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We report results of the magnetic field influence on the chiral spin liquid state in Mn1−xFexSi single crystal

with iron content x = 0.108 in proximity of a hidden quantum critical point. The use of small angle neutron

scattering data together with magnetic susceptibility measurements down to 0.4 K and precise magnetoresis-

tance measurements in the temperature range 2–20 K in magnetic field up to 5T allowed us to construct the

magnetic phase diagram of this compound in which at low magnetic fields B < 0.15T an intermediate phase

with short-range magnetic order exists in a wide temperature range 0.62 < T < 9.1K. It was found that the

increase of magnetic field first results in a suppression of transition into spiral phase with long-range magnetic

order at very low temperatures, and then induces a transition of the intermediate phase into a spin-polarized

(ferromagnetic) phase with lowering temperature. The temperature of this transition TSP increases with mag-

netic field logarithmically, TSP ∼ log(B), and results in formation of a singular point on the magnetic phase

diagram located at T ∼ 8.5 K and B∼ 3.5 T, which may be either a triple or a critical point. The possible

spin-liquid nature of the intermediate phase is discussed.

DOI: 10.7868/S0370274X16050076

1. Spiral magnets Mn1−xFexSi are characterized by

presence of unusual magnetic phases, which are interme-

diate between common paramagnetic phase (PM) and

spiral magnet (SM) phase with long-range magnetic or-

der [1–4]. These intermediate phases (IP) may be de-

tected either on B − T [1, 3] or on T−x [1, 2, 4] mag-

netic phase diagrams. Several theoretical studies also

predict phases with intermediate magnetic order for

MnSi based solids [5, 6]. These results may be quali-

tatively understood following experimentally supported

similarity between spiral magnets and cholesteric liquid

crystals [7], in which the considered intermediate phases

appear as a magnetic analog of the blue fog phases

[5, 7, 8]. The IP are also referred as spin liquid (or chiral

spin liquid) states due to straightforward analogy from

general physics, where the paramagnetic phase, spiral
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phase with long-range order (LRO) and intermediate

phase may be considered as magnetic replicas of the

common gas, solid and liquid phases [5]. Nevertheless,

sometimes the aforementioned description of the inter-

mediate magnetic phases is disputed, and these specific

states are treated as regions of pronounced magnetic

fluctuations in the phase diagram [9]. In any case these

specific phases are of magnetic nature and thus may be

affected by external magnetic field; however the influ-

ence of magnetic field on the phases with intermediate

magnetic order has not been studied systematically so

far. At the same time an analogy with liquid crystals

suggests that the external field may noticeably change

the corresponding phase diagram [8].

In the present Letter, we aim to study experimen-

tally the influence of magnetic field on the intermediate

magnetic phase in Mn1−xFexSi developing in proxim-

ity to the hidden quantum critical point at x∗ ∼ 0.11
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[4]. For this iron concentration the transition into SM

phase with long-range magnetic order is expected to be

suppressed and an intermediate magnetic phase may be

observed at temperatures below Ts ∼ 9−10K in zero

magnetic field, so that the quantum phase transition

corresponding to a loss of long-range magnetic order

becomes hidden inside the IP [4]. Therefore the choice

of the sample with this iron concentration has an advan-

tage because the region of existence of the intermediate

phase is much extended with respect to pure MnSi [2].

Based on magnetic susceptibility study down to very

low temperatures, polarized neutron scattering experi-

ments and precise magnetoresistance measurements we

will show that this intermediate phase may be strongly

affected by magnetic field resulting in a specific shape of

the B−T phase diagram with a singular point. In con-

clusion, possible arguments that the IP in studied case

is a kind of spin liquid phase rather than a region of

fluctuations will be provided.

2. The single crystal of Mn1−xFexSi with determined

by Electron Probe Micro-Analysis (EPMA) iron con-

centration x = 0.108 was synthesized by both Czochral-

ski and Bridgman methods. Assuming the composition

formula (Mn1−xFex)1+ySi1−y we found that the crystal

stoichiometry was about y ∼ 0.01, comparable with the

absolute error of our EPMA measurements. The quality

of the sample was controlled by X-ray Laue diffraction.

