Paramagnetic fluctuations of the magnetocaloric compound MnFe,Si;
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Inelastic neutron scattering technique is employed to investigate the paramagnetic spin dynamics
in a single crystalline sample of the magnetocaloric compound MnFe,Siz. In the investigated tem-
perature range, 1.033xT¢ to 1.5xT¢c, where T¢ is the Curie temperature, the spin fluctuations are
well described by the ferromagnetic Heisenberg model predictions. Apart from the Heisenberg ex-
change, additional pseudo-dipolar interactions manifest through a finite long-wavelength relaxation
rate that vanishes at the transition temperature (7c = 305 K). Based on the characteristic extend
of spin fluctuations in wave-vector and energy space we determine that the nature of magnetism in
MnFe,4Sis is localized above room temperature. This contrasts with the most celebrated Mn and Fe
based magnetocaloric materials that are considered as itinerant magnets. The field dependence of
the paramagnetic spectra shows a strong suppression of the quasi-elastic excitations, while a field
induced spin-wave mode appears at finite energy transfers for a magnetic field of 2T. This modifi-
cation of the spectra suggests a decrease of magnetic entropy with applied magnetic field that finds

echo in the magnetocaloric properties of the system.

INTRODUCTION

Magnetism in solids originates from the atomic mag-
netic moments, which are a consequence of the spin and
angular momenta of the electrons. A magnetically or-
dered phase is described by the order parameter M (e.g.
magnetization for a ferromagnet) that vanishes in the
paramagnetic (PM) state. At finite temperature, ther-
mal spin fluctuations mostly account for the reduction of
M. Such fluctuations are enhanced near the transition
temperature and persist in the PM state [1]. They man-
ifest as a continuum of excitations in the wave-vector -
energy (q, E) space.

For several cubic ferromagnets (FM) the spin fluctu-
ations around and above the Curie temperature (T¢)
have been extensively investigated by inelastic neutron
scattering (INS) measurements [2-10]. These reports re-
trieved properties about the temperature dependence of
the g-dependent relaxation rate I'; and the inverse spin
correlation length x. At T¢, I'y follows the expression
I’y o< Ag?, z being the dynamical exponent, while for
T > Te, 6(T) = ko(T/Tc — 1)¥, where kg refers to the
inverse spin correlation length at 7' = 0K and v is the
usual critical exponent describing the divergence of the
correlation length & ~ k=1 at Tc. The interest of such
studies lies in the fact that when A and kg are compared
to T and the interatomic distance d*, respectively, fur-
ther insights about the nature of the magnetism of a ma-
terial can be obtained. For localized magnetic systems it
is expected A/Tc =~ 1 and d*k¢ = 1, while for itinerant
magnets A/Te >> 1 and d*kg << 1[1, 11]. These differ-
ences are due to the fact that the length scales are related

to typical interatomic distances in localized magnetic sys-
tems and their energy scales are mainly controlled by the
exchange interactions, to which T scales in a mean-field
approach. In contrast other parameters, characteristics
of the electronic band structure and the Fermi surface,
need to be considered for itinerant systems. It is also
worth mentioning that investigations of the spin fluctua-
tions with INS have focused mainly on cubic FM, while
similar studies for FM materials with lower crystal sym-
metries are scarce [12-14].

Hence, the extension of the spin fluctuations in mo-
mentum/energy space is a way to characterize the nature
of magnetism in solids. Apart from being of fundamental
interest for understanding the microscopic magnetism of
a compound, the fluctuations can play an important role
in macroscopic phenomena associated to a given mag-
netic functionality of a material. The appearance of sig-
nificant spin fluctuations can be associated with large
changes in the magnetic entropy of a system. Based on
the Maxwell relations it is known that any temperature
dependence of the magnetization is connected to an en-
tropy change when changing an external magnetic field.
This effect is exerted for achieving sub-Kelvin tempera-
tures through the adiabatic demagnetization of param-
agnetic salts, and for magnetic refrigeration applications
in daily life via the giant magnetocaloric effect (MCE)
that is observed near room temperature magnetic phase
transitions [15].

Despite the numerous research articles that quantify
the MCE in several magnetic materials using macroscopic
measurements [15-17], such as heat capacity and magne-
tization, studies of the spin fluctuations and their rela-



tion to the MCE have only been discussed in a handful
of systems with neutron spectroscopic studies, namely
in MnFe,Siz [18], MnsSiz [19], (Mn,Fe)2(P,Si) [20],
LaFe;3_,Si, [21-23], and HoF3 [24]. To this aim, we em-
ploy polarized INS measurements and unpolarized INS
under magnetic field to probe the magnetization dynam-
ics above T¢ of the hexagonal metallic FM MnFe,Sis
and we propose links between the underlying tempera-
ture and magnetic field effects with the MCE.

