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This paper reports microstructure associated with the L1 and L1, two-phase coexistence region in magnetic Fe-
Pd alloys and analyzes the observed complex nanometer scale wetting layer structures. Fe - 61.8 at% Pd samples
were continuously cooled from the disordered A1l phase through the eutectoid isotherm and aged at 650 °C for
various times. X-ray diffraction reveals that the samples first order to L1 then transform to L1o-dominant L1g +
L1, two-phase mixture. It is shown that L1, forms {110} polytwin microstructure with straight {110} antiphase

boundaries (APBs), where L1, exists as nanometer-scale wetting layers along the twin boundaries and APBs. The
variant selection for L1y/L1o wetting layers is discussed, and evidence of closed/open APB structures is shown
with high-resolution transmission electron microscopy.

The L1j ordered phase has long been studied as a potential perma-
nent magnet in Co-Pt, Fe-Pt, Fe-Pd, and Mn-Al binary alloys due to its
high uniaxial magnetocrystalline anisotropy [1]. Tetragonal Ll
(P4/mmm, Pearson symbol tP2, see Fig. 1a) is usually studied at or near
the equiatomic composition. The L1y (AB) phase field may be bracketed
by cubic L1, phase fields (A3B & AB3, Pm3m, Pearson symbol cP4, see
Fig. 1a). The L1p-L15 coexistence regions may only span 2-5 at% in
width and are connected by a eutectoid reaction A1 — L1o+ L15. Despite
their potential as self-assembled exchange coupled ferromagnets, many
of these two-phase coexistence regions are still poorly characterized —
the solvus boundaries are often estimated, and the two-phase micro-
structures are unexplored but potentially of significant interest. For
example, in Co-Pt, strain-induced ordering produces a unique nano-
chessboard [2] morphology that can foster effective exchange coupling
between the anisotropic L1j phase with L15 [3-5]. Another interesting
two-phase microstructure is observed in Co-Pt where L1 twin interfaces
are wetted by nanometer-scale L1, layers and antiphase boundaries
(APBs) exhibit a L13/L1¢/L1; trilayer structure [6]. The equivalent
two-phase region in Fe-Pd has not been explored, and is of interest since
the smaller c/a ratio associated with the unit cell (relative to Co-Pt) is
predicted to modify the resultant microstructure [7]. Furthermore,
Fe-Pd has a lower magnetocrystalline anisotropy than Co-Pt, which
impacts the length scales over which exchange-coupled ferromagnetism
can occur. Recently, it was also shown that Fe-Pd can order to the L1’
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structure first predicted by Shockley, see Fig. 1a [8-10].

Bulk Fe-Pd L1, alloys self-assemble into the so-called polytwin
microstructure, which forms as a means of reducing the transformation
strain energy accrued during the cubic—tetragonal transformation from
Al [11,12]. As shown in Fig. 1b, a prototypical L1y polytwin colony
consists of alternating conjugate pairs of L1 orientation variants whose
c-axes (shown as the double headed arrows) lie along two of the three
(100) directions of the parent Al phase. Note that the layer structure
shown in Fig. 1b was referred to as a “plate” by Vlasova, et al. [13], but
since this terminology has potential for confusion, we will adopt “col-
ony” as a descriptor instead. The term “plate” will be used to refer to a
bounded region containing one or multiple “colonies” (see Fig. 3a). The
twin boundaries separating the L1, orientation variants are coherent
{110} planes which we will refer to as orientation domain boundaries
(ODBs). These boundaries have also been referred to as orientation
domain walls, but we adopt the ODB notation since it better highlights
the differences (and similarities) with boundaries that separate anti-
phase domains (i.e., translational variants), within a single orientation
variant, i.e., APBs.

Fig. 1c shows a schematic of the L1y + L15 microstructure observed
in our current Fe - 61.8 at% Pd samples in the two-phase coexistence
region. It exhibits similar polytwin structure in the L1 matrix, but ODBs
and APBs are wetted with thin layers of L15 (blue colored solid and
dashed lines). Note that the APBs herein are facetted along {110}
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Fig. 1. (a) A snippet of the Fe-Pd phase diagram near the two-phase coexistence region, adapted from [ref. 8]. Also included is the transition from L1,—L1" at lower
temperatures (the transformation boundary shown in dashes is largely schematic). (b,c) Schematic (110) polytwin structures of single phase L1, in (b) and L1¢+L1,
two-phase microstructure with L1, wetting layers in (c). The blue solid lines along ODBs and blue dashed lines along APBs represent the L1, wetting layers. (d) A
schematic of atomic coherency at an L1¢/L1, (110) interface showing continuity of Pd (002) sheets from L1, into L1, (the model is tilted for better view of the

interface). The gold and white atoms are Fe and Pd, respectively.
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Fig. 2. (a) X-ray diffraction patterns of Fe — 61.8 at% Pd samples for different processing conditions. The scale of the superlattice reflection intensities are about 3X
larger than the {200} fundamental, for clarity. (b) DF-TEM micrograph of a sample processed as 100 °C/hr + 30 min sample, which exhibits single-phase L1,.