The magnetization and magnetic susceptibility data in

magnetic field up to 5 T were obtained with the help

of SQUID magnetometer (Quantum Design) equipped

with a He3 insert, which allowed to extend susceptibil-

ity measurements down to 0.4 K. The resistivity data

ρ(T ) were measured by standard DC four probe tech-

nique at temperatures 1.8–300 K with the help of special

installation (Cryotel Ltd.) characterized by relative ac-

curacy of resistivity measurements ∼ 10−5 in fixed mag-

netic field up to 5 T together with the temperature stabi-

lization/measurement precision level of about 1 mK for

temperatures below 60 K. The details concerning polar-

ized small angle neutron scattering (SANS) technique

and the corresponding data analysis procedure may be

found elsewhere [2].

The study of the magnetic phase diagram performed

in present work was based on a combination of two

methods. The first method consists of a comparative

study of the temperature dependence of magnetic sus-

ceptibility χ(T ) and related evolution of the neutron

scattering data [2]. It was established, that extrema

of the derivative ∂χ/∂T clearly mark the qualitative

change of neutron diffraction pattern, which allows to

identify various magnetic phases including PM, SP, and

IP, and determine the characteristic transition tempera-

tures [2]. Namely, the minimum of the ∂χ/∂T tempera-

ture dependence at Ts corresponds to transition from

the paramagnetic phase into the intermediate phase,

whereas the maximum denotes the onset of long-range

magnetic order in the spiral magnet phase [2]. It is worth

nothing, that in Ref. [2] the temperature Ts of the tran-

sition into IP, which is well defined experimentally, were

treated as a “crossover” temperature despite the fact of

the qualitative change of the SANS map just at Ts fa-

vors the explanation based on real magnetic transition

in agreement with the liquid-crystal analogy [5, 8, 7].

However, the magnetic susceptibility analysis is lim-

ited to the range of low magnetic fields. In high mag-

netic fields the susceptibility and magnetization char-

acteristic features namely become too broad and, as it

was shown in [10], susceptibility data and extrema of

its derivative do not provide correct information about

phase boundaries. It may be shown that, in order to

establish the location of phase transitions on the B−T

magnetic phase diagram in high magnetic fields, it is

instructive to analyze the magnetoresistance data [10].

The latter observation is explained by the fact that

in Mn1−xFexSi magnetic scattering dominates and all

other possible contributions to magnetoresistance (in-

cluding Drude-type magnetoresistance [10]) are negligi-

ble [10, 11]. In addition, in the paramagnetic phase of

Mn1−xFexSi the negative magnetoresistance follows the

universal scaling ∆ρ/ρ = −aM2(B, T ) [10, 11]; here-

after M(B, T ) denotes the sample magnetization and a

stands for the proportionality coefficient depending on

iron concentration. The deviations of scaling behavior

may serve as marks for transitions from the PM phase

into magnetically ordered phases [10]. For example, the

maximum on the temperature dependence of the abso-

lute value of magnetoresistance in fixed magnetic field

|∆ρ/ρ(B = const, T )| corresponds to a transition be-

tween the paramagnetic phase and the spin-polarized

(field induced ferromagnetic) phase [10].

Although magnetic properties of MnSi based solids

are often interpreted in terms of itinerant models

[12] the LDA calculations suggest localization of the

spin density on Mn sites [13]. Additionally, the de-

tailed quantitative analysis of electron spin resonance in

Mn1−xFexSi [10, 11, 14] also favors the existence of lo-

calized magnetic moments (LMM) rather than the spin

density distributed in the unit cell. Within the frame-

work of the Heisenberg type LMM model the aforemen-

tioned features of high field magnetoresistance may be

quantitatively understood as a consequence of Yosida

scattering mechanism [15, 10]. Indeed, in the considered

approach there are two scattering channels correspond-

ing to different spin projections of the band electron,
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which interaction with LMM may be accounted in the

