is FM with a room-
temperature saturation magnetization M = 217 A-m*/kg (217
emu/g) and Curie temperature T = 1043 K; however, both
saturation magnetization and Curie temperature are reduced
linearly with dilute additions of Mn."’ At high temperatures (T
~ 1400 K), y-FeMn is the equilibrium phase across all Mn
concentrations but is only energetically favorable in a limited
range of intermediate Mn content (~5—70%) for T < 1400 K.
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Outside of this range, the y-FeMn phase may be stabilized to
room temperature by rapid solidification or by the addition of
a ternary alloying element.”’ The y-FeMn phase is AF with the
face-centered cubic structure (Fm3m space group). The lattice
parameter and Neéel temgerature of y-FeMn both increase with
increased Mn content.*” ' Finally, the e-FeMn phase is a
nonequilibrium phase with the hexagonal close packed crystal
structure (P6;/mmc space group) that is reported to form
within 10 < x < 30 wt % Mn.”” The &-FeMn phase has also
been shown to be AF with a Néel temperature of roughly Ty =
230 K that is generally independent of composition.*” In this
work, we identify structure—magnetic property relationships in
an Fe;oMn;, bulk nanocomposite to clarify the microstructural
factors contributing to the formation of the exchange bias
effect in an inexpensive transition-metal-based bulk nano-
composite with high industrial scalability.

2. EXPERIMENTAL METHODS

This section provides experimental details of the synthesis and
characterization of the bulk nanocomposite Fe;oMn;,. Bulk ingots (m
= 5 g) of nominal Fe,;Mny, composition were synthesized by arc-
melting (Edmund Buhler MAM-1 mini-arc-melting system®®) in an
argon atmosphere from Mn and Fe granules (Alfa Aesar,”> 99.98%).
Excess Mn (~4—8 wt %) was intentionally added to the
stoichiometric amount to compensate for Mn mass loss by
vaporization during the melting process. The ingots were remelted
three times to aid with homogenization. Rapid solidification was then
employed to access the high-temperature y-FeMn phase and to
restrict grain growth to the nanoscale, therefore maximizing the
interfacial area. The bulk arc-melted Fe,,Mn;, ingot was rapidly
solidified via melt-spinning (Edmund Buhler GmbH melt-spinner)
in an argon environment using an amorphous silica crucible at an 8
mm distance from the water-cooled copper wheel (31 m/s). This
synthesis technique is a widely used industrial process for generating
bulk amorphous metals. The nominal chemical composition of the
melt-spun ribbons was confirmed using energy-dispersive X-ray
spectroscopy (EDS). Samples were heat-treated (Typ = 450, 600,
and 900 K; hold time was <4 min) and field-cooled to low
temperature (T = 2 K) in an applied magnetic field of ygH = 1 T
under vacuum (107° Torr) using a Quantum Design Vibrating
Sample Magnetometer”” with a high-temperature oven attachment in
order to develop the microstructure. These heat-treatment temper-
atures were chosen based on key temperatures determined through
M(T) measurements (Figure 1) that will be discussed in further
detail.

Magnetic characterization of all samples was performed using
vibrating sample magnetometry (VSM, Quantum Design VersaLab’)
and superconducting quantum interference device (SQUID, Quan-
tum Design MPMSS‘) magnetometry in fields of =3 T <pH<3 T
and in the temperature range of 2 K < T < 1000 K. The magnetic
field was applied parallel to the long axis of the ribbon samples,
requiring no demagnetization correction. Estimates of the room-
temperature FM phase fractions (by mass) were calculated using
magnetometry data by subtracting the linear high-field susceptibility
from magnetic hysteresis measurements, isolating the FM contribu-
tion. The room-temperature saturation magnetization of the FM
phase was then compared to literature values to determine the phase
fraction of the EM phase in each sample.***’

The presence of AF ordering and determination of AF Neéel
temperatures was achieved through (neutron diffraction experiments
conducted on the BT-4 Triple-Axis Spectrometer at the NIST Center
for Neutron Research (NCNR) at the National Institute of Standards
and Technology (NIST); traditional magnetometry is unable to
directly confirm antiferromagnetism.”* Neutron diffraction measure-
ments were performed using a wavelength of A = 1.6377 A (30.5
meV) in the temperature range of 100 K < T < 500 K and in zero
applied magnetic field. Data were analyzed using OriginLab53 and

Data Analysis and Visualization Environment (DAVE).>
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Figure 1. Magnetization as a function of temperature in a saturating
field (uH = 3 T) for the melt-spun Fe,;Mn;, as-made sample. The
Néel temperature (Ty) and reported Curie temperature (T) of the
AF and FM phases, respectively, are identified. Dashed lines indicate
heat-treatment temperatures.

