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Emergence of a Hidden Magnetic Phase in LaFe,; 4Si;
Investigated by Inelastic Neutron Scattering as a Function of
Magnetic Field and Temperature

Kelly Morrison,* Joseph J. Betouras, Guru Venkat, Russell A. Ewings, Andrew J. Caruana,
Konstantin P. Skokov, Oliver Gutfleisch, and Lesley F. Cohen

The NaZn,; type itinerant magnet LaFe,;_,Si, has seen considerable interest
due to its unique combination of large magnetocaloric effect and low
hysteresis. Here, this alloy with a combination of magnetometry, bespoke
microcalorimetry, and inelastic neutron scattering is investigated. Inelastic
neutron scattering reveals the presence of broad quasielastic scattering that
persists across the magnetic transition, which is attributed to spin
fluctuations. In addition, a quasielastic peak is observed at Q = 0.52 A~ for x
= 1.2 that exists only in the paramagnetic state in proximity to the itinerant
metamagnetic transition and argue that this indicates emergence of a hidden
mag the netic phase that drives the first-order phase transition in this system.

1. Introduction

The application of magnetic materials for magnetic cooling
(magnetocaloric effect) was initiated over 20 years ago by the
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discovery of large magnetic entropy
changes in the magnetostructurally
coupled GdGe,Si,.[!l Since then, ex-
ploration has yielded several material
systems(?! and expanded the application
of the magnetocaloric effect to areas
such as local hyperthermia for medi-
cal applications,®) and thermal energy
harvesting.[*]

One of the key requirements for
widespread application of magne-
tocaloric materials in magnetic refriger-
ation is a material with large adiabatic
temperature changes that can be repeat-
edly cycled in field and temperature.
While several material systems have been investigated, it
is primarily the itinerant ferromagnets LaFe;;_,Si, and
Mn, Fe, 45_,P;_,Si > that have emerged as the most promising
materials for application close to room temperature. These ma-
terials share the property of strong coupling between lattice and
spin degrees of freedom, large entropy changes, relatively small
energy losses due to hysteresis, and tunability by chemical sub-
stitution. A thorough understanding of the emergent behavior
due to the interconnection of the different degrees of freedom in
these materials, is highly desirable in order to be able to predict
new material systems!”! and to use them efficiently in emerging
technologies. In the present work, we reveal and analyze new
aspects of the magnetic properties of the LaFe;;_ Si, system,
which plays a key role in driving the first-order phase transition.

For x = 1.6, LaFe ;_,Si, (LFS) has a first-order ferromagnetic
(FM), to paramagnetic (PM), transition that is tunable in mag-
netic field, ending at a tricritical point (H,, T.,;) beyond which
it is a second order phase transition.®%] In this large family of
materials the magnetic phase transition can be easily tailored
by changing the Fe content,['% hydrogenation, or by substitu-
tion of Fe for other magnetic transition metals (Mn, Co).l"!l LFS
is promising as it exhibits a strong, first-order magneto- vol-
ume phase transition,’®! with large associated entropy and adi-
abatic temperature changes, and crucially, once extrinsic contri-
butions are accounted for there is almost no magnetic or thermal
hysteresis,!'?l which is an advantage for cooling applications. This
was demonstrated previously using microcalorimetry by compar-
ing the entropy change due to latent heat to magnetic hysteresis
of various other magnetocaloric materials.!**]

Kuz’'min and Richter put forward an explanation for the low
hysteresis observed in LFS in terms of a free energy landscape of

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 1. Summary of magnetization data for LaFe;;_,Si, for a) x = 1.2, and b) x = 1.6 at different temperatures. As the silicon content, x, is increased
(or the temperature increased) the field driven phase transition broadens with an associated decrease in hysteresis. c) Magnetic phase diagram for each
sample, where B! is the field at which the magnetization has jumped to 50% of its saturation value from the paramagnetic state, and B! is the point
at which it falls to 50% of saturation value from its ferromagnetic state. Arrows indicate the Curie temperature, T, for each sample. d) Indexed x-ray
diffraction data for x = 1.2. The first observable Bragg peak was the (200) at 20 = 15.5 °. e) Schematic of the crystal structure. Top: 8a and 8b sites

showing position of the Fe; and La atoms. Bottom: full structure showing the icosahedral clusters of Fe;, that surround each Fe; atom.