s−d exchange model [15]. In the paramagnetic phase the

Yosida scattering results into ∆ρ/ρ ∼ −M2(B, T ) de-

pendence [15]. The entering into a magnetically ordered

state leads to redistribution of the scattering probabil-

ity between different spin channels and formation of

peculiarities on temperature and field dependences of

magnetoresistance. For example, in the spin-polarized

(SP) phase both localized and moving spins are po-

larized at low temperatures. For that reason the ba-

sic assumption made in [15] for two spin dependent

scattering channels fails and magnetoresistance should

not depend on the spin states. As a result the univer-

sal magnetoresistance scaling will be no longer valid,

and any temperature dependence of the spin depen-

dent contribution to magnetoresistance in the ferromag-

netic phase will be caused by thermal fluctuations de-

stroying the “ideally” polarized state and consequently

∆ρ/ρ → 0 for T → 0. As long as the PM phase the

magnetoresistance |∆ρ/ρ(B = const, T )| grows with

lowering temperature because M(B = const, T ) in-

creases, it reaches a maximal absolute value just at the

transition between the paramagnetic and spin-polarized

phases and then drops in the spinpolarized phase [10].

In this way the considered features of magnetoresistance

receive theoretical support and the analysis of mag-

netoresistance becomes applicable for establishing the

magnetic phase diagram in the high magnetic field re-

gion.

3. To start, we will consider results obtained by the

first method of determination of the magnetic phase di-

agram. Temperature dependences of magnetic suscepti-

bility χ(T ) and its derivative ∂χ/∂T for magnetic fields

200–1500 Oe in the temperature range 0.4 < T < 20K

are presented in the upper panel of Fig. 1. In the di-

apason T > 2K χ(T ) data does not depend on mag-

netic field and position of ∂χ/∂T minimum Ts = 9.1K

remains unchanged. The Curie–Weiss approximation

χ(T ) ∼ 1/(T − Θ) of experimental data is valid for

relatively high temperatures T > 12K with the para-

magnetic temperature Θ ∼ 6.1K.

In contrast, the low temperature part (T < 2K)

may be modified substantially. For B = 200Oe there is

a maximum of the magnetic susceptibility derivative lo-

cated at T = 0.62 K, which, according to Ref. [2], should

mark the transition into the spiral magnet phase. How-

ever, for B > 500Oe this feature is not observed. Simul-

taneously the section of the ∂χ/∂T growth (T < 2K)

shifts to lower temperatures with magnetic field (Fig. 1,

upper panel). Therefore we suppose that increase of

magnetic field may result into a shift of the ∂χ/∂T max-

imum to lower temperatures, so that this feature can-

Fig. 1. (Color online) Magnetic susceptibility χ and its

derivative ∂χ/∂T as a function of temperature at vari-

ous magnetic fields (upper panel). Lower panel represents

temperature dependence of the helix period L0 and coher-

ence length Lc in the intermediate phase. Black triangles

at the temperature axis denote points, where correspond-

ing SANS maps were obtained. In SANS maps P0 is the

vector of neutron polarization, the scale for scattering vec-

tor projections Qx and Qy is inversed nanometers

not be found in the temperature range available in the

present study.

The temperature evolution of polarized SANS data

were traced down to T = 1.8K. It is visible from Fig. 1

that for temperatures above Ts the scattering pattern

shows a weak diffuse scattering, which is typical for a

PM phase (SANS map a). When the temperature be-

comes somewhat lower than Ts, the SANS map under-

goes qualitative change and acquires a characteristic

half-moon shape located in the direction of the neu-

trons polarization vector P0 (SANS map b). This type

of diffraction picture corresponds to IP with spiral short-

range order (SRO) [2]. Further decrease of tempera-
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Fig. 2. (Color online) Yosida scaling of magnetoresistance (a) and magnetization at fixed magnetic fields (b). Digits near each

curve correspond to magnetic fields in Tesla. The peculiarities on magnetoresistance curves (A, B, C) are the same as the

magnetoresistance minima in Fig. 3. The magnetization is given in Bohr magneton per Mn ion

ture makes the half-moon structure more pronounced

(SANS map c) but no distinct Bragg peaks develop up

to the lowest temperature studied. Therefore, it is pos-

sible to conclude from the data of Fig. 1 that in the

studied Mn1−xFexSi sample the IP of spiral nature in

low magnetic field should exist in a wide temperature

range 0.62 < T < 9.1K and the slight increase of mag-

netic field may expand the range of the intermediate

phase stability. This observation confirms the previous

conclusion [4] concerning the proximity of studied sam-

ple to the hidden quantum critical point. It can be also

noted that the observed evolution of magnetic structure

is qualitatively the same as in liquid crystals which un-

dergo transitions from the isotropic phase into phases

with partial order [8].

