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Near coincidence of metal-insulator transition and quantum critical fluctuations:
Electronic ground state and magnetic order in Fe,_,Co,Si
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We present a detailed study of the electronic and magnetic ground-state properties of Fe;_,Co,Si using a
combination of macroscopic and microscopic experimental techniques. From these experiments we quantita-
tively characterize the metal-insulator transition and magnetic/nonmagnetic quantum phase transition occurring
at low-doping levels in Fe,_,Co,Si. From our study, we find a surprising closeness of the critical composition of
the metal-insulator transition at xygyr = 0.014 and the quantum phase transition at x;go ~ 0.024 — 0.031. This
suggests that these effects are cooperative and depend on each other.
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I. INTRODUCTION

The class of B20 materials (Fe, Co, Mn)Si has been studied
for decades, representing model compounds in various con-
texts of modern solid-state physics. The materials crystallize
in the cubic B20 crystal structure [1] (Fig. 1). It is also labeled
the FeSi-structure, as early on the compound was the most
prominent representative of this crystallographic lattice that
lacks inversion symmetry [2]. Moreover, FeSi was the first
material to attract attention with respect to its electronic and
magnetic properties, with initial reports on a “semiconductive
and metallic” ground state [3,4] in the presence of an unusual
magnetic behavior from “correlated magnetic excitations” [5].
MnSi, instead, was characterized as a ferromagnetic metal,
while CoSi was reported as semimetallic diamagnet [4].

Subsequently, these observations were substantially re-
fined. By now, MnSi has been established as a helimagnetic
metal (for a review, see Pfleiderer et al. [6]), where helimag-
netism arises from the action of the Dzyaloshinskii-Moriya
interaction [7] induced by the lack of inversion symmetry in
the lattice. As result of the interplay of complex magnetic cou-
plings and anisotropies a novel magnetic state, the skyrmion
lattice, emerges in certain parameter ranges of the magnetic
phase diagram [8]. For CoSi, recently the description was
complemented by the realization that for a crystal structure
lacking inversion symmetry in the presence of spin-orbit cou-
pling it gives rise to new topological electronic states [9-11].

Regarding FeSi, for a long time the central scientific is-
sue was the nature of the small-gap semiconducting ground
state [12,13]. It was proposed that this may be understood as
signatures of a Kondo insulating state, i.e., a semiconducting
state arising as result of strong electronic correlations. Sub-
sequent experimental tests of this concept have not produced
clear-cut evidence in favor of this scenario [14,15]. Instead, it
appears that single-electron band structure modeling is suffi-
cient to account for the observed electronic ground state. More
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recently, topological aspects of the band structure of FeSi have
attracted attention [16]. In the present context, with respect to
the electronic properties we will consider the bulk material
FeSi as intrinsically gapped material, i.e., an insulator in the
traditional sense, which has metallic surface states [17]. If
these surface states reflect the character of a 3D topological
insulator will not be addressed with our study.

Another line of inquiry regarding these B20 compounds
are alloying studies. With a full elemental solubility, alloy-
ing studies on Fe;_,_,Co,Mn,Si allow to investigate both
zero-temperature (quantum phase) transitions of the elec-
tronic and magnetic ground states. Special focus lies upon the
phase diagram of Fe;_,Co,Si, where a multitude of studies
have been carried out in the course of 50 years of research
[14,15,18-59].

The general findings with respect to magnetic or-
der are well established [18,19,22-26,29,30,34-36,38,41,43—
45,51,55-59]: The series starts with the paramagnetic small
gap insulator FeSi. Already alloying in the percentage range
with Co closes the gap and induces the onset of long-range
helimagnetic order below Ty, with a maximum ordering
temperature in the range of a few 10 K. Magnetic order is
fully suppressed at x = 0.8, and with larger x the series further
transforms into the topological semimetal CoSi. In the mag-
netically ordered regime it is possible to identify field-induced
skyrmionic phases [45,47,50,52,53,55,56]. Since the parame-
ter range of the formation of skyrmions in Fe;_,Co,Si is very
different from that of MnSi, it has enriched the possibilities to
quantitatively study the physics of skyrmionic spin textures.