perpendicular to the ODBs, unlike the ‘transformation APBs’ that usually
appear to be curvilinear [1,12] as schematically illustrated in Fig. 1b.
These {110} APBs will be shown to have a complex multilayer structure
because of the variant selection rule for L1¢-L15 wetting layers [6,14].
Fig. 1d exemplifies low-energy alignment of L1y and L1, phases where
Pd-rich (002) sheets are continuous across the {110} interface, which
will be discussed later in connection with the variant selection rule and
the structure of wetting layers.

An Fe-Pd boule was arc-melted from 99.99 % Fe and 99.9 % Pd
chunks in an argon-backfilled ambient environment, with a nominal
composition of 61.8 at% Pd. The resulting composition was verified by
inductively-coupled optical emission spectroscopy. Repeated cold-
rolling and recrystallization with 24hr homogenization at 1000 °C
yielded samples of ~300pm thickness. Samples were encapsulated in
quartz ampoules, backfilled with forming gas, annealed in tube furnaces,
then water quenched. Structural analysis was performed using X-ray
diffraction (XRD) and transmission electron microscopy (TEM). Details
are provided elsewhere [9].

Samples were continuously cooled from 850 °C to 650 °C through the

eutectoid isotherm (~760 °C) at rates of 50-400 °C/hr to drive the phase
transformation. Water quenching after the cooling process invariably
produced only single-phase L1, with no residual Al detected in the
lowermost diffraction pattern in Fig. 2a. However, for samples aged after
the initial continuous cool treatment, L1, grew at the expense of the L1,
matrix (one such L1, matrix region is given in Fig. 2b). TEM imaging in
Fig. 2b, and Figs. S1 and S2 of Supporting Information, confirms the
presence of L1, with characteristic APBs across extended areas. While no
evidence of L1 is apparent via XRD, dark-field TEM (DF-TEM) does show
so-called tweed contrast in the L1, (Fig. 2b). This type of contrast is
observed in many cubic—tetragonal transformations where a high
density of correlated tetragonal strain centers emerge in the cubic parent
phase. This coherent assembly produces a net matrix strain often
dominated by {110} < 110 > displacement waves in the elastically
anisotropic matrix, giving rise to strain-contrast striations along the
traces of the {110} planes of the parent matrix in TEM. These premonitory
fluctuations indicate an incipient phase change, that will ultimately lead
here to formation of L1, from the supersaturated L15.

Additional isothermal annealing at 650 °C subsequently produces
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Fig. 3. Fe - 61.8 at% Pd alloys after 100 °C/hr + 2hr processing. (a) Overall microstructure consists of multiple polytwin colonies. In (b-e), the same region is imaged.
An SADP on a [001] zone axis is shown in (b), with identification of the (010), (100), and (110) superlattice reflections. DF imaging in (c) with g = 100 and (d) g =
010 assigns L1 orientation variants as L1g x & L1y, respectively. Imaging with g = 110 in (e) highlights the L1, phase, which exists solely as a wetting layer along
L1, ODBs and APBs. DF images at higher magnification in (f) and (g) reveal the central channel of the complex APB structure.

order-order decomposition, L1o—L1g+L1s. Fig. 2 summarizes XRD evi-
dence for two-phase coexistence in samples cooled from 850—650 °C at
100 °C/hr, then aged for 2 and 10 hrs. at 650 °C. Fundamental and
superlattice peaks from L1j and L1 are distinctly identified. The lattice
constants extracted from a satisfactory Rietveld Refinement fit (in GSAS-
II [15]) of the isothermally aged sample are a;;9 = 3.873A and cp 0=
3.739A while ag 1, = 3.832A. The dashed lines in Fig. 2 are placed at 20
locations generated from single-phase samples. They are not identical
with the lattice constants in these two-phase samples due to coherency
strains, as found in Co-Pt [4], and perhaps small differences in alloy
composition. Nonetheless, we are confident in these peak assignments.
Fig. 2 additionally shows that a sample that was directly isothermally
aged for 10 days at 650 °C after quenching in the A1l solid solution
phase, also displayed L1p+L1, coexistence.