Following the data analysis technique of SANS

diffraction patterns described in [2], it is possible to find

temperature dependences of the helix pitch L0 and the

coherence length of the magnetic fluctuations in the in-

termediate phase Lc (lower panel in Fig. 1). The latter

parameter may be also interpreted as the size of coher-

ent region of magnetic scattering. It is visible (Fig. 1)

that the period of the spin spiral is almost tempera-

ture independent and for the studied sample it is about

L0∼ 9 nm, which is the half of the period for pure MnSi.

On the contrary, the coherence length first demonstrates

a pronounced increase with lowering temperature and

then saturates on the level Lc ∼ 50 nm for T < 2K.

4. For implementation of the second method it is es-

sential to analyze magnetoresistance data in coordinates

∆ρ/ρ = f(M2). The result is presented in Fig. 2a for dif-

ferent temperature dependences of magnetoresistance in

fixed magnetic fields. As expected, there is a section of

universal ∆ρ/ρ = −aM2(B, T ) behavior which holds in

the paramagnetic phase. Temperature lowering results

in an increase of magnetization (Fig. 2b) and induces

departures from the Yosida-type scaling due to transi-

tions into magnetically ordered phases (Fig. 2a). It is

worth noting that the maximum of the negative magne-

toresistance absolute value not only becomes more pro-

nounced in higher magnetic field but also demonstrates

some structure for B < 3.5T. At the same time the cor-

responding features are not visible on M(B = const, T )

curves (Fig. 2b) that agrees with results reported previ-

ously [10].

The analysis of the ratio ρ(B, T )/ρ(0, T ) suggests

that in the studied sample there is a superposition of

two magnetoresistance minima (see Fig. 3 main panel

and inset) for B < 3.5T, which are denoted in Figs. 2

and 3 as A and B. It is visible that the position of

the minimum B weakly depends on temperature. At the

same time the minimum A shifts noticeably to higher

temperatures when the magnetic field is increased up to

B ∼ 3.5T (Fig. 3). In higher magnetic field B > 3.5T

no separate minima can be resolved and experimental

data demonstrate the presence of the single magnetore-
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Fig. 3. (Color online) Temperature dependences of mag-

netoresistance in fixed magnetic fields. Digits near each

curve correspond to magnetic fields in Tesla. The charac-

teristic minima on magnetoresistance curves (A, B, C) are

the same as the peculiarities in Fig. 2

sistance minimum C (Figs. 2 and 3). It is essential that

the minima A and C in magnetoresistance data posses

a strong magnitude and the minimum B exhibits only

a relatively shallow feature (inset in Fig. 3). We wish to

note that, although the observed anomalies are broad,

they may correspond to sharp magnetic transitions [10],

as long as the magnetoresitance minima are due to the

qualitative change of the magnetic scattering regime.

5. In order to combine results obtained by different

methods, it is instructive to plot positions of the minima

A, B, and C together with susceptibility data on the

same B–T diagram (Fig. 4). The region of weak mag-

netic fields (B < 0.1−0.15T) is characterized by a pro-

nounced region of the intermediate phase and likely by

a relatively small pocket for the spiral phase with long

range magnetic order (Fig. 4) as follows from magnetic

susceptibility data (Fig. 1). However, it should be noted

that in contrast to the intermediate phase the existence

of the spiral magnet phase at very low temperatures was

so far not confirmed by direct magnetic structure stud-

ies even for B = 0. Therefore the part of the B–T dia-

gram which corresponds to very low temperatures may

be considered as hypothetical. Nevertheless, the mag-

netic susceptibility data (Fig. 1) may suggest that the

transition temperature into spiral magnet phase should

rapidly decrease with magnetic field as shown in Fig. 4.

Fig. 4. (Color online) Magnetic phase diagram for the stud-

ied Mn1−xFexSi sample with x = 0.108. The star denotes

the position of the singular point (see text for details).

