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Hybrid magnon-phonon localization enhances function

near ferroic glassy states
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Raymundo Arroyave?, Songxue Chi®, Douglas L. Abernathy*, Matthew B. Stone®,

Yuri I. Chumlyakov®, Jeffrey W. Lynn®

Ferroic materials on the verge of forming ferroic glasses exhibit heightened functionality that is often attributed
to competing long- and short-range correlations. However, the physics underlying these enhancements is not well
understood. The Nig5sCosMn366lnq3.4 Heusler alloy is on the edge of forming both spin and strain glasses and exhib-
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its magnetic field-induced shape memory and large magnetocaloric effects, making it a candidate for multica-
loric cooling applications. We show using neutron scattering that localized magnon-phonon hybrid modes, which
are inherently spread across reciprocal space, act as a bridge between phonons and magnons and result in sub-
stantial magnetic field-induced shifts in the phonons, triple the caloric response, and alter phase stability. We at-
tribute these modes to the localization of phonons and magnons by antiphase boundaries coupled to magnetic
domains. Because the interplay between short- and long-range correlations is common near ferroic glassy states,
our work provides general insights on how glassiness enhances function.

INTRODUCTION

Solid-state multicaloric cooling is undergoing a rapid expansion,
driven by the discovery of better materials (1) and devices (2, 3) and
motivated by the urgent need for cleaner and more efficient tech-
nologies for combatting climate change. Magnetic shape memory
alloys (MSMAs) are promising candidate materials for multicaloric
cooling. MSMAs exhibit both ferromagnetic and ferroelastic order
and undergo a first-order martensitic phase transformation (4, 5)
that can be reversed by temperature or magnetic field (6-9). MS-
MAs can be classified as either ferro- or metamagnetic shape mem-
ory alloys, depending on whether the martensite state of the material
is ferromagnetic or ferri/antiferromagnetic, respectively. Typically, the
transverse acoustic (TA;) phonons propagating along [110] displays
the so-called “premartensitic” behavior, in which, upon cooling be-

tween the Curie and martensitic temperatures, the phonon develops
alocal minimum in phonon energy at g ~ [ 3i % 0 ] or, in the case of

a shape memory strain glass (STG), becomes overdamped (10).
Ab initio calculations by Entel et al. (11) predict that an applied
magnetic field can be used to stabilize the phonons of the austenite
phase of Ni;MnIn well below the martensite transformation tem-
perature; the increased magnetic moment from the applied field
stiffens the TA, phonon to a positive energy, stabilizing the phase.
This helps explain the observed magnetic field-induced shape mem-
ory effect (6-9), as well as giant magnetic field induced strains in
many other ferromagnetic shape memory alloys (12-18). Indirect
support for the phonon stabilization mechanism can be found in a
large phonon stiffening observed with magnetic ordering below the
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Curie temperature in an MSMA (19). This large phonon stiffening
enhances the demagnetization entropy (19) and should also boost
magnetocaloric (20, 21), elastocaloric (2), and multicaloric (1, 22)
functions. The phonon stiffening occurs in many phonon branches
but is most prominent in the transverse optic (TO) mode along
[100], and the [110]-TA; phonon is involved in the martensitic
phase transformation. However, the phonons most sensitive to the
development of magnetic order are nowhere near the magnon dis-
persion curves, making it difficult to identify the coupling mecha-
nism. Furthermore, to fully explain the magnetic shape memory
effect, there is a need for direct measurements of the impact of ap-
plied magnetic fields on the phonons.

In this work, we perform neutron scattering measurements of
the magnetic field and temperature dependence of the phonons and
magnons in the cubic (a =5.98 A) Heusler alloy NiysCosMnsg elng 3 4.
We confirm that phonons stiffen (shift to higher frequencies) with
both applied magnetic fields and magnetic ordering below the Curie
temperature, thus revealing a phonon stabilization mechanism sim-
ilar to that proposed by Entel et al. (11). Furthermore, we discover a
prominent flat (localized) extra band that develops below the mag-
netic ordering temperature. The extra band is neither a phonon nor
a magnon but exhibits phonon-like behavior at high momentum
transfers and magnon-like behavior at low momentum transfers, in-
dicating a hybrid character. A feature with a similar intensity profile
in the diffuse elastic scattering points to this hybrid band being lo-
calized by antiphase boundaries, which are known to have an altered
magnetic state (23), affect magnetoelasticity (24), and frustrate
long-range order leading to the formation of strain or spin glass
states (7). Annealing the crystal to promote antiphase boundary for-
mation and develop an STG state leads to a pronounced increase in
the localized hybrid mode (HM) intensity and reveals that the inten-
sity extends into the elastic line, indicating a continuum of slow dy-
namics characteristic of ferroic glasses. This hybrid localization acts
as a bridge between the magnon branch and the phonon branches
most sensitive to magnetism, providing a natural explanation for the
additional magnon-phonon coupling (19), as well as enhanced mag-
netocaloric (25) and magnetic shape memory (6) functions.
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RESULTS