In MnFe4Sis, a second order phase transition from the
PM state to the FM phase occurs near room tempera-
ture (Te = 305K) [18, 25, 26]. The material crystallizes
in the hexagonal space group P63/mcem [27, 28]. Within
the structure, the Wyckoff position (WP) 4d is occupied
by Fe atoms surrounded by six Si atoms, while the WP 6g
has a mixed occupancy of Fe-Mn (Fe occupancy ~ 67%,
Mn occupancy =~ 33%). The magnetic moments on the
WP 6g lie in the ab-plane of the hexagonal symmetry
with a magnitude of 1.5(2) i, while no significant mag-
netic moment could be determined on the WP 4d [29].

EXPERIMENTAL DETAILS

A MnFe,Sis single crystal (the same used in previous
studies [18, 30]) with mass of about 7 g and grown by the
Czochralski method was oriented in the (a*,c) scatter-
ing plane of the hexagonal symmetry. In this article we
use the hexagonal coordinate system and the scattering
vector Q is expressed in Q = (Qp, Qk, @) given in recip-
rocal lattice units (r.l.u.). The wave-vector q is related to
the momentum transfer through 7Q = AG + hq, where
G is a Brillouin zone center and G = (h, k, ).

INS measurements were carried out at the Institut
Laue-Langevin (ILL), in Grenoble, France. Polarized
INS data were obtained on the CRG-Jiilich and CRG-
CEA Grenoble cold and thermal neutron three-axis spec-
trometers (TASs) IN12 [31] and IN22, respectively. Both
TASs were set up in a W configuration and inelastic scans
were performed with constant &y (1.8 A" for IN12 and

2.662A" for IN22), where ky is the wave-vector of the
scattered neutron beam.

On IN12, the incident neutron beam spin state was pre-
pared using a transmission polarizing cavity located after
the velocity selector and the initial wave-vector was se-
lected by a double focusing pyrolytic graphite [PG(002)]
monochromator. For IN22 the spin of the incident neu-
trons was polarized with a verticallly focusing Heusler
[CugMnAl(111)] monochromator. For both TASs the
neutron polarization and ky were analyzed using a hori-
zontally focusing Heusler analyzer. All along the neutron
path guide fields were installed to maintain the polariza-
tion of the beam. High-order harmonics were suppressed
using a velocity selector before the monochromator for
IN12 and a PG filter in the scattered neutron beam for

IN22. A flipping ratio R of about 22 and 14 has been
measured on a graphite sample on IN12 and IN22, re-
spectively. In order to perform longitudinal polarization
analysis (LPA), we used a Helmholtz coils setup to con-
trol the direction of the polarization on the sample. This
method is restricted to temperatures above T since the
beam gets depolarized when entering the ferromagnetic
phase (see the inset of Fig. 5 in Ref. 18 for the tempera-
ture dependence of the beam polarization). For investi-
gating the spin dynamics above T the MnFe Sis single
crystal was placed inside a cryofurnace.

As a general rule, neutron scattering is only sensi-
tive to magnetic excitations perpendicular to Q [32] and
by employing LPA it is possible to separate magnetic
fluctuations polarized along different directions in spin
space [33]. We use the standard (z,y,z) frame where
the z-axis is parallel to Q, the z-axis is vertical, and
the y-axis is perpendicular to Q and z. The correspond-
ing measurement channels where we collected data are
canonically labeled NSF,,, NSF,,, and NSF,., where
NSF stands for “Non Spin-Flip”. The neutron scatter-
ing double differential cross-sections for the three NSF
channels are [33]:
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where BGygr is the background, (V) is the nuclear scat-
tering, and (6M;) (with ¢ = y,z) the magnetic fluctua-
tions.

Considering that the scattering plane in our case is
(a*, ¢) then for Q parallel to the (h00) direction the scat-
tering cross sections are:

NSF,, « BGnsr + (N) (4)
NSFy, o< BGysr + (V) + (0M.) (5)
NSF., o« BGynsr + <N> + <(5Mb> (6)

and for Q parallel to the (00!) direction the scattering
cross sections are:

NSFy, oc BGnsp + (V) + (6Me-) (8)
NSF.. « BGnsr + <N> + <5M(,> (9)

Therefore, one can extract the magnetic fluctuations po-
larized along different directions by canonical subtraction
of intensities in different NSF channels. Similar analysis
can be performed in the “Spin-Flip” (SF) channel. A
few data (not shown) were collected in the SF channel.
The subtracted spectra in SF were found to be identical



to the ones obtained in the NSF channel, therefore, the
latter channel was chosen for the full data collection. Fi-
nally, given the obtained flipping ratios (R > 13) and the
limited statistics of the data, polarization corrections (of
order 1/R) were not performed.