In detail, however, the magnetic and electronic phase dia-
gram of Fe;_,Co,Si is far from well established. To illustrate
this point, in Fig. 2 we summarize the helimagnetic transi-
tion temperatures Ty for samples of the series Fe;_,Co,Si
reported in the literature. Here, the variations of the transition
temperatures for a given composition exhibit a very large
variation (even in the maximum of the Ty dome by 30%),
which in other scientific contexts (high-7¢ materials, quantum
phase transitions etc.) would be considered unacceptable.
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FIG. 1. Cubic B20 crystal structure for FeSi, with blue and
grey spheres representing Fe and Si, respectively (lattice parameter
a~ 4.48 A).

»

As pointed out by Bauer, Garst, and Pfleiderer [55], part
of the problem are the different definitions and criteria chosen
in literature to define the phase transition temperature 7y In
Ref. [55] this was illustrated by using different criteria on their
selected samples Fe;_,Co,Si to extract Ty, leading to a large
error bar in the determination of Ty (up to =7 K). Still, Fig. 2
demonstrates that it does not fully account for the scatter of
the data, and other effects need to be considered. These could
be related to the use of poly- vs single-crystalline samples,
differing metallurgical treatment, inaccuracies in determining
the correct stoichiometry (FeSi has a homogeneity range of
formation), or—given that the literature reports span a range
of 50 years—simple thermometry issues etc. in certain stud-
ies. At any rate, at this point a full, thorough, and reproducible
determination by well-established techniques and criteria of
the phase diagram of Fe;_,Co,Si is lacking. In particular,
scientific topics with regard to the relationship of the metal-
insulator transition (MIT) occurring in Fe;_,Co,Si at [18,34]
x ~ 0.005 — 0.018 and the quantum phase transition (QPT)
into a long-range magnetically ordered state at larger Co
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FIG. 2. Helimagnetic ordering temperatures Tyy of Fe;_,Co,Si,
as taken from the literature (Refs. are listed in the legend).
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FIG. 3. Powder x-ray diffraction pattern as function of angle for

FeSi. Rietveld refinement carried out using the B20 structure with
lattice parameter indicated.

concentrations are simply not accessible with the published
data.

In this situation, we have set out to reinvestigate the phase
diagram of Fe;_,Co,Si. Our particular focus lies on the small-
x range, i.e., x < 0.15, that is the range that encloses the MIT
and the QPT. For our set of single-crystalline samples we
perform a thorough characterization by various bulk experi-
mental techniques accompanied by the microscopic technique
Mossbauer spectroscopy. Taken together, we aim to shed light
in particular on the physical phenomena occurring at small
values x, that is the regime of magnetic quantum criticality
and metal-insulator transition.

II. EXPERIMENTAL DETAILS

In the choice of our samples, we restrict ourselves entirely
on single-crystalline specimens obtained by the Czochralski-
method using a three-arc oven as described previously
[14,15]. In the low-doping regime, between different samples,
we choose particularly small variations of x down to 0.01, to
accurately define the details of the magnetic phase diagram
and electronic ground-state properties. After growth, the sam-
ples have been oriented by means of Laue x-ray diffraction
and bar-shaped samples have been cut along the cubic main
axis from the crystals for bulk studies, while thin (a few ten
um) single-crystalline slices have been prepared for Moss-
bauer spectroscopy.

For each of the crystals some material has been ground to
powder and checked by powder x-ray diffraction for phase
homogeneity, crystal structure, and lattice parameters. In the
powder diffraction experiments no secondary phases have
been detected and the crystal structure was verified as cubic
B20 lattice. As an example, in Fig. 3 we depict the x-ray
diffraction pattern for FeSi, including a Rietveld refinement
of the data. Results of similar quality are observed for the
other samples, including some with larger x to cover the full
phase diagram. With the similarity in x-ray scattering cross
sections of Fe and Co, an analysis of the actual composition
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TABLE I. Lattice and positional parameters in the B20 struc-
ture of Fe;_,Co,Si, derived from room-temperature powder x-ray
diffraction.

x a(A) Fe/Co Si

0 4.4845(2) 0.134(1) 0.837(2)
0.01 4.4842(2) 0.137(2) 0.842(2)
0.02 4.4867(2) 0.136(1) 0.843(2)
0.03 4.4859(1) 0.135(2) 0.848(2)
0.04 4.4846(2) 0.138(1) 0.846(2)
0.05 4.4851(3) 0.139(1) 0.837(2)
0.06 4.4830(4) 0.137(7) 0.845(10)
0.08 4.4816(10) 0.137(7) 0.843(8)
0.15 4.4809(4) 0.138(6) 0.843(8)
0.30 4.4756(1) 0.137(1) 0.841(1)
0.55 4.4664(1) 0.141(1) 0.840(1)
0.80 4.4561(1) 0.140(1) 0.836(1)
1 4.4423(5) 0.145(8) 0.844(11)

of our specimens cannot be carried out with a sufficiently
high accuracy. Therefore, in the refinements we have used the
nominal composition as fixed parameter.