The structural parameters of the melt-spun ribbons were
investigated at room temperature using synchrotron-based X-ray
diffraction (XRD), performed at Beamline A2 at the Cornell High
Energy Synchrotron Source (CHESS), utilizing high-energy radiation
(2 = 0.6277 A). Measurements were performed using a Diamond
<111> Bragg DCM monochromator. The XRD data were indexed
and ana17yzed using a least-squares method,”® Williamson-Hall
analysis,”” and Rietveld refinement with the crystallography data
analysis software program GSAS II*® to yield lattice parameters,
crystallite sizes, phase fractions, and strain values.

The scale and geometry of ferromagnetic precipitates in the
Fe,;Mn;, nanocomposites were determined using small-angle neutron
scattering (SANS) experiments performed on the NG7-SANS
instrument at the NCNR. All samples were field-cooled prior to
measurement at T = 100 K. To assist with isolation of the magnetic
scattering, all samples were run in the half-polarization configuration
at both magnetic saturation (#oH = 1.5 T applied parallel to the field-
cooling direction and long axis of the ribbons, which corresponds to ¢
=0°) and remanence (#oH = 0 T) conditions. Half-polarization refers
to preferentially selecting the neutrons in either the up (1) or down
() polarized state in the incoming beam using a double-V
supermirror cavity in combination with an RF neutron spin flipper.

In this experiment, three detector settings were used with sample—
detector distances of 1, 7, and 15.3 m; the incident beam was not
polarized for the 15.3 m setting. The detector was offset horizontally
by 25 cm in the 1 m configuration to increase the horizontal g-range.
A wavelength of 1 = 6 A was used for the 1 and 7 m configurations,
while neutrons with a wavelength of A = 8 A and refractive neutron
lenses were used in the 15.3 m configuration to reach the lowest
possible g-range. The wavelength spread was AA/A = 11.5% for all
detector settings. The data were reduced using the NCNR Igor Pro
macros”’ containing corrections to account for scattering from the
sample cell, background radiation, and variations in the efficiency of
detector pixels. The data were then scaled to the intensity of the
incident beam, and two-dimensional SANS data were converted to
one-dimensional plots of I(q) vs q by averaging over sectors of width
+15°. The sum of the scattering intensity for the two polarization
states ((I11> + 1>) is dominated by structural contributions, although
the projection of the magnetization component perpendicular to the
field contributes to sectors at ¢ = 0°. The projection of the net
magnetization parallel to the applied field can be extracted from the
difference between the data obtained from the two polarization states
(IL> — I1>) for sectors at ¢ = 90°.°° The reduced sector data were
then fit to physical models using the SasView program.®!

Direct investigation of the bulk nanocomposite microstructure was
also conducted using both transmission electron microscopy (TEM)
and scanning TEM (STEM). TEM lamella were prepared from
annealed samples via an in situ lift-out technique using an FEI DB-235
focused ion beam.>® A final 5 kV polish was then used to thin samples
to electron transparency. Microstructural analysis and phase
identification were carried out via TEM and STEM on a JEOL
2100 field-emission TEM.>® This instrument is also equipped with
energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments™”)
for chemical analysis.

3. EXPERIMENTAL RESULTS

3.1. Magnetic Characterization. Details of the magnetic
behavior of the bulk nanocomposite were obtained using three
characterization techniques: magnetization as a function of
temperature, magnetization as a function of applied magnetic
field, and neutron diffraction; the results are reported here.

3.1.1. Temperature-Dependent Magnetic Behavior. Crit-
ical temperatures of the melt-spun Fe;,,Mn;, samples were
identified through measurements of magnetization as a
function of temperature, M(T). M(T) measurements
(recorded at 10 K/min) in a saturating field (uoH = 3 T),
Figure 1, show a very low starting magnetization value that
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Figure 2. (Left) Magnetic hysteresis measurements of the Ty = 600 K sample taken at various temperatures (2—300 K). *The measurement at T
=2 K was collected with a SQUID magnetometer, all others were taken using VSM. (Right) Observed change in exchange bias (H,,) and coercivity
(Hc) of the field-cooled samples as a function of measurement temperature. Error bars are smaller than the symbols; dashed curves act as a guide to

the eye.
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Figure 3. (Left) Magnetic hysteresis measurements taken at T = 2 K of the three field-cooled samples as well as a zero-field-cooled (ZFC) Ty =
600 K sample showing the absence of an exchange bias. Inset: Plot showing a better view of the overall magnetic hysteresis shape for these samples.
(Right) Observed change in exchange bias (H,,) and coercivity (H¢) of melt-spun Fe,,Mns, ribbons as a function of field-cooling temperature.

