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Abstract

The antiferromagnet Mn5Si3 has recently attracted attention because a non-
collinear spin arrangement has been shown to produce a topological anoma-
lous Hall effect and an inverse magnetocaloric effect. Here we synthesize
single crystals of MnsSiz using flux growth. We determine the phase di-
agram through magnetization and measure the magnetoresistance and the
Hall effect. We find the collinear and noncollinear antiferromagnetic phases
at low temperatures and, in addition, a third magnetic phase, in between the
two antiferromagnetic phases which has ferromagnetic character. The latter
magnetic phase might be caused by strain produced by Cu inclusions that
lead to quenched fluctuations of the mixed character magnetic ordering in
this compound.

1. Introduction

Topologically non-trivial magnetic structures, such as skyrmions in mag-
nets, can be used to develop new devices for storage or computation.[1]
Skyrmions were observed in the compound MnSi which has helical magnetic
ordering.[2, 3, 4,5,6,7,8,9, 10, 11, 12] Other compounds in the Mn-Si family
remain however poorly studied. Attention has been given to the compound
Mnj5Sis, due to the appearance of a topological anomalous Hall effect in thin
films showing an antiferromagnetic (AFM) phase with non-collinear magnetic
order and of an inverse magnetocaloric effect.[13, 14, 15, 16, 17, 18, 19]

Mn;Si3 crystallizes in a hexagonal structure (Pearson Symbol h P16 space
group P63/mem).[20] The Mn ions have two sites in the crystallographic
structure, Mnl and Mn2[14, 16, 17, 19]. A magnetic transition is observed at
Tyo =~ 95 K[13, 21, 22, 23, 24, 25, 19], from paramagnetic to AFM, which goes
together with a change in the crystal structure. The atomic positions in one of
the Mn sites, Mn2, are divided into two sets[19]. Magnetic order occurs in the
undivided site Mn1 and in two thirds of the Mn atoms of the other site Mn2.
When lowering the temperature below Ty, ~ 65 K, the crystal structure of
Mn;Si3 loses inversion symmetry and magnetic moments reorient to form a
noncollinear phase[19]. The magnetic arrangement is quite complex, being
both noncollinear and noncoplanar. As in the phase at higher temperatures,
atoms of the Mnl site carry a magnetic moment together with two thirds
of the atoms of the other site Mn2. This distribution of magnetic moments



remains the same as in the high temperature phase, but the magnitude of
magnetic moments at the Mn2 sites depends on their position in the crystal
lattice[21, 22, 23, 24, 25, 19].

In systems with noncoplanar spin arrangements, a finite Berry phase in-
duces a ficticious magnetic field which can produce the so called topological
Hall effect. [26, 27, 28, 29] A comparative study of thin films of antifer-
romagnetic MnsSiz and of C-doped ferromagnetic MnsSiz shows that the
topological Hall effect develops in the low temperature noncollinear AFM
phase.[14, 16, 17, 30, 22]

One the other hand, a strong inverse magnetocaloric effect has been
found and associated to the same noncollinear AFM phase. The magne-
tocaloric effect stems from the Maxwell relation between magnetic field in-
duced changes in the entropy and temperature induced changes in the magne-
tization, (%) = (%—A:,{) 5 In a simple spin system, the changes in the mag-
netization versus temperature (decrease with decreasing temperature) can
be used to cool with by adiabatically demagnetizing a previously isother-
mally magnetized sample. In systems showing magnetic order, the func-
tional dependence of the magnetization with temperature strongly depends
on the magnetic field. This can lead to situations where magnetic field
induced entropy variations are such that cooling is obtained by adiabatic
magnetization, instead of adiabatic demagnetization. This is called the in-
verse magnetocaloric effect[31]. The inverse magnetocaloric effect has been
observed close to first order ferromagnetic phase transitions and close to
some AFM transitions[32]. The inverse magnetocaloric effect was observed
in polycrystals of MnsSiz and associated to the collinear to noncollinear AFM
transition[18, 19].

