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The spatial and temporal correlations of magnetic moments in the paramagnetic regime of (Mn,Fe),(P,Si)
have been investigated by means of polarized neutron diffraction and muon-spin relaxation techniques. Short-
range magnetic correlations are present at temperatures far above the ferromagnetic transition temperature (7¢).
This leads to deviations of paramagnetic susceptibility from Curie-Weiss behavior. These short-range magnetic
correlations extend in space, slow down with decreasing temperature, and finally develop into long-range magnetic

order at T¢.
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I. INTRODUCTION

The ferromagnetic transition in (Mn, Fe), (P, Si) compounds
is tied to a structure change due to a strong magnetoelastic
coupling without altering the symmetry [1]. A giant magne-
tocaloric effect (GMCE) is accompanied with the magnetoe-
lastic transition, which makes this material system promising
for refrigeration and power conversion applications [2,3]. By
balancing the Mn:Fe and P:Si ratios [2], the GMCE can be
achieved in a wide composition range, to cover an extensive
range of working temperatures required for real applications.

The (Mn,Fe),(P,Si) compound crystallizes in a hexagonal
Fe,P-type structure [1] (space group P62m), as illustrated in
Fig. 1. Fe atoms preferentially occupy the tetrahedral 3 f site,
while Mn prefers the pyramidal 3g site [1,4]. The nature of the
ferromagnetic (FM) state, e.g., the magnitude and orientation
of the magnetic moments, has been studied intensively using
neutron diffraction techniques [1,5-7]. As shown in Fig. 1,
both the Mn and Fe moments lie within the basal ab plane in
the FM phase.

A unique case of mixed magnetism has been revealed in
the (Mn,Fe),(P,Si) compound by density functional theory
(DFT) calculations [2]. Above the ferromagnetic transition
temperature 7¢, the Mn atoms on the 3g sites do not show a
significant reduction in magnetic moment. In contrast, the Fe
moment changes from a partially quenched value into a large
value at the ferromagnetic transition. The DFT calculations [2]
indicate that the P and Si atoms play a crucial role in the
formation of a sizable magnetic moment for the Fe atoms.
In the paramagnetic (PM) state, a covalent bond is formed
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between the Fe and the neighboring P and Si atoms. As aresult,
the Fe moment is partially quenched. However, in the FM
state, Fe carries a large magnetic moment instead of forming
chemical bonds, due to the redistribution of electron density
between the Fe and the P and Si atoms.

Magnetic measurements in the PM regime of
(Mn,Fe),(P,Si) compounds [7] show that the PM susceptibility
strongly deviates from the Curie-Weiss law, which has also
been observed in other Fe,P-type compounds [8—10]. This
suggests the presence of a sizable short-range magnetic order
in the PM state of the Fe, P-type compounds. Polarized-neutron
diffraction studies on the Fe,P parent compound confirm
the existence of short-range magnetic correlations above
Tc [11,12]. A magnetic correlation length of about 12.6 A was
derived for Fe,P at T = 3.77¢. Transverse-field muon-spin
rotation and relaxation (uSR) experiments on the Fe,P
compound [13] reveal the absence of magnetic correlations
with a lifetime longer than 107! s above a temperature of
1.05T¢. Compared to Fe,P, stronger magnetic correlations
are expected in the PM state of (Mn,Fe),(P,Si) due to the
larger magnetic moment of Mn on the 3g site [2,14].

However, how the unusual transition in Fe moment de-
velops from short-range magnetic correlations is still un-
known and not accessible by DFT calculations. Also, the
influence of short-range magnetic correlations on the nature
of the transition is not well understood. In the present
work, we aim to characterize the development of short-
range magnetic correlations on both length- and timescales
in the PM regime of the (Mn,Fe),(P,Si) compounds with
both first and second order phase transitions, and fur-
ther explore their roles in the magnetoelastic transition.
Two compositions, which show first- and second-order
phase transitions, respectively, were selected for the current
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FIG. 1. Schematic representation of the crystal and magnetic
structure for (Mn,Fe), (P, Si).

study according to the previously derived compositional
map [2].