Letter abbreviations corresponds to paramagnetic (PM),

possible spin-liquid (SL), spin polarized (SP), and spiral

magnet (SM) phase. IP stands for the intermediate mag-

netic phase. Phase boundaries obtained from positions of

magnetoresistance minima A, B, C in Fig. 3 are denoted by

the corresponding letters. Dashed line represents the log-

arithmic approximation of the transition into SP phase.

Black triangle at B= 0 denotes expected transition into

SM phase. The area of the SM phase is drawn according

to hypothesis formulated in the text

In principle, this type of magnetic phase diagram may

indicate the presence of a field induced quantum criti-

cal point, but the study of this possibility is beyond the

scope of this publication.

Let us now consider the region of high magnetic

fields B > 3.5T where the single minimum C of mag-

netoresistance exists. Previous studies have shown that

this feature is typical for a transition between the para-

magnetic and spin-polarized phases [10]. Therefore, in

the considered range of magnetic fields the position of

minimum C may mark the PM–SP phase boundary, i.e.

the transition from thermally disordered spins into a

state characterized by parallel alignment of spins. We

emphasize that in the standard theory of ferromag-

netism [16] the real phase transition between the para-

magnetic and ferromagnetic phases does not exist for

finite magnetic fields and from that point of view the

experimental PM–SP phase boundary provided by min-

imum C may be a kind of crossover line. It is inter-

esting, that in Mn1−xFexSi this is not necessarily the

case due to the expected formation of spin polarons in

the vicinity of Mn magnetic moments just at PM–SP

transition [10, 11, 14]. The latter assumption is strongly

supported by magnetic resonance data [10, 11, 14] and
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by the analysis of magnetic scattering [10]. In this case

spin polarons may be considered as a quasi-bound states

of itinerant electrons and manganese localized magnetic

moments with an opposite orientation of Mn and elec-

tron spins. This ferrimagnetic-like spin ordering in the

spin-polarized phase explains the observed reduction of

the magnetic moment in the magnetically ordered phase

of Mn1−xFexSi as well as provides a way to natural inter-

pretation of the recently discovered analogy in physical

properties between MnSi and ferrimagnet Cu2OSeO3,

which is a dielectric with Heisenberg localized magnetic

moments [17]. Apparently, in the spin-polaron paradigm

the standard limitation for ferromagnetic phase transi-

tion [16] is lifted and the PM–SP phase boundary may

be sharp.

Considering the intermediate region of magnetic

field 0.15T < B < 3.5T, where two minima of mag-

netoresistance (A and B) exist, it is necessary to take

into account the difference in magnitude of each pe-

culiarity (Fig. 3). This difference is apparently related

with the variation of magnetic structure at each pos-

sible phase transition. As long as the strongest differ-

ence in spin alignment is between the spin-polarized

phase and the intermediate phase or the paramagnetic

phase, it is possible to connect minimum A with the

SP-phase − IP boundary (Fig. 4). Simultaneously the

shallow minimum B (Fig. 3) may be attributed to the

transition between the paramagnetic phase and the in-

termediate phase (note that the latter phase is char-

acterized by a finite correlation length and by the ab-

sence of any long-range magnetic order as can be seen

from Fig. 1). Additionally, the position of minimum B in

the vicinity of Ts also supports this interpretation. This

consideration provides the structure of the B–T mag-

netic phase diagram shown in Fig. 4. It is essential that

for 0.1 T<B< 3.5 T the classically “forbidden” SP–PM

phase boundary does not exist and the formation of the

SP phase with lowering temperature is preceded by the

transition into the intermediate phase.

Summarizing experimental results it is possible to

deduce that in the studied sample for B < 3.5T the

temperature lowering induces a phase transition from

the PM to IP phase at ∼ 8–9 K. The increase of mag-

netic field first results in suppression of the transition

into SM phase and then induces an onset of the transi-

tion into SP phase. The temperature of the IP–SP tran-

sition increases with magnetic field, so that at B < 3.5T

the IP becomes suppressed (Fig. 4). It is worth noting

that the intermediate phase with SRO is much more ro-

bust with respect to magnetic field than the spiral phase

with LRO even in pure MnSi, where the application of

a field of about B ∼ 0.6T is sufficient to achieve the

spin-polarized state [3]. Interesting, that in the studied

range of magnetic fields the transition temperature into

spin-polarized phase TSP follows approximately the log-

arithmic law TSP ≈ T0 log(B/B0), where T0 ≈ 2.7K and

B0 ≈ 0.17T (dashed line in Fig. 4). The latter param-

eter obtained from the fit of the TSP(B) experimental

dependence in the range 0.5T < B < 5T is very close

to the expected field where the transition into SM may

be suppressed (Fig. 1).