Triple-axis inelastic neutron scattering as function of
temperature and magnetic field

Figure 1 shows the strong temperature and magnetic field depen-
dence of the TO phonons observed along Q = [3, 3, L] in single-crystal
Heusler MSMA NiysCosMnse6lnys4. These triple-axis measurements
were performed on both the HB3 spectrometer at the High Flux Iso-
tope Reactor of Oak Ridge National Laboratory (ORNL) and the BT7
spectrometer at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (see Materials and Methods for
details). To obtain good agreement for the fit phonon energies be-
tween the spectra measured on the two instruments, shown at two
temperatures for HB3 in Fig. 1 (A and B), we carefully account for
small spurious features in the background, slight differences in the
resolution ellipsoid (Fig. 1C, inset), and damped mode coupling as
shown in Fig. 1C (see the Supplementary Materials for details on
these corrections and the damped mode coupling model). The fit re-
sults to the HB3 data are an update on the analysis in (19), while the
BT7 data, which include all the magnetic field dependence, have not
been used before. The temperature dependence of the TO phonon
energy at the X-point follows the magnetic ordering behavior as the
Curie temperature, Tc = 400 K, is approached and crossed (Fig. 1D).
The zero-field results measured on both HB3 and BT7 are consistent
with each other (black and blue symbols in Fig. 1D) and with our
earlier work on this alloy (19). The correlation of the phonon energy
with magnetic ordering strongly suggests that the X-point phonon is

also likely to be sensitive to the application of magnetic field. The tem-
perature dependence curve uniformly shifts to higher energy with
increasing field (Fig. 1D). Furthermore, the shift with magnetic field
starts rapidly below about 4 T and then appears to increase more
gradually with further increases up to 10 T, as shown in Fig. 1E. The
rise is more rapid at 300 K, where the largest shift occurs by 1 T, than
at 400 K (near T¢), where the largest shift occurs by 4 T. Figure 1F
shows the impact of magnetic field and temperature on the dispersion
curve along Q = [3, 3, L]. While the temperature effect appears stron-
gest at the X-point, the impact of the magnetic field is most pro-
nounced at the gap in the phonon branch near L = 0.4. Furthermore,
the overall effect of the field is to open the gap and flatten the lower
section of the branch (Fig. 1F). The behavior suggests a strong dy-
namic interaction with magnons in this region near the zone bound-
ary X-point. Yet, the normal magnons are known to be confined to
near the zone center, or I'-point, at these energies (19).