Dashed lines act as a guide to the eye.

increases gradually to a small feature near T = 425 K, which is
associated with the Néel temperature of the high-temperature
7-FeMn phase. Above this temperature, the magnetization
remains relatively constant until roughly T = 600 K, when it
begins to increase dramatically, suggesting a metastable
increase in the phase fraction of the FM a-Fe phase. The
magnetization, as a function of the amount of a-Fe present,
reaches a maximum at approximately T = 860 K before
decreasing rapidly as the temperature approaches the reported
Curie temperature of the a-Fe phase (T = 1040 K); these
critical temperatures are in broad agreement with values
reported in literature.’” " While the full Curie transition
exceeded the temperature capabilities of this instrument, T¢
was confirmed through differential scanning calorimetry (not
shown). Three heat-treatment temperatures (T = 450, 600,
900 K) were chosen based on this M(T) measurement,
corresponding to significant changes in magnetization that are
hypothesized to reflect a modification of the microstructure.
All heat-treatment temperatures were selected to be greater
than the proposed Néel temperature of the AF phase but lower
than the proposed Curie temperature of the FM phase in order
to fulfill field-cooling requirements."

3.1.2. Field-Dependent Magnetic Behavior. Bulk magnetic
properties of field-cooled Fe,,Mn;, samples including the
quantification of the exchange bias effect were provided
through volume-averaged magnetization measurements,
M(H). Room-temperature hysteresis curves of all samples
consisted of a hysteretic portion (—0.25 T < poH < 0.25 T)
and linear portions (—0.25 T > poH and goH > 0.25 T). The
hysteretic portion was attributed to the FM a-Fe phase that
saturates at an applied field of ygH = 2 T, and the linear
portion was attributed to the AF y-FeMn phase. In agreement
with reports in literature, the magnitudes of the exchange bias
effect and the coercivity in these bulk FeMn-based samples are
increased with a decrease in temperature following a general
T3 law,"”%*~%* {llustrated in Figure 2; the origin of this effect
is the reduction in thermal fluctuations of interfacial spins with
lowered temperature.”>*>°® 1t is important to note that a
nonzero exchange bias was still present at room temperature in
the Tyr = 600 K sample, indicating a blocking temperature
that is near T = 300 K.
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An appreciable exchange bias [H,, = 5.3 kA/m (67 Oe)]
and notable coercivity [He = 20.4 kA/m (256 Oe)] were
measured at T = 2 K in the sample heat-treated and field-
cooled from Ty = 450 K; this effect was absent in zero-field-
cooled samples. Heat-treating and field-cooling from an
intermediate temperature (Tyr = 600 K) resulted in a
significant enhancement of both the exchange bias and the
coercivity measured at T = 2 K [H,, = 24.6 kA/m (308 Oe);
H¢ = 95.7 kA/m (1200 Oe)]. However, heat-treating at a
much higher temperature, Tyyr = 900 K, resulted in a drastic
decrease in exchange bias and coercivity [H,, = negligible and
H¢ = 12.0 kA/m (150 Oe) at T = 2 K]. Figure 3 shows M(H)
measurements for the three field-cooled samples taken at T =2
K including a zero-field-cooled measurement of the Ty = 600
K sample to illustrate the effect of field-cooling; the evolution
of exchange bias and coercivity with increasing heat-treatment
temperatures is also summarized in Figure 3.

3.1.3. Characteristics of Antiferromagnetism Derived
from Neutron Diffraction. Confirmation of AF ordering in
the y-FeMn phase along with identification of the AF Néel
temperature was accomplished through neutron diffraction
measurements of heat-treated Fe,,Mnj;, samples. The presence
of the AF y-FeMn phase was verified in all three heat-treated
samples by observation of the AF y-FeMn (110) sublattice
peak in zero-field neutron diffraction patterns, present at a
position representing half the d-spacing of the structural (220)
Bragg peak. A representative neutron diffraction pattern of the
Tyt = 600 K sample is displayed in Figure 4. The AF (110)
sublattice peak was clearly observed at T = 100 K but was fully
extinguished at T = 460 K, indicating that the antiferromag-
netic alignment has broken down, and the Neéel temperature
has been exceeded. To accurately determine the Neéel
temperature of the AF y-FeMn phase, the intensity of the
AF (110) sublattice peak was monitored as a function of
temperature (T = 100—460 K) for all heat-treated samples.
The change in the AF (110) sublattice peak intensity was then
fit to a Brillouin function with the Néel temperature
corresponding to the inflection point (Figure 4, inset). The
neutron diffraction measurements, along with temperature-
dependent magnetic measurements, confirm that the Neéel
temperature is approximately Ty = 425 &+ 9 K for all samples
with no significant change due to heat treatment.
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Figure 4. Representative neutron diffraction pattern taken at T = 100
K in zero field for Tyr = 600 K showing the structural and