In addition, unpolarized INS data under magnetic field
were obtained at IN12 with k; = 1.8 A™'. The PG(002)
monochromator was vertically focused and an horizon-
tally focused PG(002) analyzer was used, and 40’-open-
open collimations were installed. The MnFe,Sis single
crystal was placed inside a 2.5T vertical field magnet.
The magnetic field was applied parallel to the b-axis of
the hexagonal system of the sample (perpendicular to the
(a*, ¢) plane).

EXPERIMENTAL RESULTS

Temperature dependence of paramagnetic scattering
without magnetic field

To investigate the spin dynamics of MnFe,Si3 above
the Curie temperature, spectra were collected at different
temperatures, namely 315K, 336 K, 367K, 396 K, 427K,
and 457K, which is about 1.033xT¢, 1.1xT¢, 1.2xT¢,
1.3xTe, 1.4xTe, and 1.5xT¢, respectively. Constant
Q-scans were carried out at energy transfers —4 < F <
4meV around the Brillouin zone centers G = (2,0, 0) and
G = (0,0,2) and data were obtained along the (h00) and
(00!) directions.

Fig. 1(a) shows the in-plane (M) and out-of-plane
(0M.) fluctuations spectra at Q = (1.8,0,0) in the
maximum investigated temperature of 1.5xT¢. (IMp)
and (0M.) where obtained by making the subtraction
Egs. (6)-(4) and Egs. (5)-(4), respectively. We observe
broad energy distributions centered at zero energy trans-
fer (quasi-elastic excitations) that mark the existence of
diffusive modes and are typical features of paramagnetic
scattering [1]. Moreover, as can be seen at this tempera-
ture (60Mp) and (§M.) are found to be identical pointing
to isotropic fluctuations (Heisenberg spins). In a pre-
vious study [18] similar behaviour was established for
1.036 xT¢ and therefore, one can assume that the dy-
namical spin susceptibility will remain isotropic in all
the intermediate temperature range of 315 < T < 457 K.
Fig. 1(b) depicts subtracted energy spectra between two
NSF channels (NSF,, and NSF.,) acquired along the
(h00) direction at 1.2xT¢. As expected with increas-
ing ¢ the intensity decreases while the signal broadens.
The spin fluctuations do not only change significantly
with ¢, but are also strongly temperature dependent as
illustrated in Fig. 2. For a given scattering vector one
observes a substantial diminution of the spectral weight
with increasing temperature which is more prominent
along the (00!) direction. Following the evidence for
isotropy in spin space, the data were collected only for

1200 T T T T T T T T T T T
@ | Q=(18,0,0) o <dMp> |
l000f T=47K o <8Mg>
| k=2.662A"1
T 800 .
N L ]
g
2
k=
2500 — 7 T T T Tt T T T T T T T T* T T
(b) | T=367K o Q=(19,0,0) |
k=2.662A"1 =
b § 0 Q=(18.0,0)
E Q=(1.7,0,0) |
' =(1.6,0,0
g 1500 - )
ol
Ed
&
Z 1000
N
[
22}
z
FIG. 1. (a) (6Mp) and (dM.) spin fluctuations spectra

of MnFe4Sis from constant Q-scans at Q = (1.8,0,0) at
T = 457K. (b) (§My) spin fluctuations spectra obtained at
different @}, positions along the (h00) direction at T' = 367 K.
Solid lines represent fits as explained in the text.

(6 M) and the outcome is described in the next section.

In order to analyze the obtained spectra we followed
the same procedure which is given in detail in Ref. 18.
Briefly we mention that the subtracted intensities were
convoluted with the 1D-instrument resolution in the en-
ergy direction and the PM scattering for the energy trans-
fer between —4 < E < 4meV can be described with the
empirical double Lorentzian function [11]:

X0 I_‘q
E)=kpT
P L
E%24T%

where xo, &, I'q, and x4 are the static susceptibility, the
inverse spin correlation length, the ¢-dependent energy
linewidth (relaxation rate), and the g-dependent suscep-
tibility, respectively. The obtained values for I'; and x4,
for the (00l) and (h00) directions at different tempera-
tures are shown in Fig. 3.

