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Abstract. It is shown that the 7— x magnetic phase diagram of
Mn,;_,Fe,Si substitutional solid solutions exhibits two quan-
tum critical points: x* ~ 0.11, which corresponds to the disap-
pearance of long-range spiral magnetic order, and x, ~ 0.24,
which marks the suppression of the phase with short-range
magnetic order. It is established that the microscopic reason
for the observed complicated quantum critical behavior is the
evolution of the Fermi surface structure driven by an increase in
iron concentration.
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1. Introduction

Spiral magnets without an inversion center have recently
started to attract much attention of researchers. One of the
main reasons is the experimental implementation of special
magnetic vortex structures— skyrmions [1, 2]. However,
skyrmion issues do not limit the broad spectrum of physical
phenomena which are inherent in this class of materials.
Particularly, the study of quantum phase transitions is of
great fundamental interest as well. These transitions can
occur under a high pressure [3] or can be induced by changing
the sample composition [4]. The present paper reports the
investigation of quantum critical phenomena in Mn;_,Fe,Si
single-crystal solid solutions for x < 0.3. These materials are
metals, in which the spiral magnetic structure originates due
to the combination of ferromagnetic exchange interaction
and the Dzyaloshinsky—Moriya interaction, which is allowed
by the symmetry [4, 5]. The crystal structure of Mn;_Fe,Siis
demonstrated in Fig. 1.

Quantum phase transitions are defined as those that occur
at absolute zero temperature, 7= 0, and the corresponding
point on the control parameter axis is called the quantum
critical point (QCP) [6]. For compounds based on manganese
silicides, MnSi, theoretical models predict the existence of the
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Figure 1. (a) Schematic of the structure of Mn;_,Fe,Si substitutional solid
solutions (structural type, B20). (b) View of the structure depicted in
figure a, along the direction [111].
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QCP, which separates phases with spiral long-range magnetic
order (LRO) and short-range magnetic order (SRO) [7, 8].
The latter phase is often mentioned in the literature as the
chiral spin liquid phase [7]. In the experiment, the QCP
manifests itself in anomalous physical properties (for exam-
ple, resistivity p or magnetic susceptibility ) for 7 > 0 in the
paramagnetic phase [6]. However, the situation is more
complicated in the case of Mn,_,Fe,Si, because the QCP
appears to be closed by the dome of the short-range magnetic
order phase. This makes it nontrivial to observe phenomena
indicating the quantum critical regime.

2. Magnetic phase diagram of Mn;_,Fe,Si
solid solutions

The 7—x magnetic phase diagram of Mn;_,Fe,Si solid
solutions was defined from the correlation which was
revealed in paper [9] between the qualitative change in
small-angle neutron scattering (SANS) maps and the fea-
tures in the y(7) temperature dependence. We have found
that the transition to the LRO-phase corresponds to the
maximum of derivative 9y/07, and transition to the SRO-
phase corresponds to the minimum of this derivative. More-
over, in order to define the point where the ferromagnetic
correlations occur, the field dependences of magnetization in
the Belov—Arrot coordinates can be analyzed [10]. The
obtained 7—x magnetic phase diagram is shown in Fig. 2a.
Itis evident that an increase in the iron concentration x lowers
at first the temperature 7. of the transition into the phase with
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Figure 2. Magnetic phase diagram of Mn,_,Fe,Si: (a) experimental, and
(b) theoretical results; PM — paramagnetic phase, and GP— Griffiths
phase; CF and QF are, correspondingly, regions with dominant classical
and quantum critical fluctuations. (Based on the data taken from
Ref. [10].)

a long-range magnetic order which is expected to be fully
suppressed at x* ~ 0.11—0.12. By decreasing the temperature
in the region of x < x*, first the transition to the SRO-phase
is induced, while for x > x* the only phase boundary
corresponds to the transition between the paramagnetic
(PM) phase and the SRO-phase. The temperature 7(x) of
the transition to the phase with short-range magnetic order
also decreases as the iron concentration increases, and its
extrapolation to the value T(x) = 0 gives a new characteristic
concentration x. ~ 0.24. It is interesting that in the region of
x > X, the temperature dependence of the magnetic suscept-
ibility follows the power law: y(T') ~ 1/T ¢ with the exponent
&~ 0.5—0.6 [10]. The observed anomalous dependence y(7T')
indicates the appearance of the disorder-driven quantum
critical regime [11]. In this case, the main state turns out to
be the Griffiths phase [11, 12] consisting of isolated spin
clusters which are formed in the sample volume due to the
dispersion of exchange interaction J.