From the x-ray analysis we obtain the evolution of the
cubic lattice parameter as function of alloying, which we
list in Table I. According to Vegard’s law, with the lattice
parameter of FeSi, a = 4.4845 A, significantly larger than
that of CoSi, a = 4.4423 10%, a (close to) linear shrinking
of the lattice parameter would be expected with Co doping
[60]. Broadly speaking, this is observed experimentally in
the alloying dependence of the lattice parameter. The other
main free structural parameters in the B20 structure, the x, y, z
position of (Fe/Co) and Si, remain basically constant at ~0.14
(Fe/Co) and ~0.84 (Si) within experimental scatter.

To characterize the single crystals Fe;_,Co,Si regarding
their electronic and magnetic properties we have carried out a
standardized set of experiments. We report on the resistivity,
magnetization, susceptibility and Mossbauer spectra, all in the
4He—temperature range, i.e., 1.6 to 300 K. For the resistiv-
ity we used a standard four-probe ac setup. Magnetization
and susceptibility have been measured using a commercial
SQUID system in fieldsup to 5 T.

Mossbauer experiments have been performed in a standard
transmission geometry employing a 50 mCi 3’Co source in
Rh matrix. The samples used as absorbers obtained from
several grinding and polishing runs of single-crystalline plates
have been almost circular platelets (surface perpendicular to
[100]) with maximum planar dimensions of 6 mm diameter
and thickness of about 50 um. The gamma ray direction was
along [100]. The Mdssbauer velocity drive system was run
in sinusoidal mode. The measurements were carried out in a
liquid helium bath cryostat in under-pressure mode enabling
experimental temperatures down to 1.7 K.

III. RESULTS

Prior to a detailed investigation of the electronic and mag-
netic phase diagram of Fe;_,Co,Si, we need to establish the
relevance of the metallic surface states for the interpretation
of the experimental data. To this end, we utilize the argument
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FIG. 4. (a) Comparison of the normalized resistivity p/ 3k of
single-crystalline FeSi measured on a bar-shaped and a thin-plate
sample. (b) Susceptibility for the same two samples FeSi.

put forth for topological insulators that the resistivity may
be modeled as superposition of surface and volume electrical
conduction [61,65]. This observation implies that the rele-
vance of surface conduction depends on the surface-to-volume
ratio of a given sample [17]. We prepared two specimens of
our single crystal FeSi for resistivity measurements: first, a
bar-shaped sample of dimensions 5 x 1 x 1 mm?, and sec-
ondly, a sample of similar length and width, but with a
thickness polished down to 35 um, i.e., with a surface-to-
volume ratio increased by a factor of about 30.

In Fig. 4(a) we compare these two samples with respect to
the normalized resistivity p/p300k in a log-log-representation.
From the figure it is evident that the normalized resistivity
of the thin plate deviates from that of the bar-shaped sample
below about 100 K. This finding is qualitatively in line with
the observation of Fang et al. [17] of a metal-to-semiconductor
transition in differently sized single crystals FeSi. It verifies
the existence of a significant electrical surface conductivity in
FeSi, which at low temperatures partially masks the insulating
behavior of the bulk of the sample. As we show below, doping
with Co in Fe,_,Co,Si substantially increases bulk conduc-
tivity, and thus reduces the relevance of surface conductivity.
Effectively, we find that we can disregard conduction from
such surface states in a resistivity measurement at least for
doping with Co of more than one percent.