We performed xyz neutron polarization analysis [15-17]
in the PM regime of the (Mn,Fe),(P,Si) compounds. The un-
ambiguous separation of the magnetic scattering cross section
from the nuclear and spin-incoherent contributions allows us
to characterize the spatial correlations of magnetic spins in
the PM state. Zero-field muon-spin relaxation experiments
were used to study the dynamics of the spin correlations in the
PM regime. Consequently, this study contributes to a better
understanding of the magnetoelastic phase-transition on both
length- and timescales.

II. EXPERIMENTAL

Polycrystalline samples with nominal compositions of
Mn ooFeq.95P0.67Si0.33 and Mnj 70Feq25Po 50Si0.50 were pre-
pared as described previously [2]. AC susceptibility measure-
ments were performed on a superconducting quantum interfer-
ence device (SQUID) magnetometer (Quantum Design MPMS
5XL). The amplitude and frequency of the AC magnetic field
were 0.4 mT and 111 Hz, respectively. No DC field was applied
during the AC susceptibility measurements. X-ray diffraction
patterns were collected on a Bruker D8 diffractometer using
Cu K, radiation. Structure refinement of the x-ray diffraction
patterns was performed using Fullprof’s [18] implementation
of the Rietveld refinement method.

xyz neutron polarization experiments were performed on
the D7 diffuse scattering diffractometer [16] at the Institut
Laue-Langevin (ILL), with an incident neutron wavelength
of 3.12 A. The powder samples (= 10 grams) were put into
an aluminum hollow cylinder. Six spin-dependent scattering
cross sections were measured for xyz polarization analysis
between 150K < 7 < 500K. The scattering cross sections
were integrated for energy transfers ranging from about —10 to
8.5 meV. The instrument-dependent background was estimated
from measurements of an empty sample can and a cadmium
sample. Amorphous quartz was measured to establish the
polarization efficiency for D7. Vanadium was measured to
calibrate the detector efficiencies and to allow the scattering
cross sections from the samples to be expressed in absolute
units.

1SR experiments were carried out on the general purpose
surface-muon instrument (GPS) at the Swiss muon source
(S1eS) of the Paul Scherrer Institute (PSI), Switzerland. Zero-
field muon-spin relaxation signals were collected for powder
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samples (& 1 gram) in the temperature range between 50 and
450 K using a closed cycle refrigerator.

III. RESULTS
A. Magnetic susceptibility and x-ray diffraction

As shown in Fig. 2(a), the M goFeg.95P0.67S10.33 compound
shows a large thermal hysteresis in the bulk susceptibility
measurements, which is characteristic for a strong first-order
phase transition. In contrast, the reversible PM-FM transition
in Fig. 2(b) for the Mn; 70Fe 25Po.50S19.50 compound suggests
a second-order nature of the phase transition, in agreement
with our previous work [19]. The T¢ values [20] on cool-
ing for the Mn goFeg.95P0.67Si0.33 and Mn; 70Feq 25Po.50S510.50
compounds are 130 and 175 K, respectively. Additionally, the
Mn goFe.95Pg.67S10.33 compound shows an antiferromagnetic
(AFM) transition at a Néel temperature of Ty =~ 275 K [see the
inset of Fig. 2(a)]. The absence of thermal hysteresis implies
that this PM-AFM transition is second order. It should be noted
that the AFM intermediate phase has only been found in certain
(Mn, Fe),(P,Si) compositions [21]. The formation of the AFM
phase is due to the competing magnetic configurations and
strong magnetoelastic coupling in (Mn, Fe), (P, Si) compounds,
as revealed by recent theoretical [22] and experimental [21]
studies.

The inverse susceptibility in Figs. 2(c) and 2(d)
measured above T¢ for the Mn goFeoosPpe7Sig33 and
Mn 79Feq 25P¢.50S10.50 compounds, respectively, deviates from
the Curie-Weiss law. This reflects the presence and develop-
ment of short-range magnetic correlations in the PM state
[7-10], which was confirmed by our neutron (Sec. III B) and
muon experiments (Sec. III C).