Fig. 3 shows the characteristic microstructure for the two-phase
coexistence. Each grain consisted of polytwinned L1 plates (Fig. 3a).
A selected area diffraction pattern (SADP) with [001] zone axis is shown
in Fig. 3b and dark-field micrographs using different g-vectors for im-
aging are shown in Fig. 3c,d,e. In this region, the {110} ODBs and {110}
APBs are oriented edge-on to the [001] zone axis. In DF mode, assign-
ment of the L1 orientation variants can be readily made since the c-axes
of the conjugate pair of orientation variants are nearly orthogonal to

one, as shown in Fig. 1b,c. For convenience, the orientation variants will
be named as L1 x, L1¢,y, and L1¢ z, according to the c-axis orientation in
[100], [010], and [001] directions of the Al parent, respectively. As
such, the (100) and (010) reflections in the SADP of Fig. 3b arise from
the L1 x and L1 y variants, respectively, producing bright regions in DF
images using g = 100 in Fig. 3c (L1px) and g = 010 in Fig. 3d (L1gy).
Fig. 3e is particularly important. DF imaging using g = 110 will not
illuminate either of the present L1 orientation variants, but L1, will be
illuminated. Fig. 3e shows that L1, exists as thin, continuous layers
wetting ODBs and APBs (as illustrated in Fig 1c). In Fig. 3b the (110)
reflection is weak compared to the (100) and (010) reflections and ap-
pears as a rel-rod, consistent with L1 as a minority phase present only in
the form of very thin wetting layers.

Consider the APBs labeled as A-G in Fig. 3e, where g = 110 identifies
the presence of an L1; wetting layer at each of them. Comparing with
Fig. 3d using g = 010, a narrow dark band exists at the corresponding
APB locations. Since, the bright domains are L1gy variant, A-G are the
L1o,y-type APBs between L1 y, and L1y}, variants. The dark contrast of
these narrow bands indicates the presence of an L1 x channel at the
center of the L1¢y type APBs that are L1,-wetted, and will be discussed
below. It is also found that the narrow L1 x channel at each APB pro-
vides a connection between the two neighboring L1 x variants at either
end of the APBs, one above and one below. APB “A” (located near the
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Table 1
L1¢/L1, Variant Selection.

L1, Variant L1, Variant

Lloxa L1y, or Llgp
Lloxb LlcorLlyg
Lloya L1y, or L1,
Lloyb Llypor Llgg
Lloza L1y 0rLlyg
Llozp Llyp or L1oc

upper right corner of Figs. 3d,e) has an L1( channel that is quite thick
and is readily resolved. This APB is shown in higher detail in Fig. 3fin a
higher magnification DF image using g = 110. Fig. 3g shows a DF image
from a different region where narrow channels are resolved. We next
discuss the APB structure in more detail.

To analyze the interfaces between the multiple variants of ordered
L1y and L1, phases, we must name the variants unambiguously. The
reduced translational symmetry of L1 vs. the parent FCC means that for
every orientation variant, Llox, Lloy, Lloz, there are only 2 trans-
lational (or antiphase) variants in L1, producing 6 possible L1 variants.
We name them Lloxa, L1oxb, L1oya, L1o,yb, Llo,za, L1ozb, Where ‘@’
designates the translation variants with Fe sheet at (0,0,0) and ‘b’ with
Pd sheet at (0,0,0); see Fig. S3 for more details. Cubic L1, does not form
orientation variants, but as it can order on the parent FCC lattice on any
of four sublattice sites, we name the four translation variants as L1g ,,
L1y, L1o, L1o 4, based on the Fe atom positioning at (0,0,0), (0,1/2,1/
2), (1/2,0,1/2), (1/2,1/2,0), respectively. Wetting in Co-Pt alloys was
shown to form energetically favorable L1¢/L1; interfaces by following a
simple geometrical rule that ensures continuation of (002) Pd-rich
planes across L1o/L1; interfaces [6,14]. This allows only certain L1y
translation variants for each L1, variant, as listed in Table I. Applying
the variant selection rule for the layers wetting the L1y ODB’s is simple:

(a)
open
channel
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in Table 1, for any possible L1 orientation variant pair (total 12), there
is always one common L1 variant that is favored by both. For example,
L1, is favored by both L1g x, and L1g ya, thus the wetting behavior at
the L1gxa-L1o,ya OBD simply leads to a wetting layer with L13 , struc-
ture. The complex APB channel structure observed in Fig. 3 can also be
explained by application of the L1y/L1, variant selection rule.

It is seen from Table 1 that, for any pair of antiphase domains (a total
of 3 possible pairs, one for each orientation variant), there is no common
L1, variant favored by both. Consider the L1g y,-L1o v, type APB as an
example. L1gy, favors L1y, or L1y while L1gyp, favors L1ap or L1gg.
The wetting layer for an Llgy, - L1oy, APB necessitates different L1,
variants, and there are two interface options for this scenario: either an
L1, APB is formed between different L1, wetting layers, or an L1,
variant layer favored by both L1, variants forms in the middle. The latter
corresponds to a three-layer APB structure of L15/L1y/L1l,, which is
energetically more favorable [6,14].