We have also measured the magnetic susceptibility for our
two samples FeSi, plotted in Fig. 4(b). It has previously been
noted that even for single-crystalline FeSi there is always
a low-temperature upturn of the susceptibility [5,13]. It is
usually associated to magnetic (Fe) impurities, although it has
been impossible to suppress or diminish this impurity contri-
bution by different preparation techniques. As can be seen,
also for our bar-shaped crystal FeSi we observe the typical
behavior [5] with a broad susceptibility maximum above room
temperature and the Curie tail at low temperatures. Remark-
ably, our thin plate sample has a substantially (an order of
magnitude at low T) increased Curie-like susceptibility back-
ground. First, this observation may suggest that polishing the
sample damages the surface to the effect that free Fe particles
are produced, giving rise to a larger Curie tail. Secondly,
and more exotically, these magnetic particles will reside on
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FIG. 5. Temperature-dependent zero-field resistivity p(7) of
Fe,_,Co,Si, 0 < x < 0.15, (a) plotted on a logarithmic and (b) linear
scale.

the surface of the sample, that is in the spatial range of the
conducting surface states. It raises the question about the
interplay of electronic and magnetic properties in particular
at the surface of FeSi, and the possibility that the existence
and residual coupling of magnetic moments is associated to a
local metallic environment.

Having thus characterized the relevance of metallic surface
states, we proceed with the zero-field resistivity of our single-
crystalline bar-shaped samples Fe;_,Co,Si. In Fig. 5 we plot
the resistivity along the cubic main axis [100] on a logarithmic
and linear scale as function of temperature 7. Globally, the
behavior is in full accordance with previous observations:
FeSi itself exhibits a gapped behavior, implying it to be in an
insulating state at T = 0 K. To quantify the charge gap, we fit
the high-temperature data >200 K (to minimize the influence
of the surface states) by o< exp(A./2kgT). This approach
yields a gap A, ~ 700 K, in good agreement with for instance
Ref. [13] (fit not included in the graph).

Alloying with Co induces a MIT, apparent from the
drastic change of the overall behavior of p from in-
sulating to (badly) metallic, with a residual resistiv-
ity of 250 u®2 cm for x=0.15 at lowest tempera-
tures. For x > 0.02, the low-temperature resistivity now
has a metallic character dp/dT > 0, while a broad re-
sistive maximum in an intermediate temperature range
~50 K has been associated to a remembrance of the narrow
gap band structure of FeSi [31,41] (Fig. 5). Notably, from
around 200 K upwards the resistivity for all samples is of
similar magnitude, implying that all gap-related features in
the resistivity are either overcome by thermal excitations over
and/or closing of the gap.

To quantify the MIT we examine the conductivity o (T) =
o~ (T plotted for Fe;_,Co,Si in Fig. 6. From these data
we extract the zero-temperature conductivity o (T — 0) = oy
presented in Fig. 7 as function of alloying x (red left scale).
This plot visualizes the fundamental change in behavior from
insulating to metallic around x = 0.01, in agreement with
the Refs. [18,34,38] [0y data from these references included
in the plot (orange stars)]. Increasing the Co concentra-
tion beyond the MIT leads to a significant increase of the
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FIG. 6. Temperature-dependent zero-field conductivity o (T) of
Fe,;_,Co,Si, 0 < x < 0.15. Arrows denote magnetic ordering tem-
peratures Ty

conductivity, with the absolute value of oy increasing by an
order of magnitude with varying x from 0.01 to 0.02 (Fig. 6).

It was reported [18] that at temperatures <1 K there is
a residual zero-temperature conductivity og ~ 4 (2m)~!. As
we do not cover this temperature range, it might very well also
be the case for our crystals. In view of recent studies [17,62]
on FeSi and SmBg and our own findings, it appears to reflect
conducting surface states.

To parametrize the MIT accurately, we draw on the obser-
vation of a similarity to classical semiconductors by fitting
within critical scaling theory [63—65] our doping depen-
dence of the zero-temperature conductivity with op(x) =
0 (0)(x — xpmir)”. Certainly, the finite metallic surface con-
ductivity might slightly affect the outcome of our fitting
procedure. Still, from a fit to the data we obtain values
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FIG. 7. Composition dependence x of the zero-temperature con-
ductivity oy (left scale, red bullets), magnetic ordering temperature
Tym (first right scale, blue diamonds), induced magnetic moment
Msr at 5 T (second right scale, green squares), and Curie-Weiss
temperature ®cw (upper panel) of Fe,_,Co,Si, 0 < x < 0.15. In the
oy plot we have included the values determined by Chernikov et al.
[18] and Manyala et al. [34,38,65] for their polycrystalline samples
(orange stars).

054414-4



NEAR COINCIDENCE OF METAL-INSULATOR ...