Figure 3 shows the contour plots of the x-ray diffraction
patterns measured on cooling for the two compounds. The
discontinuous and continuous shift in the peak position
manifests the first- and second-order phase transition in
the Mnj goFeo 95P0.67510.33 and Mn; 70Fep.25P0.50S10.50 com-
pounds, respectively. The coincidence of structural (see Fig. 3)
and magnetic (see Fig. 2) transitions characterizes the strong

0100 200 300 0160
T (K)
FIG. 2. Bulk  magnetic  susceptibility  (unitless)  for

Mn, ooFeg.05Po67Si033 () and Mny z0Feq25Po50Sios0  (b). The
corresponding inverse susceptibility is shown in (c) and (d),
respectively.
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FIG. 3. Contour plots of the x-ray diffraction patterns measured
on cooling for Mny goFeq 95Po.67Si0.33 (a) and Mn; 70Feq.25Po.50Si0.50
(b). The color bar on the right represents the normalized intensity
scale.

magnetoelastic coupling in (Mn,Fe),(P,Si) compounds. The
lattice parameters derived from Rietveld refinement are pre-
sented in Fig. 4. The anomalous thermal evolution of the
lattice parameters close to T¢ in the PM regime, which is a
common feature in (Mn, Fe),(P,Si) compounds [7,23], reflects
the development of magnetic correlations.

B. Neutron polarization analysis

Polarized neutron scattering experiments were performed
in the PM regime of the Mn;gFegosPoe7Sig33 and
Mn; 70Feg.25P0 50Sip.s0 compounds. Figure 5(a) shows the
separate magnetic and nuclear scattering cross section at 500 K
for the Mn goFeg.95Pg.67519.33 compound. The clear forward
(low-Q) magnetic scattering indicates the presence of weak
short-range FM correlations at 500 K (about 3.87¢) [12,24].
The magnetic scattering cross section measured at 175 K

[see Fig. 5(b)] shows a weak peak at Q =~ 0.4 Ail. A
similar neutron-diffraction peak has been observed in certain
(Mn, Fe),(P,Si) compositions, originating from weak incom-
mensurate AFM order [21,24]. The nuclear scattering cross
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FIG. 4. Lattice parameters derived from x-ray diffraction for
Mn; goFeo.95Po.67S10.33 (2),(b) and Mn; 70Feq 25Po.50S10.50 (€),(d).

section shows slight changes in the peak positions with
decreasing temperature due to thermal expansion.

In order to explore the evolution of magnetic correlations in
detail for the Mn goFe.95Po.67Si9.33 compound, the magnetic
scattering cross section is plotted at different temperatures
upon cooling in Fig. 6. The forward scattering becomes
more pronounced when the sample is cooled from 500
to 350 K, which is due to the development of magnetic
correlations. However, AFM order [21,24] appears at 275 K,

as suggested by the weak peak at Q =~ 0.36 A", With a
further decrease in temperature, the peak intensity significantly
increases and the peak position shifts to larger Q values. This
reveals the enhancement of AFM order and variations in the
propagation vector of the incommensurate AFM structure [21].
The detected AFM order is consistent with the susceptibility
measurements [see the inset of Fig. 2 (a)] and previous neutron
diffraction experiments [21]. Intensive temperature-dependent
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FIG. 5. Magnetic and nuclear scattering cross section for
Mn; ooFeg 05Pg 67510 33 measured at 500 K (a) and 175 K (b).

neutron diffraction measurements [21] clearly reveal that some
(Mn,Fe),(P,Si) compounds undergo a PM to AFM phase
transition before further transforming into a FM phase upon
cooling.

In contrast to the Mn; goFeg.95Po.67S1p.33 compound, only
FM correlations are detected in the Mn; 70Feg.25P0.50S10.50
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FIG. 6. Magnetic scattering cross section as a function of tem-
perature for Mn1‘00F60A95P0A67Si0.33.

PHYSICAL REVIEW B 94, 014426 (2016)

PR @) : — Nuclear
e —— Magnetic
< 4L T=500K
K
'E
c
x 2
3
b
=

(Y e i ——
T (b) y — Nuclear
e | —— Magnetic
< 4l T=180 K
“E
E
x 2
S
o
=

oL— = i e e s N

00 05 10 15 20 25 3.0 35
-1
QA%

FIG. 7. Magnetic and nuclear scattering cross section for
Mn, 70Feq25Pg.50S19.50 measured at 500 K (a) and 180 K (b).