Time-of-flight inelastic neutron scattering as a function

of temperature

To explore the interactions of the phonons and magnons more fully,
we performed time-of-flight inelastic neutron scattering measure-
ments on the same MSMA NiysCosMnsgeln;s 4 crystal above and
below T¢ using the wide Angular-Range Chopper Spectrometer
(ARCS) instrument at the Spallation Neutron Source of ORNL (see
Materials and Methods for details). Figure 2 shows that, when
slicing the data along a perpendicular direction through the same
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Fig. 1. Temperature and magnetic field dependence of the TO phonon near the X-point. (A and B) Spectral intensity maps of the TO phonon between the I'- and X-
points along Q = [3, 3, L] at 300 K [(A) below T¢] and 450 K [(B) above T¢l. (C) Spectral intensity map of coupled damped harmonic oscillator model convoluted with the
instrument resolution ellipsoids shown in the inset (red for BT7 and blue for HB3). (D) Temperature dependence of the X-point phonon at 0 and 4 T. (E) Magnetic field
dependence of the X-point phonon at 300 and 400 K. (F) Dispersion of TO phonon at 300 and 400 K with and without a 4-T field.
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Fig. 2. Characterization of HMs that form in the inelastic spectrum above the TA, phonon at temperatures below the Curie temperature (Tc= 400 K). (A and B)
Slices along Q = [3 + H, 3 — H, 0] below (300 K) and above (450 K) T, respectively. All slices are integrated in the perpendicular directions by +0.1 reduced lattice units
(r.l.u.). (C) lllustration of the relationship of the [3 + H, 3 — H, 0] direction (blue line) to the [3, 3, L] direction in Fig. 1 (red line), which cross the same X-point. (D) Cut through
the X-point above and below Tc. (E and F) Slices along low-Q equivalent [1 + H, 1 — H, 0] direction, below (300 K) and above (450 K) T¢, respectively. (G) Magnetic form
factor determined from magnon intensity. (H) Cuts at [5, 5, 0], [3, 3, 0], and [1, 1, 0] X-points. Inset shows the |Q|* normalized peak intensity dependence on [H, H, 0.
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X-point as in Fig. 1, an additional dynamical feature appears below
Tc. Comparing slices along Q = [3 4+ H, 3 — H, 0] in Fig. 2A at 300 K
and Fig. 2B at 450 K, there is a pronounced broad nearly flat band of
intensity at around 20 meV forming below T¢ = 400 K that stretches
across the zone just above the transverse acoustic (TA;) phonon. This
is the TA, phonon that exhibits “pre-martensitic” behavior in these
shape memory alloys and is connected to the TO mode shown in
Fig. 1 at the X-point; see illustration in Fig. 2C. The cut at the X-point
in Fig. 2D shows that the band is comparable in intensity to the TA,
phonon (there is also a background of incoherent phonon scattering
due primarily to the incoherent cross sections of Co and Ni). Because
this band appears with magnetic order, it should at least be associated
with magnetism. However, at these high momentum transfers, the
magnetic form factor suppresses magnetic scattering, being only
~5% of its maximum (see Fig. 2G), so, here, the feature must be de-
tected in the lattice dynamical motion at these values of Q, suggest-
ing that it might be HMs, as indicated in Fig. 2.

To observe the same region with a much stronger magnetic and
weaker phonon contribution requires examining the equivalent
zones at lower momentum transfers. Figure 2 (E and F) shows the
lower-Q equivalent of Fig. 2 (A and B) along Q = [1 + H, 1 — H, 0].
In these data slices, the normal magnon dispersion curve, clearly
observed near the I'-points below T¢ at 300 K (Fig. 3A), transitions
to paramagnetic fluctuations above T¢ at 450 K. The HM is also
present but now appears to extend between the magnon dispersion
curves above the TA, phonon in Fig. 2E. Figure 2G shows the mag-
netic form factor determined from the magnon intensities observed
across multiple zones and directions. In this figure, the intensity is
multiplied by the inverse magnitude squared of the momentum,
|Q| ™%, because this results in phonon scattering intensities scaling as
a constant. From Fig. 2G, the magnetic intensity is exponentially
suppressed for momentum transfers at Q = [3, 3, 0] and above.
Figure 2H shows cuts at three equivalent X-points [(5, 5, 0), (3, 3, 0),
and (1, 1, 0)] that include both the TA; phonon and the HM. In go-
ing from (5, 5, 0) to (1, 1, 0), the TA, phonon peak area decreases by
about a factor of 25, the expected Q* dependence (26). Dividing out
the Q* dependence in the inset of Fig. 2H results in flat behavior for
the TA,. By contrast, the same analysis on the HM peak intensity
divided by Q2 while flat at high Q (phonon-like), rises markedly at
(1, 1, 0); see inset in Fig. 2H. This low-Q behavior is consistent with
the magnetic form factor (Fig. 2G) and supports the idea that the
extra band is a hybrid. To observe the HM in this phase at low tem-
peratures, an STG state (10) of the alloy was prepared and measured
on SEQUOIA at the Spallation Neutron Source of ORNL. These
measurements show that the HM persists down to 5 K with the same
high and low-Q dependence; see fig. S1. Figure S1 also shows that
the HM appears in longitudinal scattering geometry along [00L].