several local minima associated with different spin states, sepa-
rated by low energy barriers.['* It has also been argued that the re-
duced hysteresis is a consequence of spin fluctuations (SFs) low-
ering (renormalizing) the energy barriers one might normally ex-
pect of a first-order phase transition.[*>'®] More recently, evidence
has started to emerge of paramagnetic (PM) SFs in LESI['"I buta
full understanding remains incomplete. In this work we present
inelastic neutron scattering (INS) data for x = 1.2 and 1.6 above
and below the Curie temperature, T,, and find that quasielastic
excitations, which we attribute to SFs, appear in the PM state, per-
sisting to higher temperatures. In addition, we observe the emer-
gence of a finite Q peak at 0.52 A~! in x = 1.2 that disappears
as T, is approached and the latent heat approaches zero. We ar-
gue that this suggests presence of a hidden phase that drives the
first-order phase transition.

2. Results

Figure 1 shows magnetometry data for the samples presented
here (x = 1.2, 1.6), which follows the classic itinerant metam-
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agnetic behavior reported previously: an s-shaped curve, which
broadens as the applied magnetic field is increased, with a cor-
responding decrease in magnetic hysteresis.'>*] The magnetic
phase diagrams determined for these samples are also shown in
Figure 1c, where the Curie temperature for each sample is in-
dicated, and the tri-critical point (T_;,) could be estimated from
the point at which hysteresis approaches zero, which is approxi-
mately 220 K for x = 1.2.

Room temperature XRD of the x = 1.2 sample, shown in
Figure 1d, confirmed a majority phase of LaFe; ¢Si; , (89.9%)
with NaZn,; type Fm-3c space group and lattice parameter 11.474
A alongside a secondary phase of a-Fe (10.1%, space group Im-
3m, a = 2.8648 A), which is common for this system.!'!] We also
show in Figure 1e the crystal structure of the LaFe ; ¢Si; , phase,
where La atoms occupy the 8a site, Fe, the 8b site (shown in the
top half of Figure le) and Fe;; atoms occupy the 96i site. High-
resolution neutron diffraction has previously shown that the Si
atoms preferentially substitute on the Fe;; (96i) sitel?”! and that
the addition of Si both stabilizes the La(Fe,Si),; phase as well as
drives the magnetic phase transition from first order to second

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 2. Summary of microcalorimetry measurements and calculated entropy change for AB = 0-4 T. a) AC heat capacity for x = 1.2 (T, = 186 K) and
b) the corresponding entropy change measured due to latent heat, AS,,. c) AC heat capacity for x = 1.6 (T. = 204 K); no latent heat was observed. d)
Summary of the maximum observed AC heat capacity as a function of reduced temperature, demonstrating that it peaks further away from T_ as the
phase transition becomes more first order. e) Calculated entropy change from magnetometry (ASy,), AC heat capacity (ASyc), latent heat measurements
(AS ) and total (AS;qy = ASpc+AS ) for x = 1.2. f) Calculated entropy change for x = 1.6.

order. These Fe;/Si atoms form icosahedral clusters about the
Fe, atoms.

Figure 2 presents a summary of microcalorimetry data for x =
1.2 and 1.6, where AC heat capacity, C, (Figure 2a,c), exhibited a
field-driven peak, as summarized in Figure 2d. This peak in C,
is maximum for x = 1.6 at B = 0 T, where the phase transition
is second order, as confirmed by lack of measurable latent heat
or magnetic hysteresis in Figure 1b,c. The field-driven entropy
change corresponding to the AC heat capacity can be determined
using Equation 1, where AC, is the field-driven change in heat
capacity, and T is the temperature. The corresponding entropy
change due to latent heat, AS|;; can be determined using Equa-
tion 2, where AQ is the measured (field driven) heat output in J
kg=!.