Here we study magnetization and magnetotransport in Mn;Siz. We ob-
serve the two mentioned magnetic AFM transitions. The low temperature
noncollinear phase is shifted to lower temperatures with respect to previous
observations, down to T, ~ 45 K. We observe an additional intermediate
phase between Ty, ~ 65 K and T},. We build the magnetic field-temperature
phase diagram and study the magnetoresistance and the Hall effect, from
which we obtain that the intermediate phase is likely a weak ferromagnetic
phase. We find that the sign change of the magnetic entropy value leads to
an inverse magnetocaloric effect below 1%, .



2. Experimental

We grew crystals of Mnj;Siz out of Cu flux. In solution with Cu, the
melting temperature of Mn-Si mixtures decreases below 1000 °C and there
are no known ternary compounds between Cu, Mn and Si.[33, 34, 35, 36, 37]
Solution with Cu also helps avoiding the high vapor pressure of Mn at the
melting point of MnsSiz (near 1300 °C), which would produce Mn losses
during growth. We filled Alumina crucibles with 3/13 at.% Mn, 3/13 at.%
Si and 7/13 at.% Cu. We thus worked with a slight Si excess to compensate
for the low Si mobility on Cu-Mn-Si phase diagram.[38] The excess is low
enough to avoid growth of MnSi, which requires a ratio of 1:1.96 in excess of
silicon when using Cu flux.[33, 34, 38] We used Mn from GoodFellow 99.95%,
Si from Alfa Aesar 99.9999% and Cu from Aldrich Chemical Company Inc.
99.999+%. We sealed the Alumina crucibles in a controlled He atmosphere
in quartz ampoules. We heated to 1190 °C in 3 hours, remained at this
temperature for 3 hours and then cooled down to 900 °C in 250 hours. We
then spinned the ampoules in a centrifuge to separate crystals from flux.[33,
34] We obtained needle shaped crystals with 4 mm to 8 mm in length and
an octogonal cross section of 1 mm? with white silver-like shiny surfaces.

X-Ray diffraction experiments were performed using a High Resolution
X-ray Bruker AXS D8 ADVANCE Diffractometer at room temperature with
Cu-Kal and Cu-Ka2 radiation. Rietveld annalysis was performed on X-Ray
diffractograms using FullProf tool. For the scanning transmission electron
microscope characterization, we used an aberration-corrected JEOL JEM-
ARM 200cF electron microscope equipped with a cold field emission gun
and a Gatan Quantum electron energy-loss spectrometer. For local spec-
trum imaging, an electron energy-loss spectrum was acquired for every pixel
when scanning the beam with an acquisition time of 0.25 s per pixel. Four
wire resistivity measurements were performed between 1.8 K and 300 K ap-
plying a current of 10 mA. Magnetization experiments were performed in a
Quantum Design SQUID magnetometer. Experiments of magnetization as a
function of temperature (M vs. T) as well as magnetic field (M vs. H) were
performed from 0.05 T to 7 T and in the temperature range from 1.8 K to
300 K. Magnetic field was applied parallel to the long axis of the needles (c-
axis of the hexagonal crystal structure). In order to maximize the magnetic
signal, we measured a group of several needles with same orientation (60.74
mg of mass). Results coming from M vs. T and the temperature derivative
of MT wvs. T, show peaks and features that we associate to magnetic transi-



tion Temperatures;[39] we use them to build the Magnetic Field-Temperature
phase diagram. We used a Quantum Design PPMS system to make mag-
netoresistance and Hall effect measurements. The sample was positioned
perpendicular to the magnetic field, so that the magnetic field was oriented
in plane. Current was always applied parallel to the long axis of the needles,
or the c-axis of the crystal structure.