FeMn phase (a = 3.604 + 0.001 A) matched well with
expected values for the nominal composition (30 wt % Mn).
This sample was found to consist of nanocrystallites with
average diameters (<d>) on the order of <d> = 360 + 40 nm
with a small lattice strain (e 0.11 + 0.03%) using
Williamson-Hall analysis. With an increased heat-treatment
temperature, the lattice parameter and lattice strain of the y-
FeMn phase remained relatively unchanged, but the grain size
increased significantly from <d> = 360 + 40 nm for Tyt = 450
K to <d> = 740 + 160 nm for Ty = 600 K before decreasing
to roughly <d> 570 + 190 nm for Ty = 900 K.
Microstructural information obtained from all heat-treated
Fe;oMnj;, samples is detailed in Table 1.

Table 1. Microstructural Properties of the Melt-Spun
Fe,,Mn;, Ribbons after Heat Treatment to Various
Temperatures”

antiferromagnetic diffraction peaks of the y-FeMn phase. A segment y-FeMn

of the neutron diffraction pattern for the same sample taken at T = 450 K 600 K 900 K
460 K shows the absence of the AF peak. Inset: Reduction in the Jattice parameter 3.604 + 0001 3.604 « 0001 3.601 + 0.001
intensity of the AF y-FeMn (110) sublattice peak with temperature (A)

near the Néel temperature for all three heat-treated samples. Solid grain size (nm) 360 + 40 740 + 160 570 + 190
lines show a Brillouin model fit of each data set, and error bars strain (%) 0.11 + 0.03 0.10 + 0.02 0.10 + 0.01
represent one standard deviation. o-Fe

3.2. Structural Characterization. Identification of , SELES wx nX

. lattice - - 2.864 + 0.002
relevant structural parameters was performed using three parameter
primary characterization techniques: synchrotron X-ray (4)
diffraction, neutron scattering, and transmission electron precipitate - 49 + 14 48 + 10
microscopy. No significant structural differences were observed r(r:;(;r s
between the as-made ribbons and after heat treatment at Ty = precipitate i 62+ 16 171 + 99
450 K; thus the as-made and Typ = 450 K samples were major axis
considered to be equivalent in this context. (nm)

3.2.1. Structural Information Derived from Synchrotron strain (%) - 0.47 + 0.11
X-ray Diffraction. Structural parameters of the y-FeMn and a- phase fraction 00100 + 0.0001 ~ 0.0130 £ 0.0001  0.280 + 0.002
Fe phases in field-cooled Fe,,Mn;, samples were identified (ot %)
through synchrotron X-ray diffraction (XRD) measurements. ¢-FeMn
The sample that was heat-treated at Tyr = 450 K was 40K 600 K 200 K
confirmed to primarily consist of the high-temperature y-FeMn @ lattice parameter  2.540 £ 0.002 2.542 2.544 & 0.003
phase (Figure S). The determined lattice parameter of the y- c lattice parameter ~ 4.096 & 0.002  4.096 + 0.002  4.091 + 0.004

= |a = grain size (nm) 70 25 25
é z} é ” . < strain (%) 0.10 + 0.10 0.14 0.05 + 0.03
e |2 2 I 2 = phase fraction (wt 0.019 0.019 0.045
<[l ¥ N i D
’% J I&‘; A “Structural attributes are derived from synchrotron XRD measure-
= i -+ > ments, a-Fe precipitate sizes are obtained from fits of SANS data (for
£ ) = o the Tyr = 600 and 900 K samples only), and a-Fe phase fraction
£ £ o g ] values are calculated from magnetometry.
£ . E % 1 E The equilibrium a-Fe phase was only apparent in
E [t+—1— B ALt A ._g‘ﬂ‘gt'{ synchrotron XRD measurements following heat treatment at
15 " | l | b Tyt = 900 K (Figure S, inset). The lattice parameter of the a-
| | \ =3 Fe phase in the Ty = 900 K sample was determined to be
S | .. approximately a = 2.864 + 0.002 A; this corresponds well with
20 25 30 35 40 45 reported values of the a-Fe phase containing no Mn (a = 2.865
20 (degrees) A).Y In the Tyr = 900 K sample, this a-Fe phase was