To further explore the structure of the HM, magnons, and pho-
nons in momentum space, we extract constant energy slices and
cuts from the large volumes of ARCS data, as shown in Fig. 3. On
the basis of our assessment of the magnetic form factor (Fig. 2G),
the slice around the Q = [1, 1, 0] X-point in Fig. 3A is dominated
primarily by magnetic scattering, while the slice around the Q = [5,
5, 0] X-phonon in Fig. 3B is dominated primarily by nuclear scatter-
ing. Hence, the constant energy slices provide relatively distinct
color maps of the magnetic versus nuclear scattering intensities.
From the primarily magnetic scattering in Fig. 3A, the HM extends
broadly along Q = [1 + H, 1 — H, 0] between the magnons centered
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at (111) and (111), with a width in the perpendicular Q = [1, 1, L]
direction of about 0.25 reduced lattice units. From the nuclear scat-
tering in Fig. 3B, the HM appears as the intensity connecting the TO
phonons in the perpendicular Q = [1, 1, L] direction. The cuts along
Q=[1+H,1-H,0] in Fig. 3 (C and D) show the consistency of
the HM when viewed in either the primarily magnetic scattering
with the magnon (Fig. 3C) or the primarily nuclear scattering with-
out the magnon (Fig. 3D); the HM intensity fits the same shape
curve in both of these panels, which is fit using sech(2.2(H)%) with a
different scale factor and background level (the magnon peaks are fit
to Gaussians). Hence, the HM reflects the same feature with both a
magnetic and nuclear scattering component and connects the pho-
nons and magnons crosswise in the zone.

The HM-mediated magnon-phonon coupling mechanism ob-
served here (Fig. 3) is different than the way coupling usually mani-
fests, either as an anti-crossing between existing phonons and
magnons (27-31) or with the coupling of phonons to an existing
two-magnon continuum (32). What the other mechanisms have in
common is that they involve the mixing and/or rearrangements of
phonon and magnon excitations dictated by the average structure.
The HM appears to be an extra feature not associated with the
known average lattice or magnetic structure (19), suggesting that it
might originate with local deviations from the average crystal and
magnetic structure. This would be consistent with the fact that the
NiysCosMnj36 6In;3 4 alloy exhibits degrees of local configurational
order/disorder that can be used to stabilize both STGs and magnetic
glasses (7, 33, 34), indicating that the local order/disorder strongly
couples to both the lattice and magnetic properties. In addition, an-
tiphase boundaries, which occur in NigsCosMnj36 6In;3 4 alloys (10),
are known to have a local magnetization state different from that of
the matrix in other Heusler alloys (23, 35) and alter bulk elastic
properties (24, 36). Such local order/disorder atomic displacements
manifest as patterns of diffuse elastic scattering (10). Hence, to ex-
plore the relationship further, we next examine the diffuse elastic
scattering.

The diffuse elastic scattering patterns shown in Fig. 4 confirm
substantial local deviations (7) from the average crystal structure.
Prominent features in the [HHL] scattering plane (Fig. 4A) include
an alternating pattern of longitudinal diffuse intensity along [00L]
emanating from the even-index Bragg reflections (see top inset in
Fig. 4A); on the low |Q] side of the peak for |H| + |K| + |L| = 4N and
on the high |Q| side for |[H| + |K| + |L| = 4N + 2, where N is an in-
teger. The diffuse scattering also occurs along [HHH] and connects
with the odd index reflections (L2, order), as indicated near the
(331) reflection in the bottom inset in Fig. 4A. These patterns are
consistent with the two kinds of antiphase boundaries in Heusler
structures, corresponding to displacement vectors R = !/,<001> and
R = !/4<111> (35), and the coherence length along [00L] of
& =1.1 + 0.2 nm (Fig. 4B) is consistent with the 1.2-nm-thick anti-
phase boundary imaged by electron microscopy in (10). The HM
intensity also appears in longitudinal scans extended along [00L], as
shown in fig. S1. Figure 4C shows how the transverse diffuse scatter-
ing extends out of the plane in an orientation very close to the equiv-
alent of the inelastic slices in Fig. 3 (the slice is offset to avoid an
aluminum powder ring, bottom inset in Fig. 4A). That the bands of
diffuse intensity share similarities with the localized HM intensity
profiles (Fig. 3 and fig. S1) suggests that the HM is localized by the
antiphase boundaries, causing the diffuse bands in this alloy (10).
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Fig. 3. Constant energy slices showing the momentum-space relationship between the HMs and the magnon and TO phonon. (A and B) Constant energy slices
(E=116,20] meV) with primarily magnetic scattering near (110) X-point (A) and primarily nuclear scattering for near the (550) X-point (B) (see illustration at top for locations
in reciprocal space). Slices are +0.1-r.L.u. thick in the [HHO] direction. The dark horizontal lines near H = +0.5 r. . u. are from gaps in the detectors. A neutron absorption
correction was applied to symmetrize image. (C and D) Cuts in the primarily magnetic scattering along [1 + H, 1 — H, 0] (C) and primarily nuclear scattering along [5 + H,