3. Results

3.1. Crystal structure and composition of MnsSis

Fig. 1(a) shows the obtained diffractogram for X-ray diffraction experi-
ments performed on MnsSiz powder ground out of our single crystals. We
find excellent matching with the expected series of peaks from MnjSis,[40, 41]
with no traces of another intermetallic compound of the Mn-Si phase dia-
gram. A Rietveld analysis perform to X-Ray diffractogram points out values
for crystal structure parameters in a = 6.913(2) A and ¢ = 4.821(2) A, in
good agreement with previous studies.[40, 41, 42] An additional phase, (-
Mn;Siz with W5Sis structure (Pearson Symbol ¢132 space group I4/mem)
and different values of crystal structure parameters, has been observed in
nanowires of MnsSiz.[43] We found no trace of such a phase in our single
crystals. On the other hand, we found small amounts of Cu flux, corre-
sponding to less than 3% in volume. An extra peak at 20 = 43.6° is observed
(black star) and corresponds to that Cu contamination coming from Cu flux.
To analyze the microstructure of the crystals, we acquired atomic resolution
images by Scanning Transmission Electron Microscopy (STEM), High An-
gle Annular Dark Field (HAADF) and Annular Bright Field (ABF). Both,
HAADF (Fig.1(b)) and ABF (1(c)) show consistently a continous and nicely
formed crystalline lattice, with the expected Mn;Siz atomic arrangements.
In particular, ABF is sensitive to light elements and shows clearly the Si
columns.[44] For instance, we superimpose the Mn5Siz atomic structure with
red and purple dots marking Si and Mn positions respectively.

We also found small particles of approximately 50 nm in size attached to
crystalline Mnj;Si3 bulk (Fig.1(d)). In order to determine the composition
of those particles, we performed local electron energy-loss spectrum (EELS)
analysis. The color map in Fig. 1(e) shows the overlaid integrated intensity
signals for the Mn L_, 5 edge (purple) and the Cu L, 3 edge (green). Clearly,
attached particles are mostly composed of Cu, which is not present inside
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Figure 1: a X-Ray diffractogram of Mnj;Siz powder. Experimental data are shown as
red dots, expected peak’s positions as green vertical lines and the correspoding fit to the
diffractogram as a black line. The difference between measurement and fit is shown as
a blue line. The black star highlights the only peak observed that is not MnsSis, it can
be adscribed to pure Cu. b Scanning Transmission Electron Microscopy (STEM), High
Angle Annular Dark Field (HAADF) and ¢ Annular Bright Field (ABF) images of a
Mns5Sis single crystal along the (100) direction. We superimpose the unit-cell projection,
marking the Mn (purple) and Si (red) atomic positions. d Low magnification HAADF
image of particles found attached to the surface of Mn5Siz crystals. e Electron energy-loss
spectroscopy (EELS) image providing a compositional map of the area marked by a green
square in d. The overlaid integrated intensity signals coming from Mn Ly 3 are purple
color and Cu Ly 3 edges are green color.
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Figure 2: Resistivity p vs. Temperature T in single crystalline Mn5Si3 at zero magnetic
field. Features related to Tho at approximately 95 K (plus symbol), Ty, at approximately
65 K (open triangle) and Ty, at approximately 45 K (filled diamond) are highlighted by
arrows. Inset shows the Temperature derivative of p as a function of T.

crystalline grains. So that the Cu flux present at samples is separated from
the pure Mnj;Si3 crystalline phase.

3.2. Magnetic phase diagram

In Fig.2 we show resistivity p as a function of temperature T at zero
magnetic field. The inset shows the slope of p(T), ;zl;“’ which we use to iden-
tify the different transition temperatures and establish the phase diagram.
Between about 100 K and room temperature we observe an approximately
linear temperature dependence. Below 100 K we observe several kinks and
features marked by different symbols in Fig. 2. We observe step-like change

n j—é’, at Tyo = 95 K (plus symbol), a small plateau at Ty; = 65 K (open



triangle) and a new step-like change at T3, = 45 K (filled diamond). At
low temperatures, the resistivity continues dropping, with a non-linear be-
havior as a function of T. The resistivity decreases by about 35% between
room temperature and low temperatures; similarly as in thin films, with a
decrease of about 15%.[14] This indicates that magnetic scattering limits the
electronic conduction in this material. Measurements in single crystals show
two sharp features at Tiyo and Ty that are much better resolved than in thin
films[16]. We do not observe such sharp features here.