The g-dependent energy linewidth between the (001)
and (h00) high symmetry directions of the hexagonal
system are strongly anisotropic (see Fig. 3(a)) in line



T To A(roo) Aoory X0 K (h00) K(0o01)
(K) (meV) (meVA®?) (meVA*?) (arb. units) (A7H (A7h
315 0.002(5) 24.8(6) 184(6) 6200(1100) 0.161(23) 0.054(13)
336 0.050(21) 20(3) 155(18) 2500(500) 0.388(108) 0.088(19)
367 0.087(17) 24(3) 179(14) 1720(190) 0.490(104) 0.104(16)
396 0.119(25) 28(2) 164(17) 1400(140) 0.55(13) 0.117(27)
427 0.135(22) 31(2) - 1040(150) 0.800(211) -
457 0.190(29) 32(3) 153(19) 987(111) 0.807(223) 0.16(4)

TABLE I. Microscopic parameters describing the spin fluctuation spectrum of ferromagnetic MnFe4Sisz at different temperatures
in the paramagnetic state. Data were not measured for the (00) direction at T' = 427 K.
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FIG. 2. (6M,) spin fluctuations spectra of MnFe4Siz ob-

tained at different temperatures and measured at (a) Q =
(1.7,0,0) and (b) Q = (0,0,1.9). Solid lines represent fits as
explained in the text.

with the results obtained for the spin-wave spectrum
measured below T¢ [18]. To describe the experimen-
tal data at T = 1.5 x T¢ = 457K we use two differ-
ent models [11]: the expression for weak itinerant FM
I, = Ty + Awiq(1 + (¢/k)?) and the empirical formula
I'y = T'o + Ag?, where I'g refers to the ¢ = 0 intercept
of I'y. The data are better described by the latter for-
mula and we obtain a finite value for I'y and the expo-
nent z = 2.44(19). The exponent is close to z = 2.5
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FIG. 3. (a) Linewidths I'y and (b) ¢g-dependent susceptibility

Xq of MnFe4Sis obtained along the (00!) and (h00) directions
at different temperatures. For clarity only the results of I'y
obtained at the minimum and maximum investigated temper-
ature are shown. The solid and dashed lines for Iy correspond
to fits with the models of Heisenberg and weak itinerant fer-
romagnetism, respectively, while for x4 solid lines indicate fits
with Lorentzian functions. The inset in (a) shows the linear
behaviour for T'y(T) vs ¢*° for the (h00) direction. For clar-
ity, the data (in the inset only) are shifted by a constant value
along the vertical axis.

which describes the relaxation rate of the magnetic fluc-
tuations for Heisenberg ferromagnets [11]. In a previous
study [18], the experimental data for the relaxation rates
at T = 1.036 x Tc = 316K could be well described by
both models, the model for Heisenberg FM, as well as,
the model for weak itinerant FM. However, in the present
work we demonstrate that at "= 1.5 x T¢ only the for-
mer model is suitable for I'; (see solid lines in Fig. 3(a)).
Consequently the model T'y(T') = T'o(T) + A(T)q*® was
used to fit the data in the present work for T' < 457K. A
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FIG. 4. Spin fluctuations spectra of MnFe4Siz obtained at

H =0T and H = 2T and measured at (a) Q = (2.15,0,0)
and (¢) Q = (0,0,2.075). In panel (a), the signal obtained
at 110K at 0T and 2T for Q = (2.15,0,0) indicates the
incoherent background. The inset shows the field dependence
of Q =(2.15,0,0) at zero energy transfer at 316 K and 110 K.
(b) Subtracted intensities (I(2T) — I(0T)) at T' = 316 K at
different Q positions along the (h00) direction. The insets in
panels (b) and (c) focus on the positive part of the subtracted
intensities (I(2T) — I(0T)) at T = 316K for the (h00) and
(007) directions, respectively. Lines are guides for the eyes.

zoom of the low ¢ data obtained along (h00) is shown in

the inset of Fig. 3(a) where I'; is plotted as a function of
2.5
q*®.

Fig. 3(b) shows the temperature dependence of the
g-dependent susceptibility x,. For all the investigated
temperatures x, decreases faster along the (00!) direc-
tion compared to (h00) indicating a shorter inverse cor-
relation length. We used a Lorentzian function for x4,
Xq_lzxal(l—i- (q/k)?) (see Eq. (10)), in order to extract
the values for the static susceptibility xo and the inverse
correlation lengths . All the experimentally obtained
results of T'g, A, xo and k for each temperature are sum-
marized in Table I. While A depends substantially on
direction in line with I'y, it is weakly affected by tem-
perature. All other quantities in Table I change signif-
icantly with temperature. The ¢ = 0 susceptibility, xo,
decreases strongly with increasing temperature pointing
to the criticality of spin fluctuations near T>. However,
its precise temperature dependence (not shown) does not
follow a 1/T-like behaviour in relation to the fact that
the Curie-Weiss law was found to describe the bulk sus-
ceptibility data only for 7' > 550K [29]. T’y follows an
inverse temperature variation compared to xo. Following
the behaviour of x4, the inverse spin correlation lengths
K are strongly temperature and directional dependent.
The quantities x, A and 'y that quantify the extend of
spin fluctuation in (q, E)-space are viewed in detail in
the Discussion section.