5 — H, 0] (D), indicated by vertical dashed lines in (A) and (B), respectively.

A connection between the HM and antiphase boundaries can be
understood by considering the dynamics of a known interaction be-
tween fine magnetic domain walls and antiphase boundaries. For
Ni-Mn-Ga MSMAs, it was shown that quenching in a high density
of antiphase boundaries results in substantially enhanced elastic
softening before the martensitic transformation (24). This elastic
softening was attributed to the formation of fine magnetic domain
patterns with domain walls pinned on antiphase boundaries, where
the interaction of antiphase boundaries with domain walls amplifies
the contribution of magnetostriction to elasticity (24). This provides

Manley et al., Sci. Adv. 10, eadn2840 (2024) 14 June 2024

a mechanism coupling the lattice to magnetism through the anti-
phase boundaries and should also enhance local variations in elastic
stiffness on the scale of the antiphase boundaries [1.2 nm; see (10)].
Such small-scale variations in elasticity around the antiphase bound-
aries should also affect the lattice dynamics. First-principles phonon
calculations in Fe;Al with and without antiphase boundaries show
that the presence of these boundaries results in elastic softening and
a cluster of additional soft optic bands above the acoustic modes
(36), just like where the HM intensity band is in Fig. 2A. In the cal-
culation, however, the antiphase boundaries are spaced periodically,
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elastic intensity in transverse direction that is like the HM intensity profile.

resulting in distinct extra branches, while the real antiphase boundar-
ies are more disordered. For a disordered arrangement, modes may
become Anderson-localized (37-39) above some critical disorder
strength and appear more diffuse in energy like the HM does (Fig. 2).
Hence, we propose that the HM is a band of localized modes resulting
from antiphase boundaries coupled to fine-scale magnetic domains
below Tc. The HM then enhances the magnon-phonon coupling in
the TO phonons at the energy of this band (Fig. 1) by bridging pho-
nons and magnons (Figs. 2 and 3). Because annealing this MSMA pro-
motes antiphase boundaries and STG formation (7), we next explore
the impact of annealing this alloy into the STG state on the HM.

To directly compare the MSMA and STG states, a subset of the
same Niy5CosMnjse6In;s 4 crystals was annealed at 575 K for 3 hours
to form the STG state and then measured using time-of-flight neutron
scattering on the same ARCS instrument at the Spallation Neutron
Source of ORNL (see Materials and Methods for details). Figure 5
compares the neutron scattering spectrum for the MSMA and STG

Manley et al., Sci. Adv. 10, eadn2840 (2024) 14 June 2024

states near the [332] and [112] X-points. As shown in Fig. 5A, the
HM intensity for the STG spreads across the zone along I'-X, much
like in the MSMA (Fig. 2A). However, the cuts taken at the [332] X-
point show that, relative to the TA, phonon peak, the HM intensity
is about four times larger in the STG than in the MSMA. 1t is also
clear that the HM intensity extends under the phonon peak and con-
tinues into the elastic line. Similarly, near the [112] X-point, where the
magnetic cross section dominates, the HM appears as flat bands of
intensity between the magnons (Fig. 5C), is several times more in-
tense in the STG (Fig. 5D), and extends into the elastic line. These
results confirm that the localized HM:s are associated with increasing
antiphase boundaries and STG formation. The substantial increase in
the HM intensity compared to the relatively modest increases in the
antiphase boundary concentration (10) points to a transition occur-
ring at some critical concentration. The extension of the HM inten-
sity into the elastic line indicates a continuum of slower dynamics,
which is characteristic of ferroic glasses.
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DISCUSSION