In Fig. 3(a,b) we show the temperature derivative of M7 as a function of
T for 5 T and 0.1 T (insets show M(T)). We highlight Te, Tn1 and T3,
with crosses, open triangles and filled diamonds respectively. We observe
changes in the transition temperatures induced by the magnetic field below
T%,. In Fig.3(c) we show magnetization M as a function of magnetic field
H (top) as well as their magnetic field derivative (bottom) for temperatures
well above Tho and below T,. We observe a double peak between 2 T and
3 T at low temperatures, indicating that the phase below 7%, changes when
applying a magnetic field.

In Fig. 4 we show the magnetization as a function of temperature between
0.05 T and 7 T. We focus on Ty; and T}, observed at 65 K and 45 K
respectively at zero magnetic field. In the inset we show a detail of the
results at the lowest magnetic fields, from 0.05 T to 0.25 T. In this range,
we clearly see two features that evolve differently with the magnetic field.
These features can be further identified in the main panel. The feature at
Tn1 = 65K remains independent of the magnetic field, whereas T, moves
to lower temperatures with magnetic field, reaching 30 K at 7 T.

With these results, we build the magnetic phase diagram shown in Fig. 5.
The low temperature phase has several transitions with magnetic field and is
strongly field dependent. However, the two high temperature phases remain
practically insensitive to the magnetic field.

3.8. Magnetoresistance and Hall effect

In Fig.6(a) we show the magnetoresistance p(H) - p(H = 0) versus the
magnetic field H. At high temperatures in the paramagnetic phase there
is no appreciable magnetoresistance. However, at lower temperatures the
magnetoresistance starts showing strong differences. First, in all cases, the
magnetoresistance is negative. Then, below T (purple curves in Fig. 6(a)),
the magnetoresistance has a decrease with magnetic field with a parabolic
behavior. Between Tyo and Ty, the magnetoresistance is nearly linear.
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Figure 3: Normalized magnetic moment M as a function of Temperature T and magnetic
field H, and their corresponding derivatives, for selected data values. In a we show the
temperature derivative of MT as a function of temperature for 5 T and in b for 0.1 T.
Insets show corresponding M wvs. T original data sets. Transitions are marked as Ty,
filled diamonds, Ty, open triangles and T2, plus symbols. In ¢ we show M vs. H and is
magnetic field derivative for a representative set of temperatures, below T, at 2 K (red)
and at 30 K (orange) and in the paramagnetic phase at 100 K (black).
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Figure 4: Magnetization as a function of temperature for different values of magnetic
field applied (from 0.05 T to 7 T). Inset shows data at the lowest magnetic fields (from
0.05 T to 0.25 T).
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Figure 5: The magnetic phase diagram as a function of temperature (H vs. T) of our flux
grown single crystals of MnsSis. We observe three transitions as a function of T. The two
at higher temperatures, T2 (plus symbols) and T (open triangles), are independent
of the magnetic field. The third one, T5, (filled diamonds) is strongly dependent on
H. Partially filled symbols (squares, circles and stars) correspond to features observed on
measurements of the magnetization as a function of the magnetic field. They are asociated
to metamagnetic transitions in the phase below T%;,. Filled symbols and plus provide data
obtained from measurements as a function of temperature.
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Figure 6: a Magnetoresistance p(H) and b Hall resistivity pgq; of MnsSis as a function
of magnetic field H for different temperatures (from top to bottom, 2 K, 4 K, 10 K, 25 K,
40 K (in red), 50 K, 60 K (in blue), 70 K, 90 K (in purple) and 100 K, 110 K, 150 K, 200
K and 300 K (in grey)). Curves are shifted by a fixed amount. The colors represent the
different phases, as discussed in Figure 5. ¢ Anomalous contribution to the Hall resistivity
pam as a function of temperature. We extrapolate the high magnetic field part of pgqnu
shown on in b to obtain p4g. The line is guide to the eye and is obtained by a polynomial
fitting of the points. In the inset we show papy divided by the magnetization M and the
resistivity p as a function of the resistivity p as open circles. The line shows the same
quantity obtained using the line that serves as a guide in the main panel. In the inset,
we have added a background to show the temperature ranges of each phase, as in Figure
5. The different magnetic transitions are marked by plus symbols, open triangle and filled
diamond (for, respectively T, Tn1 and T7;).
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Below T, we observe a well defined plateau which evolves when drecreasing
temperature. At the lowest temperatures, the plateau remains up to 4 T.
At high magnetic fields, the magnetoresistance strongly decreases, with a
tendency to show saturation at the highest magnetic fields.