PHYSICAL REVIEW B 109, 054414 (2024)

10 Fe, ,CoSi:x= 1

0
— 0.01

4x10°

—— 0.03 3x10°

0.08
2x10°

7" [mole/cm?)]

1x10°

0 100 200
TK] T[K]

FIG. 8. (a) Temperature-dependent susceptibility x (7"), plotted
on a logarithmic scale, and (b) inverse susceptibility x~'(7T') of
Fe;_,Co,Si, 0 < x < 0.15.

0 (0) = 8.2(1.2) x 10° (2m)~!, xyyr = 0.014(4), and v =
0.50(6), consistent with critical scaling theory and similar to
previous reports [18,34,38,65] (fit included in the figure as
solid red line).

As the next step, knowledge of the underlying magnetic
state is necessary. Therefore, in Fig. 8 we plot the susceptibil-
ity x (on a logarithmic scale) and inverse susceptibility x ~!
(on a linear scale) of single-crystalline Fe;_,Co,Si on differ-
ent temperature scales measured in 0.01 T. For some of the
samples (x = 0.01, 0.02, 0.03) we observe a weak structure
in x(T) in an intermediate temperature range ~50 — 150 K.
Zero-field cooled vs field cooled measurement routines reveal
a slight history dependence of these signatures, suggesting
that they arise from a small amount of ferro-/ferrimagnetic
particles in our samples. Using a toy model for a simple
estimate, we might assume that these spurious signals arise
for instance from single-crystal grain boundaries, which might
locally produce small grain boundary Fe inclusions. Then,
already less than 0.04% of such grain boundary clusters would
be sufficient to account for the history dependence of x (7).
Therefore, these weak additional magnetic signatures are ex-
trinsic and we will not consider them further.

Starting with FeSi, the well-known paramagnetic suscep-
tibility, with a maximum at higher temperatures ~500 K is
observed, together with a low-temperature Curie-like upturn,
so far attributed to a minute amount of magnetic impurities
[13]. Using the argument from Ref. [13], the Curie tail would
be accounted for by less than 0.2% per formula unit of § = %
impurity moments.

The maximum in the susceptibility of FeSi was attributed
to an activated behavior across an energy barrier A, in
the spin-excitation spectrum [13]. For temperatures T <
A /kg it allows to fit the susceptibility by x(7') = (C/T) -
exp(—An/kgT), with C as a constant that in principle mea-
sures the spin of the magnetic moments. Accordingly, we can
fit the data for FeSi at temperatures above ~150 K with a gap
of 515 K, in agreement with Ref. [13] (not shown).

With Co alloying, the high-temperature susceptibility max-
imum broadens and/or shifts to lower temperatures, and has
been replaced by an essentially Curie-Weiss-like susceptibil-
ity already at 5% Co doping. If we assume that a shift of
the maximum to lower temperatures produces such behavior,

a corresponding gap fit applied to Fej99Cop ;Si leads to a
substantially reduced gap of ~358 K (although the matching
with the experiment is substantially worse than for FeSi). It
would imply that also with respect to the magnetic properties a
minute amount of Co doping is sufficient to suppress gap-like
features in the spin-excitation spectra.

At low temperatures all samples exhibit a Curie-Weiss-
like upturn of the susceptibility. If we take the approach
that this Curie-Weiss-like behavior is associated to magnetic
moments with a residual magnetic coupling, then, accord-
ing to the Curie-Weiss law, the extrapolated intercept of the
inverse susceptibility with the temperature axis, the Curie-
Weiss temperature Ocw, is a measure of the coupling strength.
Within this concept, we find all samples Fe;_,Co,Si with
x > 0.02 to have a positive O¢w, corresponding essentially to
a finite-ferromagnetic coupling of these samples [see x ~'(T)
in Fig. 8]. As shown in the purple upper panel of Fig. 7, where
we display the x dependence of ®cw, in this compositional
range a linear rise of ®cw with x attests to the strengthening
of the magnetic coupling.

Conversely, for FeSi and Fe 99Cog o;Si the same construc-
tion leaves us with antiferromagnetic Curie-Weiss tempera-
tures Ocw of about —20 K. As pointed out, these samples
have spin-excitation gaps much larger than the corresponding
values ®Ocyw, implying that here we consider diluted magnetic
moments in an insulator, i.e., a different type of magnetic cou-
pling. Taking these observations together, based on the global
behavior of the susceptibility alone, in the metallic regime
of the alloying phase diagram we find a finite ferromagnetic
coupling, implying that we should observe signatures of long-
range magnetic order for these compositions.