compound at 500 and 180 K, as indicated by the forward
neutron diffuse scattering [24] in Figs. 7(a) and 7(b). The
FM correlations are enhanced with decreasing temperature,
manifested by the increasing intensity of the forward scattering
in Fig. 8(a). We assume that scattering cross sections outside
the detection energy window of the D7 diffractometer are
negligible. The magnetic cross section in the vicinity of Q = 0
for a paramagnetic phase is approximately given by [25]

gnro>2 ks TM
4up /) pNapo

where N is the number of magnetic atoms per formula unit, g,
is the neutron g factor, ry is the classical electron radius, wup
is the Bohr magneton, kp is the Boltzmann constant, M is the
molar mass, p is the volumetric-mass density, N4 is the Avo-
gadro constant, w is the permeability of vacuum, and x (Q) is
the magnetic susceptibility. We will thereafter assume that the
Q dependence of x(Q) is described by a Lorentzian function.
The x(Q — 0) equals the bulk magnetic susceptibility, i.e.,
the xo shown in Fig. 2. As a result, the 5—5(0) at different
temperatures can be calculated from x, using Eq. (1).

The forward scattering cross section in Fig. 8(a) can be
fitted well with the convolution of a Gaussian (instrument
resolution [26,27] with a full width at half maximum of about

0.06 A" inthe vicinity of Q = 0) and the Lorentzian (sample

do _ ZN !
E(Q) =3 ( x(Q) ()
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FIG. 8. Magnetic scattering cross section (a) and the derived

magnetic correlation length (b) as a function of temperature for
Mn, 79Feo25Po.50Si0.50- The solid lines in (a) represent fits to the data.

contribution) function. From the full width at half maximum
A Q of the Lorentzian function, the magnetic correlation length
& =2n/AQ can be derived at different temperatures. As
shown in Fig. 8(b), at 350 K (= 2.07¢), the FM correlation
length in the Mn; 79Fe(25Pg.s50Sips0 compound is 12.4 A
which is comparable with & = 13.0 A observed at T = 2.17¢
for the Fe,P compound [12]. The value of & rises with the
decrease in temperature and reaches 31.6 A at 240 K (=
1.4T¢) for the Mn; 79Feq25P) 5051950 compound, which is
much larger than the £ =16.6 Aobservedat T = 1.4T¢ for the
Fe,P compound [12]. The correlation length further increases
to 95.8 A at 180 K in the Mn; 70Feq25P0.50519.50 compound.
The thermal evolution of the correlation length provides clear
evidence for the spatial development of magnetic correlations
in the PM regime for (Mn,Fe),(P,Si) compounds.

C. Muon-spin relaxation analysis

The dynamics of the magnetic correlations above T¢ was
studied by means of muon-spin relaxation experiments for the
two compounds. In the zero-field uSR geometry, when the
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strength of the static local magnetic field is assumed to show
a Gaussian distribution, the muon-spin relaxation function is
described by the so-called Kubo-Toyabe function [28,29]

1 2 —y A%

A (r) = Ao[3 + 3(1 — ¥ A’1%) exp (’Tﬂ )
where Ag is the initial asymmetry, y,, is the gyromagnetic
ratio of the muon (8.51616 x 108 rads~! T~'), and A is the
standard deviation of the Gaussian field distribution.

Muon diffusion and the fluctuations of the local field
will cause dynamics of the muon-spin relaxation. This can
be evaluated within the framework of the strong collision
model [29-32]. In the slow dynamic limit, the muon-spin
relaxation is derived as [29-32]

1 2
AY (1) = A0[§ exp < - §W>
> —y2A22
P21 -8 exp (—*‘2 ) G

where v is the local-field correlation frequency due to the muon
diffusion and the local-field fluctuations. In the fast dynamic
limit, the muon-spin relaxation function is written as [29-32]

A1) = Agexp(—At), 4

where X is the muon-spin relaxation rate.