[ AC,
0
AQ
ASiy = = )

Figure 2b shows AS,; measured for x = 1.2, where it can
be seen that it decreased as the temperature (and thus field re-
quired to drive the phase transition) was increased. The com-
bined entropy change calculated from magnetometry (AS,,) and
these thermal measurements (A Sy, - ASyc + AS, ) isshown in
Figure 2e,f. There is documented general agreement between the
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two methods despite comparing different sized samples,[?!] how-
ever it is useful to note that: 1) slight differences are expected due
to the difference in quantity of material measured, and 2) while
the latent heat contribution to entropy change, AS, ;;, decreased,
the heat capacity contribution, A S}, remained roughly constant.

The observed decrease in AS;; as the temperature was in-
creased was previously attributed to approaching T, above
which the phase transition is second order.[?”) We can therefore
determine T, from microcalorimetry data by extrapolating the
point at which A S, ,; approaches zero. Assuming that it decreased
linearly with increasing temperature, it can be determined as
T.i(x = 1.2) = 221 + 1 K, which is in agreement with magne-
tometry data. In contrast, as AS;,; decreased, approaching zero at
T, the features observed in the AC heat capacity measurements
initially increased in magnitude, reaching in excess of 200% of
C,(B=0T, T> T), before decreasing again, as summarized in
Figure 2d.

INS was used as a tool here to measure the emergence of
SFs about T, that were theorized to be the source of enhance-
ment observed in heat capacity measurements, as well as renor-
malization of the energy barrier (and thus the lower observed
magnetic hysteresis). It should be noted that whilst previous
measurements!'8192324] indicated presence of SFs for Q < 0.8
A-" and a phonon peak near 27 meV in the FM state, they did
not have the low Q resolution (to 0.1 A~') as well as magnetic
field dependence presented here. Zhang et al. reported observa-
tion of magnetic diffuse scattering for x = 1.4, and an additional
peakat Q= 0.5 A~! that they attributed to fast FM fluctuations,'*]

© 2024 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 3. a) Schematic of the contributions to the observed polycrystalline inelastic neutron scattering: spin waves (SWs), spin fluctuations (SFs), finite-
Q quasielastic feature (QE), Elastic scattering and Bragg peaks. The blue area indicates the E-Q space observable at a given incident energy, E;. b—f)
Examples of INS E(Q) maps obtained for x = 1.2 on LET as a function of temperature and applied magnetic field, where E; = 3.6 meV. b,c) Below T,
the sample is in the FM phase, where signature of a SW is observable close to b) the edge of the detector bounds and c) no quasielastic features are
present. d) Above T, giant fluctuations appear about the elastic line from Q = 0 A=1 to approximately 0.7 A=1 (SFs) as well as an additional feature at
Q ~0.52 A7 (QE). e) As the magnetic field is increased and the magnetic phase driven from PM to FM, the SFs seen in (d) are suppressed. f) Close
to the tri-critical point, T.;; (above which the field driven phase transition is second order), enhanced quasielastic scattering is still present (SFs) but
heavily suppressed and the QE feature is less evident. g,h) Examples of INS maps obtained for x = 1.6 on LET as a function of temperature, where E; =
3.6 meV. g) Below T, the behavior is similar to x = 1.2. h) Just above T, SFs are observed, but with no corresponding QE feature. (Color scale indicates

intensity, /(Q,E) on a linear scale.).

however this was for relatively large temperature intervals and at
zero magnetic field.

Initial measurements of x = 1.2 performed on the MARI
beamline showed evidence of a peak in quasielastic scattering
close to the zeroth order peak at Q = 0 A~!, with a maximum
around T.. The intensity of this feature persisted for more than
10 K above T, (i.e., well into the paramagnetic state) and dropped
off rapidly as the sample approached T_; (see Figure S1 in Sup-
porting Information). Example E(Q) scans from higher resolu-
tion INS obtained on the LET beamline using a primary energy,
E;, of 3.6 meV are summarized in Figure 3, where Figure 3a gives
a general schematic of the features observed and Figure 3b-h
show example E(Q) maps above and below T, (T. = 186 K for
x=1.2,204 K for x = 1.6), where it is indicated whether the sam-
ple was in a ferromagnetic (FM) or paramagnetic (PM) phase.
In general, there were several key features that were observed,
which were summarized in the schematic of Figure 3a. For x =
1.2 this included:

1) An elastic scattering line at E = 0 meV, with the zeroth order
peak at Q = 0 A, the (200) Bragg reflection for LFS at Q =
1.095 A~', and a minor unidentified Bragg reflection at Q =
0.86 A~ (see Figure S2, Supporting Information).