In Fig.6(b) we show the Hall coefficient py.; as a function of magnetic
field H. Above Ty», in the paramagnetic phase, we observe a Hall coeffi-
cient proportional to the magnetic field. The slope % at low fields in-
creases with decreasing temperature. Between Txo and Ty C—l% is more
pronounced than in the paramagnetic phase. Between Ty and Ty, there is
a change in the magnetic field dependence, with a strong % at low fields

and a saturation of pp,y at higher fields. Below Ty, % decreases again
for low magnetic fields. In particular, in the field range of the plateau in
the magnetoresistance, % remains roughly at a fixed value. But at higher
magnetic fields, coincinding with the drop in the magnetoresistance, the Hall
effect increases strongly and becomes again proportional to the magnetic field

at the highest fields.

4. Discussion

The magnetic phase diagram of MnsSiz, shown in Fig.5, presents four
phases at zero field, the non-magnetic high temperature phase, and three
magnetic phases. Néel temperatures of the high temperature phases, T, and
Tno, are independent on magnetic field. 7%, depends on the magnetic field
and the phase appearing below Ty remains to lower temperatures. There
are additional magnetic field induced phases at low temperatures below T, .

The Hall effect pgq; shows a linear magnetic field dependence in the para-
magnetic phase at high temperatures, as expected for a normal metal. The
increase of the % when decreasing temperature in the paramagnetic phase
can be related to a slight change in the carrier density, which we estimate
to be from 1.04x10?2 cm™ to 0.56x10%?2 cm™3 between room temperature
and 1. For lower temperatures we observe clearly an anomalous Hall effect
(AHE).

The AHE consists on a finite zero field extrapolation of pg.; to zero mag-
netic field and indicates that there is magnetic skew scattering, in addition
to the usual Lorentz force induced electron motion.[27] The AHE appears
together with magnetic order and is much more pronounced at the low tem-
perature phase below T3, where the high field plateau yields a large zero
field extrapolation. The AHE corresponds to a finite Hall voltage even in

13



absence of external magnetic field and requires a finite magnetic polarization
together with a skewing mechanism for electron orbits, such as spin orbit
coupling or magnetic impurities. Alternatively, electron trajectories might
have a finite curvature due to a non-trivial topological feature in the magnetic
order, which produces the topological Hall effect.

We can write pgqy as a sum of two terms: an ordinary one and an anoma-
lous one. Empirically, it has been observed that[45]

PHall = Por + pan = RoB + R4 M (1)

where pog is the ordinary Hall resistivity in a perpendicular magnetic field
B, papy the anomalous Hall resistivity, and Ry, and R, the ordinary and
anomalous Hall coefficients respectively.

The pag term can be extracted from high magnetic field values, extrapo-
lating ppqu linearly to zero.[45, 26] Circles in Fig. 6(c) show papy as a function
of temperature obtained from pg,y;. For the extrapolation, we consider only
magnetic fields above 7 T. pap is practically zero at high temperatures and
increases when decreasing temperature.