Figure S. Synchrotron X-ray diffraction (XRD) patterns showing that
in the Ty = 450 K and Ty = 600 K samples, only the y-FeMn and &-
FeMn phases are observed. Inset: Evidence of the a-Fe phase is only
resolved after heating to Ty = 900 K. Changes in the broadening of
the y-FeMn (111) Bragg peak are also noted.
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determined to possess an average grain size of <d > = 60 nm
along with a significant lattice strain (¢ = 0.47 & 0.11%) using
Williamson-Hall analysis and Rietveld refinement; however,
this assessment is based on a limited number of diffraction
peaks and should be considered speculative. There is also a
very small phase fraction (<0.0S wt %) of the nonequilibrium
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ACS Appl. Nano Mater. 2019, 2, 1940—1950


http://dx.doi.org/10.1021/acsanm.8b02319
http://pubs.acs.org/action/showImage?doi=10.1021/acsanm.8b02319&iName=master.img-004.jpg&w=199&h=167
http://pubs.acs.org/action/showImage?doi=10.1021/acsanm.8b02319&iName=master.img-005.jpg&w=199&h=172

ACS Applied Nano Materials

a) Unpolarized Beam

Ht

Spin flipper

il

Sample Ribbons 4 ¢

Polarizing Supermirrors ¥
b) 10000 grrr T — C) 10 :
T,,=600K T,,=600K
ey ® Nuclear Scattering| § ® Magnetic Scattering (H=0.005T)
f Power Law Fit z e E|lipse Mode! Fit
L < (n=3.21+001) 3 3 (49 + 14) nm x (62 + 16) nm |+
> 1W0F 3 2
2 2 orf
2 11§ z
= £
01k
001 |
001k
1E3 |
a 1E-3 1
1E-3 0.01 01 0.01
-4 -1
q(A”) q(A")
10000 yrry , ‘ ; ; y
d TH‘( =900 K 1000 § THT =900 K+
b ¢ ® Nuclear Scattering 3 e |—®— Magnetic Scattering (H = 0.005 T)|
100 e Power Law Fit 100 ¢ = Magnetic Scattering (H=15T) |}
] (n=343+002) ! = Ellipse Model Fit |
- 10 (48 +10) nm x (171 +99)nm |
10§ y
z z
B (7]
g r 5 1F
E E
- 0y 01k
Ly 001k
1E-3
§ 1E3 |
1E4f | I ) ]
1E-3 0.01 0.1 1E-3 0.01 0.1
: -1
a(A’) q(A")

Figure 6. (a) Diagram illustrating the operation of small-angle neutron scattering experiments. Plots of structural scattering intensity versus g fit to
a power law show no significant change in Porod slope for both the (b) Ty = 600 K and (d) Tyr = 900 K samples. All magnetic scattering for the
(¢) Tyr = 600 K and (e) Tyr = 900 K samples was fit to an ellipse model with 33% polydispersity.

hexagonal e-FeMn phase in all samples. The lattice parameters,
grain sizes, and lattice strain of the &-FeMn phase remain
relatively unchanged across all heat-treated samples, as listed in
Table 1.

3.2.2. Structural Information Derived from Small-Angle
Neutron Scattering. Length scales associated with the ordered
FM precipitates in heat-treated Fe,,Mn;, samples were probed
using small-angle neutron scattering (SANS); the instrument
scattering geometry is illustrated in Figure 6a. Since neutrons
interact with both nuclear and magnetic structure, the resultant
scattering provides information about both the grain size and
the FM domain size of the a-Fe precipitates. The structural
scattering was extracted from the ¢ = 0° sectors for the added
polarization states (11> + |}>) measured in saturation at T =
100 K, as shown in Figure 6b,d for the Ty = 600 K and Ty =
900 K samples, respectively. Note that the Tyt = 450 K sample
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was omitted due to limitations in SANS measurement
sensitivity. The data in both graphs were fit with a power
function, I(Q) = A/Q" + B, where A and B are constants, and n
is the Porod slope; the Porod slope provides insight into the
geometry of the local structure, which is dominated by the y-
FeMn grains in this g-range. The Porod slope was determined
to be n = 3.2 and n = 3.4 for Ty = 600 K and Ty = 900 K,
respectively. These values suggest that the a-Fe grains have a
3D character with rough interfaces or surfaces, possessing a
fractal dimension of approximately 2.7. The similarity of the
fits for samples Ty = 600 K and Tyt = 900 K suggests that the
geometry of the FM a-Fe structures does not change
significantly between these two samples.