2) Observable spin waves (SWs) emerging from the zeroth order
peak and (200) Bragg reflection when T < T, (see Figure S3,
Supporting Information).

3) Quasielastic scattering across the range 0 < Q < 0.7 A~ when
T > T., that we attribute to spin fluctuations (SFs).

4) A finite-Q quasielastic peak at 0.52 A~' (QE), when T. < T <
T

crit*

Adv. Physics Res. 2024, 2400008 2400008 (4 of 8)

We also show example E(Q) maps obtained from zero field
measurements of x = 1.6, which, as discussed earlier, exhibited
a second-order phase transition. In this case, whilst SFs were ob-
served above T, there was no indication of a finite-Q feature (QE)
(Figure 3g,h).

To summarize, for the x = 1.2 and 1.6 samples below T, the
sample would have been fully in the FM state (Figure 3b,c,e,g).
Here we saw the convolution of the tail of the zeroth order peak
with the elastic line at E = 0 meV. Just above T, (Figure 3d,h for x
= 1.2 and 1.6, respectively), the sample was in the PM state and
giant fluctuations that we attribute to SFs were observed. Note
that this was accompanied by a finite-Q feature at 0.52 A~' (QE)
in the x = 1.2 sample only. As a magnetic field of 3 T was applied
to the x = 1.2 sample at T'= 190 K, it collapsed into the FM state:
SFs and QE features disappeared (Figure 3e). Closer to T (=
221 K for x = 1.2), as seen in Figure 3f, the intensity of the SF
feature appears to have decreased, as has the QE feature. Overall,
this shows the emergence of quasielastic scattering in the PM
state, out to approximately 0.7 A~', in addition to a finite-Q QE
feature for x = 1.2 at 190 Kand 210 Kand B=0T (PM state), but
not for x = 1.2 at 190 K for 3 T (FM state) or x = 1.6.

Multiple datasets were obtained about the field driven mag-
netic phase transition for x = 1.2, as summarized by the on-
set field phase diagram of Figure 4a. This phase diagram shows
the range of onset fields, B, and B, 4, which were determined
from magnetometry. They were defined as the point at which
10% and 90% of the saturation magnetization, M,,,, was reached.
As this phase transition is very sensitive to temperature and
magnetic field, we also determined the point at which the field-
driven phase transition had occurred during neutron scattering
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Figure 4. a) Onset field phase diagram determined by magnetometry (red symbols) and shift in the (200) Bragg peak at the elastic line (star symbols).
The arrow indicates the field history of a measurement, where the magnetic state was reset at B= 0 T by heating above T, and cooling to the chosen
measurement temperature. Each available LET dataset is indicated by the cross symbols. b) Example linescans just above T, integrated about —0.1
meV < E < 0.1 meV and 0.1 meV < E < 0.4 meV. The hashed areas indicate the integration window used to isolate SF and QE features; a.u. is used as
shorthand for “arbitrary units.” c¢) Corresponding linescan for x = 1.6, E; = 3.6 meV, where no QE feature was observed and intensity due to SFs increases

as T, of 204 K is approached. d—f) Example of the QE feature observed at E;

=1.02, 1.74,3.6 meV forx=1.2atd) 190K,0T; e) 190K, 3 T, and f) 210 K,

0 T. For comparison, the same integration range was used for each linescan in (c—f) of 0.1 < E < 0.4 meV and an example fit of the {SF + zeroth order
peak} at Q = 0 A=, and QE feature at Q = 0.52 A~1 is given for (d,e) where it was observed.

measurements by observing the shift in the (200) Bragg reflec-
tion due to the 1.5% volume change associated with this phase
transition. This is shown by the blue star markers that fall within
the range of onset fields determined from magnetometry (equiv-
alent to a 3 Krange in T, for individual fragments).