6. Now it is possible to consider alternative inter-

pretations of the IP region on the magnetic phase dia-

gram. The observed temperature dependence of Lc for

T > 2K allows to discuss the magnetic state of the inter-

mediate phase as an extended region of magnetic fluc-

tuations [2, 9] if one disregards the qualitative change

of the diffraction pattern at Ts (Fig. 1) and correspond-

ing analogy with liquid crystals [5–8]. It is important,

that Lc tends to saturate at low temperatures indicating

that the fluctuations becomes stabilized for T < 2K. As

long as spiral SRO in IP is conserved [2], it is possible

to expect that the intermediate phase in Mn1−xFexSi is

a kind of chiral spin-liquid (SL) phase, which was pre-

dicted in the pioneering work [5]. However, the fact that

the coherence length tends to saturate at T → 0 may be

related to the limited resolution function of the SANS

setup. On the other hand, the shape of the diffraction

peak is well described by the Lorentz function, which is

reminiscent of fluctuating short-range correlations and

therefore consistent with the interpretation of the inter-

mediate phase as a SRO liquid-like phase. Apparently,

the discussion of the SANS data solely can not provide

completely decisive argument which allows eliminating

fluctuations scenario, but in our opinion the obtained

experimental data for Mn1−xFexSi may be better ex-

plained in spin-liquid phase paradigm.

Another difficulty for the fluctuations model [9]

arises from the magnetoresistance data (Figs. 2 and 3).

When this ansatz is applied to the range 0.1T < B <

3.5T it is reasonable to assume that for B = const the

formation of the phase where all spins are polarized with

lowering temperature is preceded by gradual evolution

of magnetic fluctuations in the paramagnetic phase (in-

deed a smooth variation of Lc is observed for B = 0, as

it follows from Fig. 1). Therefore, a gradual evolution of

magnetic scattering should be expected as well, and the

appearance of the additional minimum B in the magne-

toresistance temperature dependence, which manifests

the change of the magnetic scattering regime, is very un-

likely. Consequently the magnetoresistance data (Figs. 2

and 3) agree better with the concept where IP is treated

as a real magnetic phase, which according to SANS data

may be a SL phase.
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In conclusion, following the analogy developed in [5],

it is interesting to revisit considerations about paramag-

netic, intermediate, and spin-polarized phases as mag-

netic replicas of gas, liquid, and solid phases, respec-

tively. The SP phase with field induced long-range mag-

netic order is an analog of solid but apparently not a

chiral solid (yet, it has been recently found by polarized

neutron scattering that the spin excitations in the SP

phase of pure MnSi are 100 % chiral objects [18]). At

the same time the IP phase (“liquid”) possesses short-

range spiral magnetic order and, therefore, “melting” of

the SP phase at finite magnetic field is accompanied by

structural change, which is also the case of many real

solids [19]. Our results suggest that the SP–IP “melt-

ing” curve meets the gas-liquid (PM–IP) boundary at a

special point located at T ∼ 8.5K and B∼ 3.5 T. This

point may be either a triple point if the spin-polaron sce-

nario [10, 11] is valid for Mn1−xFexSi, or a critical point

for the case of ferromagnet with weak Dzyaloshinskii–

Moriya interaction. Therefore, further neutron scatter-

ing studies aimed at the investigation of the magnetic

structure in the considered range of magnetic fields will

be rewarding and will allow choosing between these two

possibilities and shed more light on expected formation

of the chiral spin-liquid phase in Mn1−xFexSi. Another

interesting problem is the magnetic structure at very

low temperatures, where a relatively weak magnetic field

may induce a quantum phase transition, so that future

research may enrich the received magnetic phase dia-

gram of Mn1−xFexSi system.
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