Information regarding the size and shape of the a-Fe
precipitates can be indirectly determined from SANS measure-
ments of the FM domain size in low field under the
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assumption that each grain consists of a single magnetic
domain. Magnetic scattering from the FM precipitates in the
Tyr = 600 K sample was isolated by subtracting the sum of the
[t> and ||> polarization state data obtained in the saturated
state (which is purely of structural origin) from the sum of 11>
and |]> data obtained at remanence. To determine length
scales associated with the magnetic domains present at low
field, the resulting data for the Ty = 600 K samples were fit to
a model representing the precipitates as ellipsoids. The
magnetic scattering from the a-Fe precipitates in the Ty =
600 K sample was very weak, necessitating circular averaging,
rather than the typical sector averaging. These data (Figure 6¢)
were consistent with an ellipsoid model of the precipitates with
radii of 49 + 14 and 62 + 16 nm and a corresponding
polydispersity (i.e., half-width/average radius) of 33%. It is
notable that at high g, the Ty = 600 K scattering is nonzero,
flat, and higher than that measured for the sample heat-treated
at Tyr = 900 K. It is thus possible that this high-g scattering
originated from magnetic features with a length scale that is
smaller than that detectable by this SANS measurement (<4
nm), suggesting some level of inhomogeneity.

The low-field magnetic scattering from the FM inclusions in
the Tyr = 900 K sample was also isolated by subtracting the
sum of data obtained from the I1> and || > states in saturation
from the sum measured at remanence at ¢ = 0°, as shown in
Figure 6e.”® The average ellipse radii obtained from the fit are
48 + 10 and 171 + 99 nm with a corresponding polydispersity
of 33%. The smaller domain length scale is roughly consistent
with the average structural grain size of <d> = 60 nm
determined from synchrotron X-ray diffraction data for this
sample, and the longer length scale suggests that the a-Fe
precipitates are elongated in one direction (though the fit is
not particularly sensitive to the major axis of the ellipse). Using
methods described elsewhere,” we extracted the square of the
net magnetization component parallel to a 1.5 T field from the
difference between the ||> and [> cross sections. The
magnitude and shape of this scattering match those of the low-
field magnetic scattering, shown in Figure 6e, though the
polarized data do not extend to the lowest g.

3.2.3. Structural Information Derived from Transmission
Electron Microscopy. A more direct and local measurement of
the a-Fe phase geometry and location in the Fe,;Mn;, sample
heat-treated at Tyr = 900 K was obtained via transmission
electron microscopy (TEM) and scanning transmission
electron microscopy (STEM). Positive phase identification of
the a-Fe precipitates and the y-FeMn matrix was also achieved
using selected area electron diffraction; data are illustrated in
Figure 7. Local regions containing small precipitates (<d> = 34
+ 4 nm) of a-Fe with a rough outer surface were observed at
the triple points and grain boundaries of the larger y-FeMn
grains (Figure 7, inset). The geometry of the a-Fe precipitates
observed with TEM is smaller than that indicated by
synchrotron XRD and SANS measurements; this discrepancy
is attributed to the highly localized nature of the TEM probe
imaging a two-dimensional cross section and inhomogeneity in
the samples. Energy-dispersive electron spectroscopy (EDS)
also confirmed the nominal composition of the y-FeMn phase
to be approximately 30 + 3 wt % Mn.

4. DISCUSSION

These data, collected from a wide variety of both direct and
indirect characterization methods, confirm attainment of a
two-phase nanocomposite of majority phase AF y-Fe,oMnj,
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Figure 7. Selected area electron diffraction performed on an a-Fe
precipitate located at the grain boundary of the y-Fe,,Mn;, matrix.
Inset: Transmission electron microscopy image of the y-FeMn grain
boundary showing the (arrow) intergranular precipitation of a-Fe.
Reflections for the (R) right-hand and (L) left-hand y-Fe;yMny,
grains as well as the (P) a-Fe precipitate are indexed to identify these
phases.