The dynamic coupling of the magnon and TO phonon via the HM
influences functional properties in multiple ways. The magnetic field-
induced shape memory effect (6), for example, occurs because mag-

netic fields stabilize the TA; phonon (11) near g = [ § % 0 ], and we

observe that the HM-driven mechanism is associated with a stiffen-
ing (stabilization) of the TA, phonon near the zone boundary X-
point at around 10 meV (Figs. 1 and 2). We cannot rule out that
conventional coupling (27-31) at the magnon-TA phonon crossing
(2- to 5-meV energy range; Fig. 2E) also acts to stiffen the lower part
of the TA phonon branch; an anticrossing with the magnon would
harden the TA phonon above the crossing. Crossing must occur be-
cause, at small wave vectors, the magnon is quadradic in the wave
vector, while the acoustic phonon is linear. Thus, the HM-driven
coupling mechanism probably works in concert with conventional
coupling to control the magnetic shape memory effect by stabilizing
the soft phonon. In the context of caloric effects, large shifts in the
phonon density of states (DOS) with demagnetization have already
been shown to make a substantial vibrational contribution to the
demagnetization entropy (19), thereby enhancing the caloric re-
sponse. The HM band itself is especially important to the caloric
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response because its large intensity (Fig. 2) clearly affects a large
portion of the phonon DOS (19). Furthermore, the mixing of mag-
netic and elastic strain effects also lends itself to potentially more ef-
ficient magneto/elastocaloric cooling schemes where magnetic and
mechanical stress fields are combined to obtain larger effects (22).
The impact of heat treating NigsCosMnj36 ¢In;3 4 crystals on the
latent heat of the martensitic transition was studied by Bruno et al.
(40). In crossing from the shape memory alloy to the STG state, the
latent heat of the martensitic transition increases from 2.3 kJ/kg to a
peak of 7.7 kJ/kg just before the transition begins to partially arrest;
see Fig. 6A. The associated extra entropy, determined by dividing
the latent heat by the transition temperatures, amounts to 15.3 J/
kg-K. This entropy can be explained, in large part, by the extra low-
energy vibrational states in the STG compared to that in the MSMA
(Fig. 5). To demonstrate this, we integrated our STG and MSMA
phonon data over a common set of matching zones at high Q (to
avoid magnetic scattering) and use this to generate neutron weight-
ed phonon DOSs. From the shift in the phonon DOS, we estimate
an extra vibrational entropy in the STG of 10.2 J/kg-K at the transi-
tion temperature (312 K), which accounts for about two-thirds of
the total extra entropy. The remaining third likely comes from the
magnetic degrees of freedom. The reference martensitic phases are
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Fig. 6. Origin of enhanced caloric properties near the cross over from an MSMA to an STG. (A) Latent heat and entropy of the martensitic phase transition as a func-
tion of secondary annealing temperature, after Bruno et al. (40). The solution heat-treated (SHT) crystal is secondary annealed at progressively lower temperatures to
promote STG formation. (B) Neutron weighted phonon DOS in STG and MSMA found by integrating neutron scattering data over a common set of zones at high Q (where
magnetic scattering is negligible), correcting for multiphonon background, Debye-Waller factor, and thermal occupation factor. The in common Q-space integration
range included [00L] = [-6, 2], [HHO] = [-2, —5] in the scattering plane, and [K, —K, 0] = [—1, 1] out of the scattering plane.

assumed to be relatively unaffected because the associated magneto-
elastic softening vanishes below the transition (24).

The role played by local dynamics and structure in augmenting
the functional responses in this MSMA parallels the way that polar
nanoregions interact with long-range ferroelectric order in relaxor-
based ferroelectrics, amplifying their giant electromechanical re-
sponse (41-43). Despite the distinct ferroic order and nanoscale
inhomogeneities, both systems are on the brink of disorder-
frustrated ferroic states. The relaxor-based ferroelectric is on the verge
of complete relaxor behavior, characterized by polar nanoregions.
The MSMA is poised to adopt either a strain- or a spin-glass state
depending on heat treatment (7). In both scenarios, local and long-
range correlations vie for control over properties, culminating in
heightened functionality. What sets our findings apart is the revela-
tion that the interplay between long- and short-range correlations
in the MSMA also actively orchestrates the strong coupling of mag-
netic and lattice degrees of freedom, thereby further enhancing its
functional properties.

