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First-order magnetic transitions are of both fundamental and technological interest given that a number of
emergent phases and functionalities are thereby created. Of particular interest are giant magnetocaloric effects,
which are attributed to first-order magnetic transitions and have attracted broad attention for solid-state refriger-
ation applications. While the conventional wisdom is that atomic lattices play an important role in first-order
magnetic transitions, a coherent microscopic description of the lattice and spin degrees of freedom is still
lacking. Here, we present a comparative neutron scattering study on the lattice and spin dynamics in intermetallic
LaFe;; 6S1;4 and LaFe;;,Si; 3, which represent one of the most classical giant magnetocaloric systems and
undergo first-order and second-order magnetic transitions, respectively. While their spin-phonon coupling effects
are quite similar, LaFe;; ¢Si; 4 exhibits a much stronger magnetic diffuse scattering in the paramagnetic state
preceding its first-order magnetic transition, corresponding to intense ferromagnetic fluctuations. These dynamic
insights suggest that the magnetic degree of freedom dominates this magnetoelastic transition and ferromagnetic
fluctuations might be universally relevant for this kind of compounds.
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I. INTRODUCTION

First-order magnetic transitions (FOMTs) take place with
abrupt changes of several physical quantities at transition
points with respect to temperature, magnetic field, electric
field, pressure, stress, etc. [1-5]. Such features offer a great
opportunity for applications in a variety of functional sensors
with high intrinsic signal-to-noise ratios. More importantly,
the multiple degrees of freedom are often strongly coupled
at FOMTs so that some unprecedented functionalities become
possible based on crossing control. FOMTs can be categorized
into magnetostructural and magnetoelastic transitions [6]. The
former involves two magnetic phases accommodating differ-
ent crystallographic symmetries and are interpreted based on
soft-mode phonons and their coupling with magnetic mo-
ments [7] and the lattice contribution to the entropy changes is
crucial [8]. By contrast, there is a discontinuity of crystal unit
cell volumes found in the latter with the crystallographic sym-
metry unchanged. The frequently adopted mechanism for this
case is the itinerant electron metamagnetism (IEM) [9]. An
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IEM transition, i.e., a FOMT from Pauli paramagnetic (PM) to
ferromagnetic (FM) states in an itinerant magnetic system in-
duced by external magnetic fields, is formulated based on the
Landau-Ginzburg free energy expansion taking into account
the renormalization effect associated with spin fluctuations. A
sharp peak in electronic density of states below the Fermi level
tends to render a negative fourth-order coefficient of the free
energy expansion and an IEM is expected as demonstrated in
many rare-earth and transition-metal compounds [9].

Among these compounds, LaFe;s;_,Si, has attracted
broad attention for its superior magnetocaloric performances
[10,11]. With x in a very narrow doping range around
1.5, the system undergoes a sharp FM-PM FOMT at Curie
temperature (7¢c) of about 190 K, where there is a strong
magnetoelastic coupling as reflected in a dramatic negative
thermal expansion (AV/V ~ 1.5%, where V is the unit cell
volume). Above T¢, a moderate magnetic field can induce a
FOMT, giving rise to giant magnetic-entropy changes of about
—25J kg™! K1, Tt of this system can be elevated up to 350 K
by substituting Fe with Co atoms or by adding interstitial
hydrogen atoms, which hardly reduces the magnetic-entropy
changes [12,13]. For instance, La(Fe(94C00.06)11.9511.1 has
maximum magnetic-entropy changes of —20J kg™' K™! at
Te ~ 280K [12]. Moreover, the thermal and magnetic hys-
teresis at the FOMT is small compared with other giant
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magnetocaloric materials [10]. In terms of real applications,
LaFe;_,Si, is also cost-effective given that it consists of
earth-abundant elements.

Despite the outstanding magnetocaloric performances
mentioned above that make this system promising for solid-
state refrigeration applications, the exact mechanism of its
FOMT remains unclear. A fundamental understanding of
FOMT may foster the future designing of advanced magne-
tocaloric materials. IEM has been frequently used to account
for the transition, but spin fluctuations themselves as the
core of this mechanism have merely been investigated yet
[14-16]. In recent neutron diffraction measurements, spin
fluctuations arising from PM correlations were discovered
above T¢ [17]. In addition, nuclear resonant inelastic x-ray
scattering shows partial phonon density of state (PDOS) of
Fe sublattices is renormalized across T¢ in LaFe;; sSi; 5 [18].
Thus spin-phonon coupling is believed to play a critical role
in this system [18]. To thoroughly clarify the FOMT, it is
necessary to conduct research considering lattice and mag-
netic degrees of freedom in both static and dynamic respects.
Here, we present an investigation comparing LaFe; ¢Si; 4 and
LaFe;; »Si; 3, which exhibit a FOMT and a second-order mag-
netic transition (SOMT), respectively. Based on the complete
lattice and spin dynamics, we are able to establish the differ-
ences between the two materials, and pinpoint the intense FM
fluctuations as the decisive factor in the FOMT and hence in
the giant magnetocaloric effect.