To determine the different contributions to the Hall coefficient, we can
follow the analysis of Refs. [45, 14] and write:

pam = ap + bp? (2)

where p is the longitudinal magnetoresistance asociated to pgqy. The two
contributions can be associated to skew scattering (a) [46] and to a combina-
tion of an intrinsic Berry-phase curvature correction and an extrinsic phase
winding from skew scattering at impurities (b).[47, 48] Due to the temper-
ature variation of all involved quantitities (R, M, p, a and b), it is always
complex to solve eq. 2 and separate all the effects, particularly the two
contributions to b. We can assume that skew scattering is usually linear in
magnetization M (a/M = constant). With this, we can obtain a and b from
eq. 2 by plotting pap/(Mp) as a function of p.[45]

Assuming that the temperature variation of p4x has a smooth behavior,[45]
we fit pag to an arbitrary polynomial (black line on Fig.6(c)). We then di-
vide the fit by (M p), obtaining pag/(Mp). We plot pay/(Mp) as a function
of p in the inset of Fig. 6(c). The contribution to the AHE occurs essentially
in the magnetic phases, developing below Tys. Eventually, short range or-
der close to the transition in the paramagnetic phase provides for a slight
increase in pay when approaching Tho from above. We can identify two

14
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Figure 7: The magnetic entropy AS,, = S(T, B)—S(T,0) = fOB (%)B dB as a function

of Temperature T for magnetic fields between 0 and 0.1 T and for magnetic fields between
0 and 5 T. The background color provides the different magnetic phase, as described in

Figure 5. We observe an inverse magnetocaloric effect (negative —AS,,) below T7,.

diferent kinds of behavior. For the AFM phases below 7%, and between T
and T2, we observe roughly a linear variation of pay/(Mp) with p, which
implies b/M = constant. For the intermediate phase between 1%, and Ty
we observe a plateau in pag/(Mp) with p.

The different behaviour observed for pay/(Mp) in the high and low tem-
perature AFM phases implies that the ratio a/M has a constant value that
changes from phase to phase. It is much larger in the noncollinear low tem-
perature AFM phase. As for b/M, we find b/M =~ —0.017(mT uQem) ™"
between Tx; and Tyo, and approximately four times this value, b/M =
—0.071(mTufem)™" in the low temperature phase below T%,. But in be-
tween Ty and TR, b is zero.

An AHE with b = 0 implies that in the phase between Ty; and T3 is
dominated by usual magnetic skew scattering. This has been observed until
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now only in pure ferromagnets at low temperatures.[49] Thus, the phase
between T, and T3, should have ferromagnetic character.

Our results for the low and high temperature AFM phases is in good
agreement with neutron scattering experiments.[19] Neutron scattering mostly
focus on the behavior at finite q, without showing clear features between Ty,
and T75,. Furthermore, the intensity at the AFM wavevectors at 50 K (be-
tween Ty and T73,) is measured as a function of the magnetic field. Contrary
to what we observe (our phase diagram, Fig.5), neutron scattering finds two
magnetic transitions at 3 T and at 7 T, similar to those we find in the phase
below T%;. This points out that the transition to the noncollinear phase has
been shifted down to 7%, in our experiments, giving way to a new interme-
diate phase.

Using our measurements, we can calculate the magnetic entropy variation
AS,, = S(T,B) — S(T,0) = [, (%) dB. Fig. 7 shows —AS,, in our
Mn5Si3 samples, for variations of 0 T - 0.1 T and 0 T - 5 T. The inverse
magnetocaloric effect occurs for negative —AS,, and we indeed find it in
the low temperature phase below T%,. For all other phases, the inverse
magnetocaloric effect is absent. The value of —AS,, is remarkably large,
as reported in this and other compounds with noncollinear AFM order[18,
19]. The transition between the intermediate and high temperature magnetic
phases (between T and T2) also gives a spike, but —A.S,,, does not become
negative.