with a small volume of FM a-Fe that precipitates and grows
along the grain boundaries of the majority phase. The observed
exchange bias in the bulk nanocomposite Fe;,,Mn;, is
attributed to the coexistence of the FM a-Fe and the AF y-
Fe,oMny, phases. While the authors acknowledge that an
exchange bias may be formed through the interaction of many
diverse and varied magnetic phases, the experimental evidence
presented here points to the most likely origin of the exchange
bias being the interaction between these two primary phases.
The lattice parameter of the AF majority y-FeMn phase (a =
3.604 + 0.001 A) undergoes no significant change with heat
treatment, indicating a constant composition across all heat-
treated samples. In accordance with reported data from the
literature, this phase has an approximate composition of y-
Feyy 1My, 7.2 7°" The Néel temperature of the AF y-FeMn
phase (Ty = 425 + 9 K) also remains constant with heat
treatment and, in accordance with literature values, matches
the Ty expected for an approximate composition of y-
Fesoo16Mnsg, 6~ ' These two calculated compositions are
consistent with nominal values for the starting composition as
well as with the overall composition determined by STEM—
EDS. Furthermore, the calculated lattice parameter of the
minority FM a-Fe phase present in all heat-treated Fe,,Mn;,
samples indicates no substantial Mn content within the a-Fe
phase. Under the assumption that this nominally pure a-Fe
phase was the sole FM phase present in all samples, the a-Fe
phase fraction fpy, was computed as fpy = 0.01 + 0.0001 wt %
for Typ = 450 K, fey = 0.013 + 0.0001 wt % for Ty = 600 K,
and fry = 028 + 0.002 wt % for Ty = 900 K (Table 1).
These findings confirm the composition of the bulk a-Fe/y-
Fe;,Mn;, nanocomposite.

Considering the experimental observations detailed above, a
phenomenological model was constructed to describe the
microstructure of the bulk nanocomposite Fe,)Mns,. The
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Figure 8. (Left) Change in exchange bias and coercivity (measured at T = 2 K) as a function of the major axis of ellipsoid FM precipitates in the
bulk a-Fe/y-Fe;Mn;, nanocomposite as measured by SANS for the Ty = 600 and 900 K samples; this relationship is suggestive of the correlation
between FM layer thickness and exchange bias established in thin-film exchange bias literature.””>~” (Right) Change in exchange bias and
coercivity (measured at T = 2 K) as a function of AF grain size in bulk a-Fe/y-Fe;,Mn;, nanocomposites suggestive of a minimum required grain
size for an enhanced exchange bias and coercivity. Despite similarities to comparable thin-film studies, the AF grain size in this bulk system that
supports an appreciable exchange bias is significantly larger than the critical AF thickness in FeMn thin-film systems.””** Dashed curves act as a

guide to the eye.

minority a@-Fe phase is hypothesized to nucleate at the y-FeMn
grain boundaries during rapid solidification.’”’® These
precipitates grow at elevated temperatures, postsolidification,
along a preferred direction to produce grains with an elongated
elliptical geometry. This intergranular growth produces a
generally homogeneous phase distribution, maximizing the
total interphase interfacial area and enhancing the exchange
bias effect. The even distribution of the FM a-Fe precipitates is
also hypothesized to influence both the exchange bias and
coercivity. If the precipitates aggregate closely together, they
may act as one discrete particle, decreasing the overall
interfacial area. However, if they are distributed evenly and
throughout the AF matrix, then the interfacial area is
maximized and contributes more to the exchange bias.
Similarly, the coercivity of an isolated FM particle will increase
with a decrease in size toward single domain behavior.”' If
these FM a-Fe precipitates aggregate together, they may begin
to interact and behave as one large FM particle, breaking up
into many small domains and lowering the coercivity. While
FM precipitates in the Ty = 450 K sample are too small to
reliably resolve a measure of their dimensions, the minor
dimension of the ellipse-shaped grains in the Ty = 600 and
900 K samples remains generally constant (near ~50 nm) with
heat treatment. However, there is a significant increase in the
major axis dimension from <d> = 62 + 16 nm after heat
treatment at Ty = 600 K to <d> = 171 £+ 99 nm after heat
treatment at Ty = 900 K.

The relative scale of both the FM and AF phases (Table 1)
has a direct influence on the development of the total
interfacial area, which in turn will determine the magnitude of
the exchange bias effect. Further analysis of these above-
described trends provides additional insight into how micro-
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structural attributes influence exchange bias in bulk systems as
compared to thin-film systems. Studies show that defects at the
FM/AF interface influence the exchange bias effect by
generating uncompensated spins in the AF material.'””*~""
The rough surface of the FM precipitates in the present study
may lead to an increased density of defects at the FM/AF
interface, increasing the magnitude of the exchange bias. For
the present bulk nanocomposite samples, the magnitude of the
exchange bias effect appears to vary inversely with the major
axis dimension of the elliptical FM a-Fe precipitates; the
magnitude of the exchange bias is larger at small precipitate
sizes (<d> ~ 50—60 nm) and seems to be suppressed by
excessive growth of the FM phase (<d > &~ 170 nm). The
apparent decrease in exchange bias at larger FM precipitate
sizes is in general agreement with reports of exchange bias in
thin-film literature (Figure 8, left)."”>~7° Here, a decrease in
the surface-to-volume ratio with larger FM precipitates seems
to lead to a reduction in the overall exchange bias and reflects
an imbalance between the exchange energy at the interfaces
and the Zeeman energy acting on the FM precipitates.*®