II. EXPERIMENTAL DETAILS

Polycrystalline LaFe;;¢Sij4 and LaFe;;,Si; g were pre-
pared using an arc-melting method followed by a long time
annealing to reduce the impurity phase of «-Fe, as previ-
ously described [10]. The obtained materials for the present
study were of single phase without Fe impurity identified
in laboratory x-ray diffraction measurements. Magnetization
measurements were performed on a superconducting quantum
interference device magnetometer (Quantum Design MPMS
XL) to determine the transition temperatures, as shown in
Supplemental Material Fig. S1 [19]. In terms of the tem-
perature dependencies of magnetization at 100 Oe, 7¢ for
LaFe;; 6Si; 4 and LaFe | ,Si; g are determined to be 184 and
208 K, respectively.

The neutron scattering experiments were conducted on the
time-of-flight neutron spectrometer Pelican at ANSTO [20].
The instrument was configured for incident neutron energy of
3.7 meV, with an energy resolution of 0.135 meV at the elastic
line. The powder samples of LaFe;; ¢Si; 4 and LaFe;;,Si; g
were loaded into an annular aluminum can with a sample
thickness of 1 mm. The experiments were performed at 100,
160, 210, 250, 275, and 300 K for LaFe;; ¢Sij4 and 100,
180, 250, 282, 300, and 340 K for LaFe;;,Si; 3. A back-
ground spectrum from an empty can was collected under the
same conditions as the sample measurements. The instrument
resolution function was measured on a standard vanadium
can at 300 K. The spectrum of the vanadium standard was
also used for detector normalization. All data reduction and
manipulation, including background subtraction and detector
normalization, were done using the large array manipulation
program (LAMP) [21]. The scattering function S(Q,E), which

is a function of scattering wave vectors (Q) and energy transfer
(E), were measured on energy gain mode over a wide temper-
ature range. And the scattering function S(Q,FE) transformed
to a generalized PDOS by the formula (1), where kg is the
Boltzmann constant and T is the temperature [22],

E
g(E) = f @S(Q, E)(1 —e Mg, (1)

The constant-Q data were fitted with the PAN module in
date analysis and visualization environment (DAVE) [23].

III. RESULTS AND DISCUSSION

LaFe;;_,Si, intermetallics crystallize in the cubic NaZn3-
type structure with space group Fm3c [10]. As shown in
Fig. 1(a), the crystal structure appears as a cage configuration
consisting of Fe atoms in which La atoms are trapped. There
are two inequivalent crystallographic sites for Fe, i.e., Fe(I)
on the 8-fold (80) and Fe(Il) on the 96-fold (96i) Wyckoff
positions. The Fe(Il) site is shared with Si. LaFe;; ¢Si; 4 has
a FOMT at 184 K, while a SOMT occurs in LaFe;;,Si;g
at 208 K (see Fig. S1 for their temperature dependencies of
magnetization [19]). Given that the crystal structure is the
same, the selected compositions are an ideal playground for
understanding the lattice and spin dynamics.

Shown in Figs. 1(b) and 1(c) are PDOS for these two
compositions in the vicinity of transitions up to 60 meV. The
profiles of PDOS of the two compositions both feature a broad
peak located at about 24 meV with a few small local maxima
superimposed, in agreement with the previous report [18]. The
profiles are essentially dominated by the partial PDOS from
the Fe atoms as determined in nuclear resonant inelastic x-ray
scattering measurements [18]. The overall line shapes do not
change significantly across Tc, except for the shift to lower
energies upon becoming PM. To quantitatively characterize
the phonon softening at the transitions, we track the peak at
24 meV as a function of temperature. As plotted in Fig. 1(d),
both compositions display remarkable softening. The ob-
served softening here is unusual given that larger volumes of
unit cells lead to reduced frequencies of phonon modes in an
atomic system, whereas the FM phases of both compounds
are considerably expanded. Such an exception just reflects the
magnetic contribution to the phase transition. The decreases
of energy at heating from 100 to 300 K are similar for both,
but the change of LaFe;; ¢Si; 4 is slightly sharper, consistent
with its nature of FOMT. Obviously, the magnetic softening
of phonons across 7¢ are not unique to FOMT, but also
for SOMT. Similar phonon softening is actually consistent
with the fact that both compounds exhibit significant negative
thermal expansions at the transitions as a consequence of mag-
netovolume effect. The similar spin-phonon coupling strength
implies the minuteness of the lattice degree of freedom in this
system. In this sense, phonon softening is impossible to solely
account for differences between these two compositions. As
such, in addition to phonons, we also examine the magnons.
The FM states of both compositions show almost identical
spin excitations below T¢. At 100 K, for example, strong
spin excitations develop from the first Bragg peak, (200), and
persist up to about 2 meV (Fig. S2 [19]).
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FIG. 1. Crystal structure and PDOS. (a) Crystal structure of the LaFe;_,Si, system. (b),(c) PDOS of LaFe; ¢Si; 4, and LaFe;;,Si; g at
selected temperature across the phase transitions. The peak positions at about 24 meV are pointed out by arrows. (d) Temperature dependencies

of the peak positions arrowed in (b) and (c).