To verify this point firmly, we have analyzed the suscep-
tibility and magnetization data for Fe;_,Co,Si to extract the
ordering temperature Ty using various approaches as fol-
lows: (a) for our susceptibility data x (7') we have determined
the second temperature derivative, choosing the inflection
point as Tyy; (b) we have performed a modified Arrott-plot
analysis [66] to derive Tyy; (c) we have parametrized the
critical behavior close to Tyy within the framework of the
Heisenberg model [57]; and (d) we have used the Inoue-
Shimizu model [67] in the generalization by Brommer [68]
as extension of the Landau-description of phase transitions to
establish Typ.

We note that using an Arrott-plot or related type of analysis
might conceptually be a skewed approach, as the existence of
a second-order phase transition at zero magnetic field into a
ferromagnetic ground state is assumed. The critical exponents
determined this way correspond to a fictious phase transition,
which does not take place. Nevertheless, the fictious fer-
romagnetic transition temperature essentially coincides with
the transition into the helimagnetic ground state. Experimen-
tally, it has been demonstrated that with our methods of data
treatment it is possible to reproducibly determine the long-
range order transition temperatures in this class of compounds
[57,58,69]. Therefore, we use these analysis tools to establish
a reproducible protocol for the determination of the transition
temperatures.

The experimental basis of this analysis are susceptibility
data (see above) and magnetization measurements M (H) on
our samples Fe;_,Co,Si. As an example, in Fig. 9 we present
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FIG. 9. Magnetization M, plotted on a logarithmic scale, as func-
tion of field H measured at 1.7 K of Fe;_,Co,Si, 0 < x < 0.15.

M(H) at the base temperature of 1.7 K in fields up to 5 T.
Globally, the figure illustrates the expected behavior: for x <
0.01 the magnetization is basically flat and close to zero, but
for larger x rises continuously and almost linearly with con-
centration. Given that the helimagnetic order in Fe;_,Co,Si
is easily field polarized, the basic field dependence of M(H)
for x > 0.02 is essentially that of a soft ferromagnet. Notably,
only in the insulator-to-metal crossover range 0.01 — x —
0.03 there is some curvature in the doping evolution of M (H).
This is visualized in Fig. 7, where we include the doping
dependence of the induced magnetic moment Msy at 5 T and
1.7 K (green outer right scale).

In the following, we present the different types of analysis
and corresponding results for an exemplary case Fe,_,Co,Si,
x = 0.05, with an extended description of the analysis in the
Supplemental Material [70]. Aside from the four approaches
we have attempted related types of analysis such as the com-
mon Arrott-plot or using different types of criticality (Ising
etc.). In result, we find that these approaches either work very
badly (Arrott-plot) or do not improve the data parametriza-
tion as compared to the approaches discussed here in detail.
Overall, the different types of data analysis lead to slightly
different ordering temperatures Ty, which we will discuss in
more detail below.

We start with the determination of Ty from the inflection
point of the susceptibility x (T') for Fe( 95Cog sSi [Fig. 10(a)].
The inverse susceptibility x ~!(7') in a field of woH = 0.01 T
suggests a magnetic coupling strength somewhat below 10 K
(Fig. 8). For low magnetic fields and ignoring demagnetiza-
tion effects, the inflection point of x (7)) for a material with
a ferri-/ferromagnetic susceptibility signature represents an
approximation of the onset of long-range (sublattice) mag-
netic order. It is derived by numerically calculating the zero
intercept of the second derivative d”x(7)/dT? included in
Fig. 10(a). This way, from the figure we obtain a transition
temperature 737 (x ) = 4.86 K.