While the HMs observed here align well with previous calcula-
tions of an additional band of modes formed by a periodic arrange-
ment of magnetically coupled antiphase boundaries (36), more
realistic modeling that includes the randomness of the antiphase
boundaries and related spin degrees of freedom is needed. Such cal-
culations would likely provide additional insights into the develop-
ment of ferroic glassy states and suggest more targeted strategies for
optimizing functional properties for applications.

MATERIALS AND METHODS

Crystal growth

Single crystals of NigsCosMnse ¢In; 3.4 were grown using the Bridgman
method in a high-purity He environment. The crystals were cut into
nine thin strips (~30 mm by ~2 mm by 0.5 mm) with the long axis
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parallel to (110] using wire electro-discharge machining (EDM).
The brass layer that diffused into the sample during EDM was re-
moved via mechanical polishing paper (800 to 1000 grit). Using x-
ray diffraction, we verified the orientation of the single crystals from
the [110] peak. The clean samples were then sandwiched within
high-purity tantalum foil. The sandwiched samples were placed in a
quartz vial and pulled to 0.01-mtorr vacuum at least three times to
“scrub” the vial free of O,. Between purges, the quartz vials were
vented to 5 torr in high-purity Argon. The quartz vial was then
sealed with a propane torch. The crystals were annealed at 1173 K
for 24 hours to promote B2 atomic ordering and then quenched in
water. The resulting Curie and martensitic transformation tempera-
tures were T¢ = 400 K and Ty & 230 K, respectively. This sample is
referred to as the MSMA. Six of these crystals were aligned and laid
into a flat-plate geometry (~30 mm by ~12 mm by 0.5 mm) for high-
temperature neutron scattering measurements. The remaining three
strips were wrapped in tantalum foil, reannealed at 573 K for 3 hours,
and then quenched in water. We refer to these three pieces as the
STG because the long-range martensitic phase transformation is ar-
rested in these crystals (10), allowing measurements for the same
average crystal structure down to low temperatures. These three
crystals were aligned and laid into a flat-plate geometry in room
temperature and below measurements.

Triple-axis inelastic neutron scattering

Parametric studies of the phonon dispersion as a function of tem-
perature and magnetic field in the MSMA were performed using
inelastic neutron scattering on two triple-axis spectrometers, the
HB3 instrument (44) at the High Flux Isotope Reactor of ORNL and
the BT7 instrument (45) at the NIST Center for Neutron Scattering
at the NIST. Measurements on HB3 and BT7 focused on a region of
momentum transfers (Q) around Q = [330], where anomalous pho-
non coupling to magnetic ordering was previously identified (19).
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Measurements on both instruments covered a range of tempera-
tures from as low as 200 K (undercooled) up to as high as 500 K,
while the measurements on BT7 also included the application of a
magnetic field up to B = 10 T. The measurements were made using
a fixed final neutron energy of 14.7 meV and neutron collimations
of 48':50":80":120’ full width at half maximum. Analysis of the peak
shapes and corrections for instrument background are described in
more detail in the Supplementary Materials.

Time-of-flight inelastic neutron scattering

Comprehensive studies of the four-dimensional Q-E volume of
phonon and magnon dispersion surfaces at different temperatures
were performed using time-of-flight inelastic neutron scattering on
two spectrometers, the ARCS (46) and SEQUOIA (47) instruments
at the Spallation Neutron Source of ORNL. The ARCS measure-
ments on the MSMA and STG were made using a fixed incident
neutron energy of 50 meV. The MSMA was measured at 300 and 450 K
(above and below T¢ = 400 K in the high-temperature austinite
phase of the MSMA), and the STG was measured at 300 K. To obtain
a large Q-E volume, the crystal [001]-axis was rotated with respect
to the incident beam from 40° to 125° collecting data at every 1°
step. The SEQUOIA measurements were performed at 5 K on the
STG with an incident neutron energy of 75 meV. To obtain a large
volume, the crystal [001]-axis was rotated with respect to the inci-
dent beam collecting data from —10° to 150° in 1° steps.

Supplementary Materials
This PDF file includes:
Supplementary Text

Fig. S1
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