In this nanocomposite system, a significant exchange bias is
observed when the AF grain size is large (<d > = $70—740
nm). While this behavior is consistent with the observance of a
critical minimum AF thickness reported in select thin-film
studies, the scale of the onset AF grain size that supports a
significant exchange bias in the present bulk nanocomposite
system is approximately 2 orders of magnitude larger than in
comparable thin films (Figure 8, right).”'**" We are unable,
however, to extract systematically a minimum (or “critical”) AF
grain size, since the changes observed upon annealing are
accompanied by a simultaneous modification of FM precipitate
size. It is well-established that the magnetocrystalline
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anisotropy of the AF phase plays a major role in the
development of an exchange bias."”'”*' Here we hypothesize
that with no change in the composition of the AF y-Fe;Mn;,
phase, any variation in magnetocrystalline anisotropy is a result
of microstructural changes. As is concluded by Anhoj et al,, an
AF phase that is too small may not possess the necessary
magnetocrystalline anisotropy to gin the interfacial FM spins
and produce an exchange bias.'””” In our present system, the
AF phase in the Ty = 450 K sample is presumably small in
scale with a magnetocrystalline anisotropy value that may be
ineffective at pinning the interfacial FM spins. The FM phase
in the Ty = 900 K sample is too large in scale, and the small
surface-to-volume ratio limits the observable exchange bias
effect. The Tyr = 600 K sample seems to strike a balance
between small FM precipitates with a high surface-to-volume
ratio and large AF grains with an adequately high magneto-
crystalline anisotropy to produce an observable exchange bias
and near room-temperature blocking temperature.

In order to inform future studies on the development of
exchange bias in nanocomposite systems, a simple metric for
the formation of an exchange bias is proposed. The ratio of the
AF grain size (S) to the major axis of the FM precipitate (A) is
hypothesized to be an adequate indicator to the observance of
an exchange bias. A large S/A ratio signifies either a large AF
grain size, a small FM precipitate size, or a combination of
both. In the Ty = 900 K sample, S/A = 3.3 + 2.2, while the
Tyr = 600 K sample has a much higher S/A value of 11.9 +
4.0. The Tyr = 450 K sample must therefore possess an S/A
value that is relatively close to but lower than that of the Ty =
600 K sample; under these assumptions, the major axis of the
FM a-Fe precipitates is approximated to be ~30 nm.

5. CONCLUSIONS

In this work, successful synthesis of the a-Fe/y-Fe,)Mnj,
nanocomposite exhibiting a notable exchange bias allows for
the correlation of extrinsic microstructural factors to the
development of exchange bias in bulk 3D systems. In this
nanocomposite, the FM a-Fe phase forms as small precipitates
at the grain boundaries of the AF y-FeMn phase, thus
maximizing the interphase interfacial contact area. In agree-
ment with thin-film literature, the magnitude of the exchange
bias effect is suppressed at larger FM volumes. As is the case
for some thin-film exchange-biased systems, a minimum AF
grain size may be necessary to observe the exchange bias effect.
However, the scale of the AF phase in the present bulk samples
is approximately 2 orders of magnitude larger than in
comparable thin-film systems. The results of this study suggest
that optimization of the exchange bias effect in bulk
nanocomposite systems may be achieved by limiting growth
of FM precipitates (maximizing the surface-to-volume ratio),
ensuring sufficiently large AF grains (increasing the magneto-
crystalline anisotropy), and producing an adequate distribution
of phases. The ratio of the AF grain size to the major axis of the
FM precipitate is also introduced as an indicator for the
formation of an exchange bias. Continued work should focus
on decreasing the growth and ensuring an even distribution of
the a-Fe phase through the addition of grain refiners or
adjustment of melt-spinning parameters. Furthermore, enhanc-
ing the magnetocrystalline anisotropy energy of the AF phase
through heat treatment or the addition of a ternary element
may result in a lowered minimum AF grain size and an increase
in the blocking temperature above room temperature, both
factors producing a positive enhancement in exchange bias.

Opverall, these results point to crucial considerations for the
future development of the exchange bias effect in bulk
nanocomposite transition-metal alloys.
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