For each set of INS measurements at a given temperature
the magnetic state was first “reset” by warming the sample in
zero field above 195 K. Data was then collected as the magnetic
field was increased, examples of which were shown in Figure 3.
Figure 4b shows example line scans with respect to Q that were
obtained by integrating the intensity, I(Q, E), between —0.1 < E <
0.1 meV (elasticline) and 0.1 < E < 0.4 meV (quasielastic region).
Close to T, two distinct features were observed in both: the first
which we attribute to SFs for Q < 0.7 A~'; and a second finite Q
peak in the range 0.48 < Q < 0.56 A~'. This demonstrates the
presence of diffuse quasielastic scattering away from the elastic
line (with decreasing intensity).

In Figure 4d-f, we show examples of linescans determined
using the quasielastic integration range 0.1 < E < 0.4 meV at
temperatures and magnetic field equivalent to those shown in
Figure 3 for x = 1.2. We also show in Figure 4c these linescans
for x = 1.6, E, = 3.6 meV as T was increased above T.. While
no QE feature was observed, it is clear that the intensity of the
inelastic scattering due to SFs increased as T, was approached.

To chart the evolution of the SFs and QE peak as a function
of magnetic field and temperature we fit this data to obtain the
integrated intensity, S, across a fixed range of Q. For each mea-
surement in x = 1.2 where SFs were observed, we extracted the
corresponding linescan with respect to E in the region 0.15 < Q <
0.25 A~". We chose this range as it was far enough away from the
QE feature to consider its contribution negligible and for the cho-
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sen E, there were enough points in E(Q) space to integrate over.
A pseudoVoigt function was fit to each linescan, where the Gaus-
sian function was representative of the incoherent background
of the elastic line with a constant FWHM of 0.11 meV. A repre-
sentative fit is given in Figure 5a, where the high field (3T) data
is shown alongside the Gaussian fit, G(E), to demonstrate how
well it fits to the remaining elastic line when the intensity of SF
scattering decreases to zero in the FM state. The inset shows the
obtained linewidth as a function of applied magnetic field, B. The
integrated intensity obtained from these fits is given in Figure 5b.
As the temperature was increased the uncertainty increased due
to broadening of the SF peak and the limited range of datapoints
in E for this E; and Q range (due to detector bounds indicated
in the sketch of Figure 3a). In general, it is clear that as B in-
creased so did the intensity of the SF scattering and the lifetime
(i-e., linewidth of the fitted peak). This mirrors the behavior seen
in heat capacity data of Figure 2: an increase in heat capacity as
you approach the phase transition (B,T) with increasing temper-
ature, even as the latent heat decreases.

With regards to the QE feature at Q = 0.52 A~', we chose the
region 0.48 < Q < 0.56 A~! to integrate over to produce similar
linescans to Figure 5a. In this case, however, the contribution due
to SFs needs to be considered as it does vary noticeably with field
and temperature within this Q range. Due to detector bounds, the
E(Q) space that was sampled will not cover the zeroth order peak,
which makes it difficult to separate background contributions
due to this from the SFs when examining the QE feature in this
range. Therefore, to isolate the amplitude of the QE feature, we
first determined the I(T, Q, E, B) dependence of the SF contribu-
tion at Q = 0.52 A~'. This was achieved by fitting the integrated
Q linescans (similar to that seen in Figure 4) for integration
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Figure 5. Summary of analysis of INS data obtained on LET, for E; = 3.6 meV. a) Example linescans in the PM (0 T) and FM (3 T) state for 0.15 A=1 <
© < 0.25 A7, alongside the pseudoVoigt used to determine linewidth shown in inset and integrated intensity, S, shown in (b). ¢) Example linescan for
0.48 A=1 < © < 0.56 A~ after background removal detailed in text. d) Corresponding integrated intensity, S, determined from fitting 0.48 A~1 < Q <
0.56 A1 linescans at different temperature and fields where the QE feature was present.

intervals of 0.03 meV to a Lorentzian centered at Q = 0 A~!, with
the QE feature and any Bragg reflections masked (Q = 0.4-0.6
A1 and >0.8 A~"). These fits were then used to determine the
background contribution due to SFs at Q = 0.52 A~! and sub-
tracted from the QE linescans, an example of which is given in
Figure 5c. Fitting a Lorentzian function to this data resulted in a
lifetime of 1.52 + 0.6 ps and an integrated intensity that appears
to decrease linearly with temperature (Figure 5d). Linear extrapo-
lation of this trend suggests that it would reach zero at T=220K,
which is within error of the tri-critical temperature determined
from microcalorimetry of T_; = 221+1 K. We note that whilst
this feature is close to the position of the (100) Bragg peak (Q =
0.54 A1), this is a forbidden reflection for this system and is still
far enough away that other factors should be properly considered.