Thus, the experimental data indicate that the Mn;_,Fe,Si
compound exhibits two quantum critical points, x* and x,
which correspond to the suppression of long- and short-range
magnetic orders, respectively. Obviously, the point x* is
hidden (Fig. 2a). Such an interpretation of the magnetic
phase diagram is confirmed by the theoretical model
proposed in paper [10]. In the framework of the approach
presented, it is assumed that the intermediate phases with a
short-range magnetic order appear when with a decrease in
temperature the magnetic fluctuation radius R(7T') increases
and reaches some critical value depending on the disorder
degree in the system. A specific feature of this model is the
assumption of the coexistence of classical fluctuations and
quantum critical spin fluctuations with the radii Ry ~
1/(T—T.)" and Ry ~ 1/T, respectively [6, 10]. As this
takes place, one needs only one free parameter, which defines
the amplitude of quantum critical fluctuations, for describing
the T—x phase diagram (Fig. 2b). Interestingly, the hidden
quantum critical point x* produces in this case two new lines
in the magnetic phase diagram, indicated by dashed lines. One
of these lines is x = x*, which divides the region of
coexistence of classical and quantum critical fluctuations
(x < x*) and the region where only quantum critical fluctua-
tions take place (x > x*). The second line is the crossover line
Teq(x), which is defined by the condition Ry (T) = Re(T)
(classical fluctuations are dominant in the left-hand region
with respect to the crossover line).

3. Experimental verification
of the theoretical model

Previous investigations gave evidence that magnetic scatter-
ing makes the main contribution to the transport properties
of Mn,_,Fe,Si [13], which means that the resistivity p(T, x)
will depend on the spin fluctuation behavior. For low
temperatures, the temperature dependences of p(7,x) for
Mn,_,Fe,Si can be described as p(T,x) = p, + AT*. The
residual resistance p, can be defined in the experiment by
extrapolating the given approximation to the zero tempera-
ture T = 0. Therefore, in order to detect the fine features of
magnetic scattering, the temperature dependences of the
resistivity were transformed into the form o(7,x) =
In[(p — py)/A(Ts,x)]/InT. This permits excluding changes
in the parameter p,, which are not associated with the
magnetic scattering and are caused, for example, by uncon-
trolled impurities. Figure 3 displays a map of o(7’, x) obtained
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Figure 3. (Color online.) The (7, x) map: line / — T¢(x), 2— T5(x), 3—
Teq(x), and 4 — x = x*. The remaining notations are the same as in Fig. 2
(see details in the text).

in this way. It is interesting that the features of «(7, x) in the
paramagnetic phase occur not only in the vicinity of the
quantum critical point x. ~ 0.24, but also appear to be
connected with new lines in the magnetic phase diagram,
which are associated with the existence of a hidden quantum
critical point x* ~ 0.11. Indeed, the exponent o increases
exactly between the crossover line 7 (x) and the line x = x*,
i.e., in the parameter region where, according to Ref. [10], a
change in the spin fluctuation regime in the paramagnetic
phase should be observed. This allows concluding that the
assumption of the existence of a hidden quantum critical
point in the Mn;_,Fe,Si system receives a support in
experiment.