Field dependence of paramagnetic scattering at
1.036xTc

In a previous study, it was shown that a magnetic field
of 2T suppresses the elastic contribution measured at
low @ close to T and integrated in the energy range
-0.1 to 0.1meV (see Fig. 6 in Ref. 18). A similar mea-
surement is shown for a higher @ position in the in-
set of Fig. 4(a) through a field dependence of the in-
tensity for Q = (2.15,0,0) for zero energy transfer at
316 K and 110K (with the experimental configuration
presented above). The intensity at 316 K decreases with
magnetic field, while the measurement at 110 K is field in-
dependent and corresponds to the incoherent background
(note that this contribution is cancelled by subtraction
in the polarized data shown in the previous subsection).
At |H| = 2T, the remaining magnetic signal is above this
background, however, a considerable amount (~ 2/3) of
magnetic elastic signal is suppressed. The amount of sup-
pression is found to be g-dependent.

In order to further understand the field evolution of the
magnetic excitation spectrum, the energy dependence of
the fluctuations was comparatively studied at zero and
finite magnetic field up to an energy transfer of 4 meV.
Spectra along the (h00) and (00!) directions were col-
lected at 316 K at H =0T and H = 2T. Representative
measurements are shown in Fig. 4(a) and Fig. 4(c), for
Q = (2.15,0,0) and Q = (0,0,2.075), respectively. Con-
sistently with the polarized data (see Fig. 1 and Fig. 2),



a signal centered at £ = O0meV is observed for both di-
rections at 0 T. Applying a magnetic field of 2T results
in a reduction of this PM scattering consistently with the
field scan presented in the inset of Fig. 4(a) as indicated
by the dashed lines (for Q = (2.15,0,0), the incoherent
background signal obtained at 110K for 0T and 2T is
also shown). The Q dependence of the subtracted inten-
sities, I(2T) — I(0T), is shown in Fig. 4(b) for the (h00)
direction. In the quasi-elastic regime (low energy trans-
fers), it is negative and decreases in absolute value when
q increases. At higher energies and small wave-vectors,
this difference is positive and the spectra show a local
maximum at finite energy transfers which position dis-
perses with respect to the wave-vector. This is better
highlighted in the insets of Fig. 4(b) and Fig. 4(c) for
the (R00) and (007) directions, respectively. This peak at
finite energy corresponds to spin waves associated with
the fact that the paramagnetic system re-enters the fer-
romagnetic phase under finite magnetic field. Such phe-
nomena are rarely reported in neutron scattering studies,

examples being the FM Gd [34] and EuS [35].

DISCUSSION
Nature of spin fluctuations

Firstly, by analyzing the results for k we acquire in-
formation of the typical length scales of the system. For
the inverse of the spin correlation lengths one can as-
sume that they follow the critical law k = ko7” [11],
where 7 = (T'/T¢ — 1) is the reduced temperature. Such
a fit yields £ = 1.25(24) A7, £ = 0.24(2) A7,
and v = 0.56(8) (see Fig. 5(b)). The obtained val-
ues for ko are close to the ones previously extracted
from the spin-wave stiffness D, using the relation k3 =
3kpTc/(S + 1)D [18, 36], while v approaches the value
of 0.5 which corresponds to the exponent in the mean-
field approximation. For MnFe,Sis when considering the
lattice parameters [29], it becomes evident that the in-
teratomic distances are comparable to x ! which points
to a localized magnetic system.

Secondly we analyze the results for the relaxation rates
in view of extracting the characteristic energy scales. As
discussed in the experimental results section, the data
can be well described in the whole investigated temper-
ature range by the formula I'y(T) = To(T) + A4 (T)q*®.
It is found that the ¢ = 0 relaxation rate, T'o(T), in-
creases linearly with temperature and vanishes at T,
following T'o(7) = 0.36(3)7 (see Fig. 5(a)). Given the re-
lation between  and 7, we consequently obtain I'g o< k2.
This specific law is the signature of pseudo-dipolar inter-
actions (interplay between crystal field and spin-orbit in-
teractions) being responsible for the finite relaxation rate
at ¢ =0 [37, 38]. When I'; is finite at ¢ = 0, the spin dy-
namics is so-called non conserved since the conservation
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FIG. 5.  Temperature dependence of (a) I'p and (b) the

inverse spin correlation lengths « along (h00) (left axis scale)
and (00) (right axis scale) of MnFe4Sis. 7 is the reduced
temperature. Solid lines represent fits as explained in the
text.