Next, as a simple mean-field Arrott-plot analysis does
not properly parametrize the experimental data, we have

T T
L. 17k T,,=348K, 48

7 [em®/mole]
1 1 1 1
w B [¢;] (]

M2.43 [(Am2/kg )2.43]

1
N

(b)

0
0 50 100 150 200
(H/M)0.37 [(kg/m3)0.37]

FIG. 10. (a) Temperature-dependent susceptibility x(7"), mea-
sured in poH = 0.01 T, and second temperature derivative d*y /dT?
of Fej 95Coy 05Si. (b) Modified Arrott-plot analysis of the magnetiza-
tion of Feg.95C00,5Si plotted as M>** vs (H /M )™,

performed a modified Arrott-plot analysis [66]. In the mod-
ified Arrott-plot analysis, by plotting M” vs (H/M)*, with H
the magnetic field strength, the free parameters y and z are
varied to maximize the data range of a linear dependence
MY =A+B-(H/M)*, with A, B the derived free fit param-
eters. In the spirit of the Arrott-plot analysis, the temperature
where A becomes zero is then taken as Ty It is a phenomeno-
logical approach to incorporate the scaling laws of critical
phenomena in a comparatively simple data handling proce-
dure. In our case, we find as optimum solution a plot M+
vs (H/M)*¥ for our magnetization data on Fej95C0g 05Si
[Fig. 10(b)]. This in turn leads to an ordering temperature
Thed = 3.48 K.

The concept of scaling laws acting close to a criti-
cal temperature Tyy is made explicit by observing that
(%)% = a(%) +b- M%, with critical exponents y, .
Choosing 3D-Heisenberg criticality, we use y = 1.386
and B = 0.365, resulting in a corresponding plot M 5

Vs (A}—fl)% in Fig. 11(a). From this procedure we obtain
THed = 587 K.

Finally, for the Landau parametrization of magnetic phase
transitions the free energy F' of a magnetic material is ex-
panded in multiples of the square of the magnetization M?.
This approach can be refined for mixed compounds etc. by
coupling of the different subsystems [67,68]. It results in
calculating a Lagrange multiplier A from the magnetization
derivative of the free energy of the system, dF/dM = A,
with A = ¢;M + c3M?> + csM? parametrized using the mag-
netization. As set out in detail in Ref. [68], the minimization
procedure yields the parameters c{(T), c3(T), and c5(T),
with the minimum of ¢|(7) defining Ty and the sign of
¢3(T) detailing the character of the phase transition (first or
second order). We have carried out this analysis for our sam-
ples Fe,_,Co,Si, with the temperature dependence of ¢(T)
depicted in Fig. 11(b) for the sample x = 0.05. From this
Inoue-Shimizu analysis we obtain a transition temperature
T3, =5.89K.
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FIG. 11. (a) Determination of the transition temperature Tyy
of Fe95C0p0sSi from the magnetization M(H) assuming 3D-
Heisenberg criticality. (b) Parameter ¢; as function of temperature
from an analysis of M (H) using the Inoue-Shimizu model to extract
THM-

Combining the results from the different types of analy-
sis for our example Fe(95C0005Si, we thus obtain a set of
transition temperatures Ty in the range 3.48-5.89 K. For
further discussion, we decide to take the highest of the four
determined values as ordering temperature 7ij,;. For graphic
representation in Fig. 7 (blue inner right scale) we include
the alloying dependence Tyni(x) of Fe;_,Co,Si in the form
of Tjjy — ATum, with ATy chosen that all values Ty de-
rived from the different types of analysis are within the
error bar (for x = 0.05: ATym = 2.41 K). For comparison
with the literature data in the Supplemental Material [70]
we present a combined plot of the low-doping (x < 0.15)
region of the phase diagram including now our experimen-
tal results. From the figure it is apparent that the transition
temperatures obtained from our study sit right in the middle
of the scattered data clouds from literature. For instance,
at x ~ 0.1 we have determined Ty\ with an accuracy of
about 2 K, where before the reported values varied from
9 to 30 K. This finding validates our approach to firmly
establish the phase diagram of Fe;_,Co,Si by reproducible
analysis techniques. Regarding the coefficient c3(7T") speci-
fying if a transition is of first or second order, we find that
in the extended Inoue-Shimizu model the value of c¢3(7T)
changes sign within the range of the uncertainty ATy for
all samples. We therefore cannot draw a definite conclusion
on the nature of the magnetic transition based on the sign
of c3(T).

The dependence Tyn(x) now verifies our observation that
for samples Fe;_,Co,Si close to x = 0.02 long range mag-
netic order develops. A fit for instance of the transition
temperatures with T}y, o< (x — x1ro)" yields x ro = 0.026(2)
and n = 0.92(4) (solid blue line in Fig. 7). A similar fit, but
now taking Tyy as average value of the temperature range
T — ATam yields xpro = 0.031(5) and n = 0.92(13). Al-
together, the analysis results in a close-to-linear (n ~ 0.9 — 1)
concentration x dependence of the ordering temperature Ty
and a critical concentration x go of onset of magnetic order
just one percent above the concentration xyyr of the MIT.