Another method for ‘visualization’ of quantum critical
points in the 7—x magnetic phase diagram was proposed in
paper [14], where the Mn;_,Fe,Si system was investigated
using the electron paramagnetic resonance (EPR) method. It
was revealed that the EPR line shape corresponds to magnetic
oscillations of localized magnetic moments of the manganese
ions, and its width W is defined by the characteristic time and
amplitude of spin fluctuations [14]. Temperature dependences
W(T) for samples with different iron concentrations are
plotted in Fig. 4. It can be seen that the substitution of iron
for manganese increases the EPR line width, and the
temperature dependence W/(T) weakens in the vicinity of
quantum critical points x* and x.. Such a peculiarity of spin
relaxation was predicted in the EPR theory for strongly
correlated metals, which was developed by Abrahams and
Wolfle [15]. Using the temperature-dependent contribution to
the line width revealed in Ref. [15], we can derive the
expression W(T)=W,Tarctan (T/Ty)+ Wy, where W, and
W, are some constants, and 7 is the energy scale which sets
the transition from the Fermi liquid regime (7 < T) to the
non-Fermi liquid regime (7> T,) [14, 15]. Theoretical
dependence W(T) well describes the experimental data for
samples with x =0.11 ~ x* and x = 0.24 ~ x. with para-
meters 7y, ~ 11 K (curve / in Fig. 4)and Ty ~ 0 K (curve 2in
Fig. 4), respectively. By comparing this result with the data
shown in Fig. 2, it can be concluded that the characteristic
temperature T for Mn;_,Fe,Si turns out to be on the order
of temperature corresponding to the transition to the SRO-
phase. We also see that an anomalous spin relaxation takes
place for finite temperatures in the 7—x magnetic phase
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Figure 4. Temperature dependences of the EPR line width in the
Mn;_.Fe,Si system. Curves / and 2 are calculated results based on the
Abrahams—Wolfle theory (see details in the text.). Numbers alongside the
curves indicate the iron concentration. (Based on the results taken from

paper [14].)

diagram along the lines x = x* and x = x, which is expected
for quantum critical points.

4. Hall effect and nature of quantum criticality
in Mn;_.Fe,Si

The experimental data obtained confirms the hypothesis of
two successive quantum transitions which are responsible for
the suppression of long-range and short-range magnetic
orders in the Mn;_,Fe,Si system. The decrease in 7,(x) and
disappearance of LRO can be explained by the decrease in the
exchange energy J(x) [10, 16], whereas the transition at x = x;
can be explained by percolation effects, because for x > x. the
magnetic subsystem of Mn;_,Fe,Si splits into spin clusters
and the concentration x. can be related to the percolation
threshold [10]. Such an interpretation corresponds to avail-
able experimental data, but it leaves two questions unan-
swered. First, comparing concentration dependences 7¢(x)
and J(x) allows one to make a conclusion that the transition
temperature turns to zero before the exchange integral does
[16]. Second, the manganese ion remains the most probable
nearest neighbor of the manganese ion in the whole region
x < 0.3. Therefore, we should understand the microscopic
nature of quantum criticality, explain the divergence of T¢(x)
and J(x), and define the mechanism responsible for percola-
tion.

These questions were answered when investigating the
Hall effect. For us, the most interesting results are the ones
obtained from the normal Hall effect, which allow determin-
ing the concentration of charge carriers in the paramagnetic
phase. However, an additional difficulty in the case of
Mn,_,Fe,Si is associated with the fact that the main
contribution to the Hall resistivity py is due to the anom-
alous Hall effect. This led the authors of paper [17] to the
pessimistic conclusion concerning the possibility to separate
the normal component against the background of an
anomalous component. We have overcome this ‘insolvable’
problem by analyzing the Hall resistivity in a weak magnetic
field [18, 19]. The proposed method allowed us to demon-
strate that the dependence of py on the magnetic field B and
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temperature 7 in the Mn,_, Fe,Si paramagnetic phase can be
well described by the skew scattering model: py =
RB+ S1p(B,T)M(B,T), in which the normal Hall coeffi-
cient R and coefficient S; defining the magnitude of the
anomalous contribution are functions of only iron concentra-
tion, and neither depend on the temperature or the magnetic
field.

Obtained concentration dependences R(x) and S;(x) are
depicted in Fig. 5a. Both parameters change their sign when
the iron content increases. It is interesting that the inversion of
the S; sign at xg occurs in the vicinity of the Teq(x) curve,
which was predicted in paper [10] (Fig. 2b), and this parameter
turns out to be sensitive to the change in the magnetic
scattering regime. At the same time, the point xg, where the
normal Hall coefficient changes its sign, almost coincides with
the hidden quantum critical point (see Figs 2, 5).