of magnetization (i.e. the magnetization commutes with
the Hamiltonian), that implies I'y=o = 0, is necessarily
broken. The coefficient A is weakly temperature depen-
dent, which makes it a pertinent parameter to quantify
the spread of spin fluctuations in E-space. Since the ex-
ponents linking I'y with &, and I'; with ¢, are different,
the data cannot collapse on a single scaling function of
the form I'((T') = Aq® f(k/q), with all the T' dependence
being included in x. It is recalled that when such scal-
ing is valid, f follows a non-monotonic Résibois-Piette
function [39] for the Heisenberg model, while in itinerant
magnets, f is monotonic with f(x/q) = (1+ (x/q)?) [11].
At Te, where k = 0, I'y = Ag® with z = 2.5 for Heisen-
berg systems and z = 3 for itinerant magnets [1, 11].
The behaviour at T¢ is persistent even in the absence of
scaling since T'g(T¢) = 0. It was found experimentally
that the exponent z = 2.5 works fairly well even for the
archetypal itinerant magnet NizAl [9] and to a less extend
for MnSi [4] (note that MnSi is not a ferromagnet but an
helimagnet with a very long period). Therefore, a quan-
titative comparison of the spin fluctuations of different
isotropic ferromagnets can be made using an exponent
z = 2.5 to describe the ¢ dependence of the relaxation
rate near T¢.

For comparing the results of this study for MnFe,Sis



material space group  kpTc Ap I'ze I'ze/ksTc ke lattice constant AT,a/H
(meV)  (meVA®®)  (meV) (A™h (A) (K/T)
NisAl Pm3m 6.3 226(7) [40] 390 61.9 0.049(19) [9] 357 =
Ni Fm3m 54.6  367(18) [41] 1075 19.7 0.81(4) [42] 3.54 0.68 [17]
CoS» Pa3 10.4 86(2) [8] 82.9 7.97 0.232 [8] 5.52 1.2 [43, 44]
MnSi P2,3 2.6 19.6 [4] 18.4 7.08 0.18 [4] 4.56 1.3 [45]
Co Fm3m 1195 300(30) [46] 837 7.01 0.98(4) [47] 3.61 1.4 [17)
a-Fe Im3m 89.8  135(5) [48] 402 4.48 0.82(3) [49] 2.87 2.1 [17]
PdoMnSn Fm3m 16.4 60 [5] 40.3 2.46 0.22 [5] 6.38 —
EuO Fm3m 5.9 8.3(7) [50] 9.57 1.62 0.64(4) [50] 5.14 1.6 [51]
EuS Fm3m 1.4 2.1(3) [6] 1.73 1.24 0.55(3) [47] 5.88 2.9 [52]
MnFesSis  P6s/mem  26.3 24.3(6) 5.14 0.20 1.25(24) 6.81 (a-axis) 0.59 [53]
184(6) 66.2 2.52 0.24(2) 4.73 (c-axis)

TABLE II. Microscopic parameters describing the spin fluctuations for various ferromagnets. I'zgp is the relaxation rate at the
Brillouin zone boundary in the [111] direction for Ni, CoS2, Co, Pd2MnSn, EuO, and EuS, and in [110] for NizAl, MnSi, and
a-Fe. NS“ refers to the inverse spin correlation length determined from measurements above T¢ (different values of v are reported
between the mean-field v = 0.5 and the Heisenberg critical value v = 0.7 depending on the systems and the temperature range
studied). For a given material, the parameters reported in literature can be spread out due to different experimental conditions
or different data analysis methods, and the references of the mentioned study are given for each value of the Table. AT.q/H
is the estimated rate of change of the adiabatic temperature per Tesla at T¢ using the relevant references (see Appendix A).
The results for MnFe4Siz are obtained from this work and values are given for the [100] and [001] directions. The Ag values
for MnFe,4Siz are given at 315 K. The symbol “—” indicates not reported values to our knowledge. The lines of the Table for

the cubic ferromagnets are sorted by decreasing I'zg/kgTc.