3. Discussion

In order to explain the observation of strong magnetic fluctua-
tions peaked at finite Q, we considered two phenomenological
paths. The first was associated with the magnetic fluctuations
that occur with the development of the FM moment. In this case
the total magnetization is written as M,,, = M+m+m,, where
M is the ferromagnetic part, m the longitudinal fluctuations
and m, the transverse fluctuations. The ferromagnetic part can
be taken to be along the z-axis, without loss of generality. The
minimal Ginzburg-Landau (GL) free energy functional of the
system is:

F=/dx [aMZ +AM +yMS +6(VM,,)’ +e(V2th)2]

tot tot tot
©)

The underlying assumption regarding fluctuations is that al-
though their spatial average is zero, this is not the case for <m;>>
withi= 1, ||. As there is no developed long-range order, we keep
terms up to second order in m; but it is essential to retain the next
higher order in derivatives. The Fourier transform of the part of
the fluctuations in the free energy for T>T, is:

dq
— X (q) [mu (@ my (—=q) +m, (g m, (q_)] (4)

Fa=/[ (27)
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with y7(q) = 6% + eq* + a. If § < 0 then y(q) is peaked at a finite

valueof Q =

of magnetization M. Both transverse and longitudinal fluctua-
tions need to be retained because the peak is seen in the regime
where M = 0 (T > T.) and drops significantly below T. where
the terms proportional to M? and M* are added to y~'(g). On the
other hand, for the argument to be sound we need to retain a
positive susceptibility y(q) at all temperatures. This constrains
the value of §2/2¢ to be always less than « for T> T, and as a re-
sult the value of Q should carry a strong temperature-dependence
and should decrease to 0 as the temperature approaches T,. As
we did not observe a Q dependence of the finite feature, we expect
another source is responsible.

The alternative scenario that appears physically reasonable is
that two different phases compete: the pure FM phase and a
magnetic (possibly antiferromagnetic or ferrimagnetic) phase of
finite-Q. The parts of the free energy in the Ginzburg Landau
functional for each order parameter are independent (with a pos-
sible mixing term which does not change the physics qualita-
tively). In the data, the onset of the winning order parameter
at T, is clearly seen, while the second competing phase demon-
strates itself only through the observed finite-Q (QE) fluctuations
(Figures 3 and 4b,d,e), where the material exhibits a first-order
phase transition. These fluctuations are intense in the disordered
region, where the phases compete, while they are much weaker
below T, as the prevailing state has already emerged.

We argue that it is likely that the competing magnetic phase
is antiferromagnetic order as this has been observed in an ana-
logue system—LaFe,; ,Al, ; . Si,—where it was shown previously
that the addition of Si drives magnetic exchange from AFM to
FM.I2526] One possible cause of this could be a variation in RKKY
exchange between the Fe; and Fe;; ions of the unit cell as their
separation is modified. As high-resolution neutron diffraction
has shown that the Si atoms preferentially substitute on the Fe,;
(96i) site, > the addition of smaller Si atoms will distort the icosa-
hedral clusters seen in Figure le and modify Fe—Fe,, Fe;—Fe
and Fe—Fe, distances. Given the observation of the QE feature
for x = 1.2 (lowest Si concentration with stable phase), that is
not present for x = 1.6 (where the phase transition is now sec-
ond order) we hypothesize that the Si doping modifies the RKKY

\/ —Zi . This value is not very sensitive to the value
£
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exchange enough to lock out the emergence of an AFM phase.
In addition, we note that the observed QE for x = 1.4 at Q =
0.5 A~ and x = 1.2 at Q = 0.52 A" [this work] seem to in-
dicate that we are approaching commensurate AFM ordering as
Si content, x, is decreased by approaching the forbidden crystal-
lographic (100) Bragg reflection at Q = 0.54 A,