An L1y APB with L1, wetting therefore has, at its center, a layer of its
conjugate L1 orientation variant. This explains the observation of L1¢.x
narrow channels at the APBs in the L1g.y regions in Fig. 3d. Since, the
central L1 x layer is sandwiched between two adjoining L1 y antiphase
domains, stress accommodation dictates the layer to be planar and
orient along {110} planes which are the misfit-free planes between two
tetragonal orientation domains. This is consistent with the observations
of straight APBs (compare curvilinear and straight APBs in Fig. 1b,c) and
their orientations along {110} perpendicular to the ODBs. Such a com-
plex APB presents as a channel, since it is connected to adjacent L1gx
domains at either end. While the L1( channel and the two connected L1
orientation domains at either end are of the same orientation type, they
can be translationally in- or out-of-phase with respect to one another,
which should influence channel structure.

Consider a vertically-oriented APB and its lower end part as sche-
matically illustrated in Fig. 4a,b. Grey regions correspond to one L1,

(b) a,

closed
channel

L1,y

)

1 le

Fig. 4. Schematics (a,b) and HRTEM micrographs (a’,b’) of complex APB and ODB wetting structure. (a,a’) Open channel structure, where the central channel L1,
variant is orientationally and translationally continuous with the L1, variant below. (b,b’) Closed channel structure, where the central channel L1, variant is
orientationally continuous but translationally discontinuous with the L1y variant below. The dotted lines bound the cubic wetting layer on ODBs & APBs. Large
arrows depict the c-axis orientation in each variant, while that of the central L1 channel region is identified by a small arrow. Red ovals highlight where open or

closed APB structure forms.



A. Savovici et al.

orientation variant, blue regions designate the conjugate L1 orientation
domain, and the black regions correspond to the L1, wetting layer along
the ODB and APBs. When the central channel L1, variant is transla-
tionally in-phase with the L1 variant below, they connect directly and
the channel is said to be an “open” structure in Fig. 4a. In contrast, when
the central channel L1 variant is translationally out-of-phase with the
L1, variant below, they cannot connect directly and rather than forming
an APB, a continuation of the wetting L1 layer is present instead. The
channel is thus blocked by a layer of L1, and forms a “closed” structure,
as seen in Fig. 4b. These structures, predicted using the variant selection
rule, are indeed observed using High Resolution TEM (HRTEM) (see the
micrographs in Fig. 4a,b). The L1y and L1, phase regions as well as the c-
axis orientations (by the double headed arrows) of the L1 orientation
variants are identified, and their boundaries are highlighted with dashed
lines, which helps visualize the ODBs and APBs. Examining the end parts
of the APBs highlighted by red ovals, the L1 fringe pattern below is seen
to be extended up to the APB wetting layer in Fig. 4a’ while the L1,
fringe pattern is seen to separate the APB above and the L1, variant
below in Fig. 4b’. Clearly, the former agrees with the open channel
structure in Fig. 4a while the latter agrees with the closed channel
structure in Fig. 4b. The effects of such unusual APB and ODB wetting
structures with open channels and closed channels on magnetic prop-
erties deserve future investigation.

In summary, we report the first structural and microstructural probe
of L1p + L15 two-phase alloys in Fe — 61.8 at% Pd samples. Continuous
cooling through the eutectoid isotherm from solid solution progressed
via an interesting pathway, where all samples first ordered to single-
phase L1, then decomposed into a majority L1y phase, with minority
L1, found to exist only as a wetting layer along L1; ODBs and {110}-
aligned APBs within the polytwinned microstructure. Similar micro-
structure was observed previously in CosoPtgo, but the transformation
path progressed by first ordering to L1 [6]. This suggests there are two
distinct structural evolution pathways which give rise to microstructures
observed in Fe-Pd and Co-Pt systems. Interestingly, an L1-first pathway
to L1p + L1y coexistence in CosgsPte; ¢ alloys produced a majority
L1,-phase microstructure where L1, APBs were decorated with wetting
L1 layers (single-layer and curvilinear) [14]. In the current work, use of
the variant selection rule for L1¢/L1, interfaces explains the observa-
tions of the {110} faceted L1y APBs with L1,/L1¢/L1l, three-layer
structure. The structural analysis further predicts a peculiar feature of
these three-layer L1y APBs, namely open and closed L1, channel struc-
tures, which present a previously undiscussed level of complexity. Both
open and closed L1g channel structures are identified using HRTEM
images.
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