Hereafter, we turn our attention to the PM states where spin
fluctuations are expected. In Fig. 2(a), we plot the dynamic
structure factor S(Q,E) as a function of momentum transfer
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FIG. 2. Contour plots of magnetic diffuse scattering. Dynamic
structure factor S(Q,E) of LaFe;;¢Si;4 (a) and LaFe;;,Si;g (b) at
different temperatures.

(Q) and energy transfer (E) at selected temperatures near
Tc. In LaFe;; Sij 4, at 210 K just above Tg, intense diffuse
scattering is observed in the low-Q region. The intensity be-
comes weaker as the temperature rises from 210 to 300 K,
but pronounced diffuse scattering is still detected at 300 K.
In LaFe;; »Si; g, similar diffuse scattering is found, as shown
in Fig. 2(b). However, the intensity of magnetic diffuse scat-
tering of LaFe; ¢Si; 4 is obviously stronger. For instance, at
the given color scales, the diffuse scattering of LaFe ;| ¢Si; 4
at 1.36 T¢ is extended up to Q ~ 0.75 A’l, whereas that of
LaFe;;,Si; g decays at Q ~ 0.6 A

In a search for exact differences between them, we ex-
clude the elastic intensity by integrating the spectra in the
intervals of —2.55 < E < —0.15 and 0.15 < E < 2.55meV
at about 1.27¢, as plotted in Fig. 3(a), given that the exper-
imental energy resolution is about 0.135 meV. The obtained
intensity of both compositions rapidly grows as Q decreases
when Q < 0.8 A™!, typical of PM scattering [24]. Strikingly,
an extra intensity is found between 0.4 and 0.8 A~' for
LaFe;; ¢Si; 4. The inset highlights their difference that peaks
at about 0.5 A~!. This position is close to the (100) Bragg
peak (Q ~ 0.54 A7), which is crystallographically forbid-
den. As the extra magnetic scattering intensity is peaked at
0.5 A™!, detailed constant-Q spectra are investigated at differ-
ent temperatures for LaFe;; ¢Si; 4 [Fig. 3(b)] as well as for
LaFe,;,Si; g [Fig. 3(c)]. Below T¢, the spectra exhibit strong
elastic peaks. Just above T¢, quasielastic neutron scattering
(QENS) components are superimposed underneath the elas-
tic peaks. As the temperature continues to rise, the QENS
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FIG. 3. Q dependence of magnetic diffuse scattering. (a) In-
tensity integrated at —2.55 < E < —0.15meV and 0.15 < E <
2.6 meV for LaFe;; ¢Si; 4 at 210 K and for LaFe;; ,Si; g at 250 K. The
inset shows their difference. (b),(c) QENS spectra at Q = 0.5 Alat
different temperatures for LaFe;; ¢Si; 4 and LaFe,; ,Si; g. The insets
highlight the low-E regions.

components become broader and weaker. Even so, it is still
visible at 1.67c. However, it is apparent that LaFe;; ¢Sij 4
exhibits much stronger QENS intensity at a same reduced
temperature. Also, the QENS components in LaFe;; ¢Si; 4 are

more temperature dependent as the intensity is significantly
suppressed when the temperature is changed from 210 to
250 K.

Henceforward, spectral fitting is used to extract accurate
information on spin dynamics from the QENS intensity. At
210 K for LaFe; ¢Si; 4, the spectrum at 0.5 A-1is well repro-
duced by a combination of a delta function and two Lorentzian
functions, which are all convoluted to the instrument resolu-
tion function [see Fig. 4(a)]. The delta function represents the
elastic scattering while the Lorentzian function accounts for
the dynamic diffuse scattering containing information on dy-
namic spin correlations with finite timescales. The the wider
spectrum, the faster spin fluctuations exist. This fitting yields
a full width at half maximum (I") of 5.237 and 1.152 meV,
which are compared to 5.613 and 1.538 meV at 250 K, re-
spectively. As shown in Fig. 4(b), a similar fitting is applied
to the spectrum of LaFe;;,Si; g at 250 K, which gives rise to
I' of 6.309 and 1.099 meV, respectively. Except for the three
spectra mentioned above, others can be well reproduced by
a combination of a delta function and one single Lorentzian
function. As shown in Fig. S3 [19], the narrower one disap-
pears with the wider one remaining. The temperature- and
Q-dependent fitting results are summarized in Fig. S4 [19].