4, Conclusion

To summarize, in this letter we present for the first time, high-
resolution INS measurement of the LaFe ; ¢Si; , intermetallic as
a function of temperature and applied magnetic field. We show
emergence of diffuse scattering above T, which is accompanied
by a finite-Q peak at 0.52 A~'. As LFS is driven towards a second
order phase transition (whether by addition of Si, or increasing
temperature and applied magnetic field), the diffuse scattering
due to SFs remain, whilst this finite-Q peak disappears. The pres-
ence of diffuse scattering agrees with previous discussion of the
existence of SFs in LFS, and observations by Gruner et al. of dif-
fuse scattering below Q = 0.8 A~1.[2] The behavior of the finite-Q
peak in LaFe,, ¢Si; , mirrors observations made from latent heat
measurements, where AS;;; decreases linearly as the tri-critical
point was approached, indicating that it is directly related to the
emergence of the first-order phase transition and the result of
competing magnetic phases.

5. Experimental Section

Sample Preparation:  Polycrystalline ingots of LaFey3_,Si, (x= 1.2, 1.6)
were prepared by arc melting constituent elements and annealing in ar-
gon at 1323 K (1596 °C) for 7 d. (Due to difficulties in the preparation
of this alloy—a peritectic reaction that results in some a-Fe phase—only
polycrystalline samples were available.)

Magnetization Measurements: Magnetometry was performed on a
quantum design vibrating sample magnetometer at a field ramp rate of
0.5 T min~".

Inelastic Neutron Scattering (INS): INS measurements were per-
formed on the MARI?’] and LET time of flight direct geometry spectrome-
ters at the ISIS Neutron and Muon Source, UK. For these measurements,
the sample was prepared in powder form by thermal cycling in liquid nitro-
gen, where the large associated magnetovolume transition results in frac-
turing of the ingot into ~100-500 pum fragments. It was then contained in
an aluminum foil packet sealed in a thin aluminum can with He exchange
gas, which was cooled by an in-built He-flow cryostat in the case of high
field measurements for x = 1.2 and a closed cycle refrigerator in the case of
MARI and zero field LET measurements for x = 1.6. For the MARI measure-
ments an incident energy of E; = 60 meV was used, with the gadolinium
chopper at 250 Hz, and E; = 150 meV with the Gd chopper at 450 Hz. For
the LET measurements a multi-chopper system was employed to simul-
taneously obtain data for incident energies of E; = 11.6 (0.58), 3.6 (0.11),
1.73 (0.038), 1.02 (0.017), 0.67 (0.009) meV (in brackets is the full width
half maximum resolution).[28]

X-Ray Diffraction:  X-ray diffraction (XRD) patterns were obtained us-
ing a Bruker D2 Phaser with incident wavelength A = 1.54 A and a diver-
gent slit width of T mm. The measurements were taken in /6 geometry
with the diffracted beam optics composed of a 0.5 mm Ni monochroma-
tor and 2.5” Soller slit followed by a 1D LYNXEYE detector with the detec-
tor opening set at 5.85°. Rietveld refinement was done using the FullProf
Software.[?°]

Calorimetry:  AC microcalorimetry was obtained using the technique
described in refs.[21, 30]. Selected samples of the order of g were
mounted on a 50 X 100 um heater area of a commercial Xensor (TCG-
3880) SiN membrane gauge that was adapted for thermal measurements.
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This technique is used in adiabatic conditions (where AT,. = 0) to de-
termine heat expelled/absorbed due to a magnetic field driven first-order
phase transition, AQ,, or under isothermal conditions (where AT,. > 0)
to determine background changes in the heat capacity, AC,,. It has been
shown elsewhere to be capable of separating the first order and continu-
ous (second order) contributions to entropy change.[132231-34] For clarifi-
cation, throughout this manuscript, when referring to heat capacity, C,, it
is the background changes in the measured heat capacity in the absence
of any latent heat that is presented, not the convolution of the two as is
typically measured by bulk calorimetry methods.
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