Considering the large nuclear magnetic moment of Mn
and P, nuclear magnetic fields as well as the magnetic fields
due to the unpaired electrons of Mn and Fe are probed by the
implanted muons. Muon diffusion will cause dynamics for the
nuclear contribution. As a first approximation, we assume a
slow-dynamics behavior for the nuclear contribution, which
is described by Eq. (3). As for the muon-spin relaxation of
electronic origin, its dynamics can be caused by the fluctua-
tions of the magnetic correlations. The electronic contribution
above T¢ is expected to be dominated by fast dynamics,
which is described by Eq. (4). The nuclear and electronic
contributions are independent, and hence the zero-field ©SR
spectra measured above T¢ are fitted by a product of Egs. (3)
and (4). Fits for both compounds show that muon diffusion
is present above 325 K, while it becomes negligible below
325 K. Muon diffusion is a thermally-activated process.
Its contribution therefore follows an Arrhenius law. As a
result, this contribution decreases rapidly with a decrease in
temperature and was found to be negligible below 325 K. This
indicates a static nuclear contribution below 325 K, where the
1SR spectra can be fitted by a product of Egs. (2) and (4). Asa
consequence, the fluctuations of the magnetic correlations can
be unambiguously extracted from the zero-field ©SR spectra
below 325 K.

Figure 9 shows the zero-field uSR spectra measured below
325 K for Mnll()()Feo.gSP().mSi0.33. Above TC (% 130 K), the
spectra show a fast damping behavior, suggesting dynamic
magnetic fields experienced by the muons. Below T¢, the
initial asymmetry in the spectrum drops to 1/3 of that in the PM
state without showing any oscillation signals. This reflects the
broad distribution of local magnetic fields at different muon
sites in the magnetically-ordered polycrystalline sample. The
standard deviation of the nuclear field distribution A,, in Eq. (2)
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FIG. 9. Zero-field ,uSR spectra for Mn1A00F60'95P0'67Si0A33. The
solid lines represent fits to the data.

derived from the fits is about 0.13 mT. The initial asymmetry in
Fig. 10(a) shows a decrease for temperatures close to 7¢, which
suggests that the sample is not magnetically homogeneous due
to compositional inhomogeneity. There is also the possibility
that the slowing down of the magnetic fluctuations is so
strong that the motional narrowing limit assumed by Eq. (4)
is no longer valid. The muon-spin relaxation rate, presented
in Fig. 10(b), gradually increases as T¢ is approached from
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FIG. 10. Temperature dependence of initial asymmetry Ay
(a) and muon-spin relaxation rate A (b) for Mn, goFeg.95Pg 67510.33-
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FIG. 11. Zero-field uSR spectra for Mn, 79Feg 25Po.50S10.50. The
solid lines represent fits to the data.

the high-temperature side. It should be noted that we did not
observe a significant change in the muon results around the
TN ~ 275 K for the MH|_00F80.95P0.67510.33 sample. This is
probably due to the fact that in the vicinity of Ty the sample is
still dominated by ferromagnetic short-range correlations with
a small amount of AFM order. As a result, the muon spectra are
mainly characterized by the fluctuations of the ferromagnetic
correlations with a small contribution from the AFM phase.
The Mn, 70Feg 25P0.50Sip.5s0 compound shows similar £SR
signals (see Fig. 11) as Mn goFeo.95P067S10.33. The same
fitting model is employed, and the derived parameters are
presented in Fig. 12. The standard deviation of the nuclear field
distribution A,, is about 0.21 mT for the Mn; 790Fe(.25P0.50S10.50
compound. As shown in Fig. 12(a), the initial asymmetry
starts to decrease above T, which is similar to that for
the Mn goFeg 9sPo 6751933 compound. This may be caused
by compositional inhomogeneity or indicating that our as-
sumption of motional narrowing limit is no longer applicable.
The muon-spin relaxation rate increases with decreasing
temperature and tends to diverge close to T¢ [see Fig. 12(b)].
For isotropic ferromagnetic dynamical correlations with a
well-developed maximum of x(Q) at Q = 0 and assuming a
Lorentzian spectral-weight function, the muon-spin relaxation
rate measured in zero magnetic field can be written as [32]

2 2 2
AR / 0

where the p is a constant that depends on the hyperfine constant
and the number of neighboring ions coupled to the muon spin
through the hyperfine field. As a first approximation, the value

of (p — %)2 + % is assumed to be 1, taken as a realistic order
of magnitude [32] for the materials studied here. ['o(Q) is the
magnetic fluctuation rate at wave vector Q.