with the existing data for various isotropic cubic ferro-
magnets we adopt the approach of Ref. [54]. From the
results gathered in literature, we calculate the character-
istic energies of each FM at the Brillouin zone bound-
ary Izp(Tc) = Aqz (for MnFe,Sis the given values are
I'z5(315K)). The results are summarized in Table II
and the lines are arranged by decreasing I'zg /kpTc, i.e.
from more itinerant to more localized systems. It is
known that for localized Heisenberg insulators (EuO and
EuS) I'zg = kpTc, while for metallic itinerant magnets
I'zg >> kpTc [11]. From Table II, one concludes that
MnFe,Siz can be categorized as a localized FM system.
It should be noted that the ¢>° dependence of the relax-
ation rate is surprisingly found to be valid in the wave-
vector range kK ~ ¢ for (h00) and (007), as well as, in
k >> ¢ for (h00), while it is expected to hold in the
critical regime ¢ >> k. This latter regime cannot be
reached in our experiment for different reasons depend-
ing on the direction probed: along (h00) high values of
k are obtained already at 315K, and along (00!) the in-
tensity drops too fast as a function of ¢. The hydrody-
namic regime, corresponding to I'y o ¢? and expected for
K >> ¢, is hidden by the residual relaxation rate I'y o< k2
due to the large s [38]. To summarize this section, the
extension of spin fluctuations both in q and E space,
quantified by k¢ and A, respectively, points towards lo-
calized magnetism for MnFe,Sis.

Comparison with other magnetocaloric compounds

Within intermetallic compounds containing Mn and/or
Fe, (Mn,Fe)s(P,Si) and LaFej3_,Si, stand out for their
remarkable MCE characteristics [15]. Both systems are
considered as itinerant magnetic compounds although
in (Mn,Fe)s(P,Si), a scenario sometimes put forwards
is the one of mixed magnetism, where local and itin-
erant moments coexist [55]. Sizeable spin fluctuations
were evidenced by INS for both (Mn,Fe)s(P,Si) [20] and
LaFej3_,Si, [21-23]. These studies did not take the
canonical approach followed in the present work and
hence, did not provide microscopic parameters like the
bare inverse spin correlation length k¢ or the A coeffi-
cient of the power law linking the relaxation rate to the
wave-vector. In contrast to these itinerant magnets, we
have shown by INS that the MnFe,Sis system is clearly
characterized by local magnetism above room tempera-
ture despite the occurrence of several magnetic sites that
could favour mixed magnetism (WP 4d non-magnetic site
with Fe occupancy and WP 6g magnetic site with mixed
Fe/Mn occupancy [29]). It would be interesting to in-
vestigate the paramagnetic fluctuations in other promis-
ing FM compounds containing Fe or Mn which could
be developed for magnetic refrigeration applications and
spin dynamics investigations below T have been already
carried out, e.g., FeoP [56], MnsGes [57], MnBi [58],
MnSb [59, 60], and MnP [61], in order to reveal their
nature of magnetism.



Spin fluctuations and magnetocaloric effect

The magnetic excitation spectrum measured by neu-
tron scattering above T¢ reflects the importance of ther-
mal fluctuations to which the entropy is also related.
A quantitative connection can be achieved between the
magnetic entropy and the spin fluctuation spectrum in
the limit 7" — 0K [62, 63], which is very useful to relate
the spin dynamics with the Sommerfeld coefficient ob-
tained from specific heat measurements as demonstrated
in correlated electron systems [64-66]. However, such
common approximation is not valid at high temperatures
due to interactions between individual spin fluctuations.
We develop in Appendix B an alternate approach to re-
late the entropy S to the scattering function S;(Q, E)
based on the neutron sum rule. The obtained magnetic
field derivative of the entropy S is:

oS 1 9 e
(M)T B _Wﬁ;; / S:(Q,E)dE,  (11)

where i=(||, L) corresponds to the response parallel or
perpendicular to the applied magnetic field. This distinc-
tion arises because, the magnetic field necessarily breaks
the isotropy of spin fluctuations [67]. In Fig. 4, the data
obtained at 2T are the sum of these contributions and
a difficulty originates from the fact that they may have
different characteristic linewidths with different temper-
ature variations. This separation would be an enormous
experimental task in terms of neutron beam time; basi-
cally the H = 0T approach presented above should be
repeated with polarized neutrons under field, for the two
channels i = (||, L).

In addition, as shown in the experimental section, two
effects occur under field: (i) the low energy diffuse scat-
tering (quasi-elastic signal) is suppressed at 2T and (ii)
spin waves are induced at higher energy. Analysing all
these aspects in a quantitative way with the limited set of
available data is beyond the scope of this paper. Eq. (11)
indicates that the strong modification of the excitation
spectrum under magnetic field is correlated with the
change of magnetic entropy of the system and the magne-
tocaloric effect. Staying on qualitative grounds, our data
show that the quasi-elastic signal is strongly affected by a
field of 2T and that the field induced excitations are con-
stituted of a dispersive mode. It can be safely inferred
that a higher field will suppress all quasi-elastic signal
in the benefit of the field induced spin-wave mode (and
the field induced order parameter). Globally this should
translate in a decrease of the magnetic entropy of the
system under magnetic field, as experimentally reported
in single crystals of MnFe,Sis with an entropy change of
about —2 J/kgK at a field change from 0 to 2 T along the
[100] direction at 316 K [29].