Clearly, there is a game with the local magnetic moments that enters into
the entropy and produces a situation which increases spin disorder with the
magnetic field, an effect which is a priori counterintuitive. This can occur
in Mnj;Si3 where there are many sites without magnetic moment and the
magnetic order is distributed among different Mn sites. Results of Ref. [19]
show that the magnetic excitation spectrum of the high temperature AFM
phase is unusual, with coexisting spin waves of the AFM phase and spin
fluctuations[18]. The increase in spin disorder has been associated to a mag-
netic field induced restoration of the high temperature collinear AFM phase
and an increase in fluctuations.

In our samples, we find that the transition to the noncollinear state is
shifted to lower temperatures, with an additional magnetic phase between
the collinear and noncollinear AFM orders. The additional magnetic phase
does not influence the low temperature non-collinear phase, which has all
features observed previously, as the anomalous Hall effect and the inverse
magnetocaloric effect. The additional phase might be due to magnetic fluc-
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tuations quenched by some mechanism.

Mns5Si3 is likely sensitive to strain or stress, which might either favor or
quench fluctuations. Our crystals are mostly small and needle like, with clear
facets and cross sections with polygon shape. Previous work was made in
thin films[14, 16], in single crystals grown out of a stoichiometric melt[17], in
polycrystals [18] and in large, tens of grams weight, Czrochalski grown single
crystals[19]. The role of stress in all these samples is not easy to understand
by now. In principle, flux growth provides the smallest amount of stress,
because samples grow in the liquid. However, it is quite clear that the Cu
inclusions in our samples might lead to stress that quenches fluctuations and
produces the additional phase and thus play a relevant role.

Following the doping or pressure dependence of the resistivity, or study-
ing the elastoresistivity could lead to new insight. In particular, it would be
interesting to check the influence of modifying the composition on the in-
verse magnetocaloric effect. When exchanging Mn by Fe, the inverse magne-
tocaloric effect disappears, although there are strong magnetic entropy (posi-
tive —AS,,,) changes occuring at higher temperatures as the Mn moments are
forced into a ferromagnetic arrangement.[18, 50] To obtain a negative —AS,,
at higher temperatures, we would need to increase the temperature for the
appearance of noncollinear magnetic order,[31, 51| shifting at the same time
the fluctuating magnetic phase to higher temperatures.

Previous measurements of the magnetoresistance in single crystals pro-
vide beautiful and sharp features and a magnetic phase diagram that closely
resembles the one obtained in neutron scattering[16, 17]. The anomalous
Hall effect is observed, as well as the magnetic field induced transitions in
the low temperature noncollinear AFM phase. There are strong hysteresis
effects in the magnetoresistance and in the Hall effect, when the field is ap-
plied along an axis within the plane[16, 17]. Furthermore, switching effects
are observed in the noncollinear phase. There are transitions between dif-
ferent magnetic field induced changes in the spin arrangement, which are
seen as sign changes in the Hall resistivity but not in the magnetization. In
our Hall effect measurements, we apply the current along the c-axis and the
magnetic field within the plane, a configuration where the switching effects
are small.[17] On the other hand, the resistivity at zero magnetic field shows
sharp features and the zero temperature extrapolation is sensibly below our
value in the single crystals of Refs. [16, 17]. This indicates that our samples
have a larger degree of disorder or suffer stress due to the Cu inclusions.
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5. Summary and conclusions

In summary, we have grown crystals of Mnj;Si3 using flux of Cu and
determined the magnetic phase diagram of this compound. We observe a
transition from a paramagnetic to an AFM phase at Tyo and a transition
from AFM to another magnetic phase at Th;. From an analysis of the magne-
toresistance and the Hall effect we obtain that this phase is possibly of weak
ferromagnetic character. Below T3, spins reorganize into a non collinear
AFM phase. There is a strong inverse magnetocaloric effect associated with
the low temperature non-collinear AFM phase.
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