The experiment (see Fig. 5a) points to the fact that the
substitution of iron for manganese induces hole doping. By
using the standard two-band model [19], the experimental
shape of the curve R(x) (curve I in Fig. 5a) can be well
described and the electron, n(x), and hole, p(x), concentra-
tions can be found (Fig. 5b). Using the data obtained, the
possibility appears to estimate the exchange interaction in the
Mn,_,Fe,Si compound. Although historically MnSi is
assumed to be a typical itinerant magnet [20], a set of the
latest experimental data on magnetic scattering [13] and EPR
[14], as well as the local density approximation (LDA)
calculations [21], clearly evidence the localization of spin
density on the manganese ions. In this situation, one can
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Figure 5. (a) Coefficients describing normal (R) and anomalous (S) Hall
effects. Curve / — calculation based on the model with two charge carrier
groups. (b) Change in the concentrations of electrons and holes in the
Mn;_.Fe,Si system, calculated from the model. (Based on the results
taken from papers [18, 19]).

exchange model [22]. By assuming quadratic dispersion laws
for electrons and holes, we can use the data from Fig. 5b and
find the exchange integrals which describe interaction J; (x)
between nearest neighbors (nn) and interaction J>(x) between
next-nearest neighbors (nnn) [19].

The dependence of the RKKY interaction on the distance
between manganese ions for pure MnSi is depicted in Fig. 6a.
It can be seen that the nn-exchange is ferromagnetic, J; > 0,
and the nnn-exchange is antiferromagnetic, J, < 0, which
means that during the analysis of magnetic states in
Mn,_,Fe,Si we need to take into account the frustration
effects. If both electrons and holes are present, the RKKY
exchange depends on the ratio m./my between the effective
masses of electrons and holes [19, 22], which can be
determined from the condition of fitting the experimental
curve J(x) [16] with the theoretical dependence J;(x). The
best match between the theory and the experiment was
achieved at m./my = 0.325 (Fig. 6b).

After the ratio m./my is fixed, the nnn-exchange J>(x) can
be found without using any additional parameters. We can
see from Fig. 6 that J>(x) < 0 over the whole range of x < 0.3,
while the nn-exchange changes its sign at x; ~ 0.17. More-
over, the following conditions are fulfilled in the vicinity of
the hidden QCP x*: J; >0, J, <0, and |J;| ~ |J2|. These
conditions correspond to the strong frustration regime, which
is responsible for the suppression of the long-range magnetic
order. As a result, T¢(x) turns to zero faster than J(x), which
one can observe in experiment [16]. In the region of
compositions x ~ x., both exchange interactions, nn and
nnn, are antiferromagnetic and frustration becomes signifi-
cant, while the relationship |J/;| ~ |/ holds true again
(Fig. 6b). In this situation, it is reasonable to assume that
the frustration effects in the vicinity of the second QCP, x,

Exchange energy, meV

Mn, _ Fe,Si b

me/my = 0.325

Exchange energy, meV
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Figure 6. (a) RKKY function for MnSi; r| is the distance between nearest
neighbors (nn), and r; is the distance to the next-nearest neighbors (nnn).
(b) Changes of exchange energies J; (nn) and J, (nnn). Curves /, 2 are the
results of theoretical calculations; circles show the experimental data [16].
(Based on the results taken from paper [19].)
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would facilitate the system to split into spin clusters forming
the Griffiths phase.

Itis interesting to note that modeling of frustration effects
in MnSi in the absence of the Dzyaloshinsky—Moriya (DM)
interaction gives evidence [23] that the frustration leads to the
formation of magnetic spirals oriented along the direction
[110], whereas the DM interaction orients the magnetic spirals
in the zero magnetic field along the directions [111] (see
Refs [5, 16]). Therefore, it should be expected that not only
substitution disorder effects, but also interplay between
frustration and DM interaction will lead to the suppression
of long-range magnetic order and the formation of phases
with short-range magnetic order in according to the observed
T— x magnetic phase diagram (see Fig. 2).

5. Conclusion

Summing up, we have shown that the quantum criticality in
Mn,_,Fe,Siis controlled by the changes in electron and hole
concentrations, which influence the exchange energies,
frustration, and substitution disorder effects through the
RKKY interaction. Based on results of the present study,
one can predict the character and evolution features of the
Fermi surface structure for different solid solution composi-
tions, as well as the replacement of the ferromagnetic type of
exchange interaction between nearest neighbors by the
antiferromagnetic one. Verification of these assumptions is a
challenging task and can be performed in future investiga-
tions of the Mn;_,Fe,Si system by methods of neutron
diffractometry and angle-resolved photoemission spectro-
scopy (ARPES).
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