CONCLUSIONS

By a detailed INS study of the spin fluctuation spec-
trum of MnFe,Si3, we have shown that the nature of the
magnetism of this material is localized above room tem-
perature. This conclusion stems from both the character-
istic extend in wave-vector and energy space of the fluctu-
ation spectrum. In the studied temperature range, 315 <
T < 457K, the inverse correlation lengths « follow a tem-
perature dependence close to the mean field behaviour
(exponent v = 0.5), and the bare inverse correlation
lengths k¢ are comparable to the interatomic distances.
The relaxation rate follows I'y(T) = To(T) + A(T)g*®
in an extended g-range, where the z = 2.5 exponent is
characteristic of Heisenberg ferromagnets. The ¢ = 0 in-
tercept, I'o, vanishes at T and follows I'y o< k2, which
indicates that pseudo-dipolar interactions are responsible
of the non-conserved spin dynamics. The magnetic field
response evidences a suppression of the quasi-elastic sig-
nal at 2 T and the appearance of a magnetic field induced
spin-wave mode at finite energy. This strong modifica-
tion of the fluctuation spectrum is associated with the
reduction of the system’s entropy under magnetic field.
While a quantitative analysis cannot be achieved in the
present study, a route to link magnetic entropy and spin
fluctuations is proposed for further experimental investi-
gations which could be combined with theoretical mod-
elling. Undertaking canonical spin fluctuation studies
in more magnetic systems will provide important infor-
mation about microscopic magnetic properties, which in
turn could help define strategies for improving specific
materials for magnetic refrigeration applications.
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APPENDIX A: ADIABATIC TEMPERATURE
CHANGE OF TABLE II

For completeness, the adiabatic temperature change
AT,q corresponding to the materials temperature varia-
tion for an adiabatic magnetic field change AH is given
for the different compounds listed in Table II. The avail-
able measurements of AT,q are obtained with different
AH and we estimate the rate of change of AT,q per
Tesla. This allows a comparison between the different
systems, however, it should be noted that AT,q « AH,
but generally decreases as the applied magnetic field in-
creases [17]. When considering the infinitesimal adiabatic



temperature change:

dT(T,H) = — (C(EFD)H <8M$’H)>Hdﬂ, (12)

where M is the magnetization and C the specific heat at
constant pressure, it is obvious that the Curie tempera-
ture (or equivalently the operating temperature near T¢)
and the specific heat will be determinant (and counter-
balancing) factors. Given the fact that the factors enter-
ing in Eq. (12) are highly materials dependant, it is not
pertinent to extract a trend between microscopic mag-
netism and MCE over the variety of compounds listed
in Table II. Indeed MCE properties are usually reviewed
on experimental grounds considering the materials or the
different families of materials one by one [15-17].

APPENDIX B: MAGNETIC NEUTRON
SCATTERING SUM RULE, FLUCTUATIONS
AND ENTROPY

The isothermal entropy change AS can be obtained
through an integration of the infinitesimal change:

oS(T, H)
8H>T dH, (13)

which is often evaluated from the magnetization mea-
surements using the Maxwell’s relation:

(S5, -5,

dS(T, H) = <

For localized magnetic system, the neutron sum rule is:

s+ = P+ Y [ s EBdE (5)

Q"

where s is the effective spin of the ground state and (m)
the ferromagnetic moment per site (M=(m) /V, V being
the volume of the unit cell). The derivative of Eq. (15)
gives an alternate way to estimate the change of entropy
with field:

oM oS
2 [ OM _ 2 [ do
20V (6T>H 20V <8H)T

zf%Z/Si(Q,E)dE.

Q"

(16)

This relation between magnetization, entropy and spin
fluctuations is only valid for local magnetism since it de-
rives from the sum rule in Eq. (15). Interestingly, it shows
that the change of entropy with field is related to the ratio
of the temperature derivative of the wave-vector and en-
ergy integrated scattering function to the magnetization

and, hence, it shows clearly the role of spin fluctuations
that is implicit in Eq. (14). It is indeed explicit from
Eq. (16) that the temperature derivative of the magneti-
zation is controlled by the magnetic excitation spectrum.
To our knowledge this relation was not considered so far
in literature.
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