Since short-range magnetic correlations are clearly ob-
served from neutron diffraction experiments (see Fig. 8),
I'o(Q) should be dominated by spin-conserved dynam-
ics [32,33]. We assume that ilo(Q) = D,y 02, i.c., neglecting
the high-order terms in Q [32,33], where Dy, is a proportion-
ality factor. From Egs. (1) and (5), the value of I'y for the
magnetic correlation with a correlation length of & is derived
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as:

27 Cf 75(0)dQ
n() =) o

where C =6.04 x 107**Jms~'. The g—g(Q), & and A
for the Mn; 79Feq25Po.50S10.50 compound are presented in
Figs. 8(a), 8(b) and 12(b), respectively. The magnetic re-
laxation rate 'y is calculated at different temperatures and
presented in Fig. 13. The magnetic relaxation rate decreases
with decreasing temperature, which characterizes the slowing
down of magnetic fluctuations in the PM regime of the
Mn 70Feq 25Pg.50S10.50 compound when T¢ is approached. The
magnetic correlation time t = 1/ I'o(27/§) is in the microsec-
ond time range at temperatures 1.037c < T < 1.867¢ for
the Mn; 70Feq 25P0.50S19.50 compound, while no correlations
with 7 longer than 1070 s were detected at T > 1.05T¢
for the Fe,P compound. This confirms stronger magnetic
correlations in the (Mn,Fe),(P,Si) compound than in the Fe,P
compound. As presented in Fig. 14, T o< £" shows a power-law
dependence on & with an exponent n = 1.8(0.1). Comparing
this scaling behavior with Eq. (6), it suggests that the ratio
between f 5(Q)d Q and A is weakly temperature dependent.
With the neutron and muon data at hand, we have not extracted
the correlation time and correlation length above T¢ for the
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FIG. 13. Temperature dependence of the magnetic relaxation rate
for Mn; 70Feq.25Po.50Sio.50-

Mn goFe.95Pg.67S10.33 compound due to the appearance of the
unexpected intermediate AFM phase.

IV. DISCUSSION

The magnetoelastic transition in (Mn,Fe),(P,Si) com-
pounds is accompanied by a metamagnetic transition, i.e., a
transition from a low-moment state to a high-moment state
for the Fe atoms [2,7]. In contrast, the magnetic moment of
the Mn atoms (about 2.6 wp) is preserved when crossing the
FM-PM transition [2,7]. The local magnetic field exerted on
the Fe atoms by the Mn atoms triggers the moment formation
and magnetic order [7,22]. Therefore, magnetic correlations
between Mn atoms in the PM state will enhance the local
magnetic field, promote the formation of Fe magnetic moment,
and will finally result in long-range magnetic order.

The combination of polarized neutron diffraction and uSR
experiments reveals the presence of short-range magnetic
correlations in the PM state of (Mn,Fe),(P,Si) compounds.
This causes a deviation of the PM susceptibility from the

10: T T LI AL A AL B AL AL BRI AR R
@ 1f
= 3
N
0.1F
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FIG. 14. Relation between the correlation time and correlation
length for Mn, 79Fe 5P 50S10.50. The solid line represents a fit to the
data.
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Curie-Weiss law, since the molecular field approximation
neglects the magnetic correlations in the PM state. The in-
creasing correlation length and slowing down of the magnetic
fluctuations with decreasing temperature reflects the enhanced
magnetic correlations. Compared to Fe,P, the (Mn,Fe),(P,S1)
compound shows stronger magnetic correlations in the para-
magnetic state, which benefits the strong metamagnetic
transition responsible for the giant magnetocaloric effect.
Consequently, the formation and development of short-range
magnetic correlations in the PM state plays a crucial role in
the magnetoelastic transition and the resultant giant magne-
tocaloric effect in (Mn,Fe),(P,Si) compounds.

V. CONCLUSIONS

xyz neutron polarization and muon-spin relaxation studies
on (Mn,Fe),(P,Si) reveal, both on the length- and timescales,
the presence of short-range magnetic correlations in the PM

PHYSICAL REVIEW B 94, 014426 (2016)

regime. The short-range magnetic correlations develop in
space and slow down with decreasing temperature, and finally
become long-range and static at T¢. This study provides a
better understanding of the magnetoelastic phase transition in
Fe,P-type compounds.
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