Based on the precise separation of scattering intensity pre-
sented above, we sum up the intensity of elastic scattering
and the wider QENS component for LaFe,; ¢Si; 4 at 210 and
250 K as well as for LaFe; ,Si; g at 250 K, respectively, while
all components for spectra at other temperatures are used.
The results are plotted as a function of Q, which are fitted

ion S — M(0)? /&)
to equatlon (Q) - ( ) (I/SPM)Z“FQZ

lation length (&py), where M(0)? is the static susceptibility
in units of ug? [25]. Two examples are shown in Fig. 4(c).
Similar fitting is applied to the data at other temperatures and
the obtained temperature dependence of &pyy is summarized in
Fig. 4(d). As the nearest neighboring Fe-Fe distance is about
2.5 A in this system, the obtained &py; suggests that magnetic
correlations are localized around the nearest neighboring Fe
atoms at 1.67¢. At a given reduced temperature, it is evident
that LaFe; ¢Si; 4 has a slightly smaller &pyy than LaFe;; »Si; 5.

Unlike the PM scattering diverging towards lower Q, the
intensity of the narrower Lorentzian function shows a well-
defined peak at Q ~ 0.5A", as shown in Figs. 4(e) and
4(f). This position is close to the crystallographically forbid-
den Bragg peak (100) and the Q ~ 0.5 A~ peak represents
ultrafast FM fluctuations [26]. This peak is fitted to a Gaus-
sian function, yielding FM correlation length (&py) of 12.2
and 21.0 A, respectively. It is noted that the FM fluctua-
tions are more remarkable in LaFe;;Si;4 as compared in
Figs. 4(e) and 4(f). Moreover, at 1.357¢ the FM fluctuations
are robust in LaFe ; ¢Si; 4 (at 250 K) whereas those become
undetectable in LaFe;;,Si; g (at 282 K) within the present
experimental resolution. As a result, the extra intensity shown
in Fig. 3(a) turns out to originate from FM fluctuations. Here,
we emphasize the uniqueness of the FM fluctuations observed
here, compared to the common critical magnetic scattering.
Just above magnetic ordering temperatures, magnetic diffuse
scattering is often observed to be centered at positions of
magnetic Bragg peaks and appears as a QENS signal imposed
underneath the elastic scattering [27]. The spectral weight

to obtain the PM corre-
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QA
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is highlighted. (c) Q dependencies of intensity for LaFe;; Si; 4 at 210 K and LaFe;;,Si; g at 250 K (Delta plus Lorentzian 1). The lines

represent the fitting described in the main text. (d) PM correlation length

(&pm ) determined by fitting as shown in (c). (e),(f) O dependencies of

the intensity of the Lorentzian 2 components for LaFe;; ¢Si; 4 at 210 K and LaFe,; ,Si; g at 250 K. The lines represent the fitting to Gaussian

functions yielding the FM correlation length (§py) as labeled.

of diffuse scattering is transferred to magnetic Bragg peaks
and spin-wave excitations when the systems are magnetically
ordered. In contrast, the FM fluctuations are only found in the
position of Bragg peak (100). It can be seen in Fig. S5 [19]
that the spectra at (200), the first Bragg peak in this system,
are dominated by ordinary elastic peaks.

The spin dynamics are established above and the FOMT is
revealed to be electronic in nature through FM fluctuations.
It has been known for several decades that a first-order phase
transition occurs when fluctuations are strong enough [28,29].
Recently, fluctuation-induced first-order phase transitions are
widely observed in several different systems, like helimagnet
MnSi [30] as well as frustrated antiferromagnets Gd,Sn, O
[31] and MnsSi3 [32]. Hence, magnetic fluctuations might be
a universal driving force of FOMTs. More specifically, we
point out that the obtained conclusion is probably applicable

to similar magnetocaloric systems that exhibit FOMTs, like
the (Mn, Fe),AsP system [33,34].

IV. SUMMARY

In summary, we have studied the LaFe3;_,Si, system us-
ing inelastic neutron scattering. The comparative study on
LaFe; 651 4 and LaFe;; »Si; g suggests the spin-phonon cou-
pling is not unique to the FOMT and a similar phonon
softening behavior at the PM to FM transitions regardless of
the order of phase transitions, which might be related to the
magnetovolume effects. Thus, the lattice degree of freedom is
not able to account for the origin of the FOMT in this system.
Instead, the FOMT manifests itself as much stronger FM spin
fluctuations in the PM state. The findings in this model system
demonstrate that a universal scenario might be established
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based on robust FM fluctuations for FOMTs, which are the
central issue of giant magnetocaloric materials.
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