FIG. 12. Overview of the Mdssbauer spectra of single-crystalline
Fe,_,Co,Si taken at 1.7 K in zero magnetic field. Solid lines repre-
sent fits of the spectra.

Actually, if we consider the error bars of x ro and xmr, the
two concentrations almost overlap.

To complement our study with a microscopic probe of the
magnetic and electronic properties, we have prepared thin
slices of single-crystalline samples Fe;_,Co,Si through pol-
ishing with a thickness of a few ten um to perform Mdossbauer
spectroscopy. In Fig. 12 we present an overview of the ex-
perimental results on these samples at a base temperature of
1.7 K in zero magnetic field. Here we plot the normalized
transmission 7 /Iy, with Iy being the number of counts at large
Doppler velocities far away from the absorption lines. Since
it was not possible to define the actual sample thickness in the
polishing process to a very accurately defined value, there is
a slight thickness variation between different samples by up
to ~20 um. This leads to slight variations in the depth of the
absorption pattern that can be seen in this plot.

Qualitatively, for all samples a symmetric doublet spec-
trum with a finite isomer shift is detected. For FeSi, in
previous Mossbauer spectroscopy experiments on polycrys-
talline powder, this absorption spectrum was attributed to a
quadrupole splitting from a nonzero electric field gradient,
consistent with the Fe site symmetry in the B20 structure
[3]. Upon alloying with Co, for small concentrations x <
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FIG. 13. Compositional dependence x of isomer shift IS,
quadrupole splitting QS, and hyperfine magnetic field Byg for single-
crystalline Fe;_,Co,Si at 1.7 K.

0.03 the doublet spectrum persists, while starting with x =
0.04 a broadening of the doublet is observed. As has been
demonstrated in Ref. [71], this type of line broadening is the
indicator of static magnetic order of small magnetic moments;
the local magnetic field at the Fe site is still too small for a dis-
tinct Fe multiplet to be observable in a Mossbauer experiment.
Thus, we conclude that the broadening stems from (helical)
magnetic order, consistent with the magnetic phase diagram
depicted in Fig. 7, where at an experimental temperature of
1.7 K static local magnetic fields at the Fe site ought to be
first observable at x = 0.04.

Following the procedure set out in the Refs. [3,20,48] we
analyze the data starting with FeSi. In line with these re-
ports, all spectra were fitted with the Mosswinn 4.0i software
[72], assuming two Fe sites using the mixed magnetic and
quadrupole static Hamiltonian (single crystal) theory, with
the same quadrupole splitting QS, isomer shift /S, and the
hyperfine magnetic field By for both sites and differing only
in the angles between QS and Byp, between QS and the
gamma ray and Byr and the gamma ray (fits as solid lines in
Fig. 12). The values of isomer shifts are given relative to «-Fe
at room temperature. Strictly speaking, with our approach we
model the helical magnetic state of Fe;_,Co,Si, x > 0.04, as
a ferromagnetic one. However, the local magnetic field By is
very small and thus the local field distribution in such a helical
magnet cannot be distinguished in Mossbauer spectroscopy
from a weak ferromagnetic one (see discussion of a similar
situation in NbFe, [71,73]).

In our fit of FeSi we use the free parameters /S and QS,
with Byp = OT, giving values IS = 0.157(5) mm/s, QS =
0.744(5) mm/s in good agreement with previous reports
[3,20,48]. The large experimental line width of 0.42 mm/s is
related to the absorber thickness. For the samples x > 0.04 we
observe an additional broadening that is attributed to a finite,
but small magnetic hyperfine field Byr. From the fit of the
experimental data for all samples we obtain the compositional
dependence of the fit parameters /S, OS, and Byr summarized
in Fig. 13. The general trend of /5(x) and QS(x) is consistent
with the findings in previous studies [20,48].

The magnetic hyperfine field exhibits an alloying de-
pendence fully consistent with the magnetic phase diagram

A

FIG. 14. Temperature-dependent Mossbauer spectroscopy data
for single-crystalline Feg gsCoy 1551, demonstrating the broadening of
the absorption lines as result of undergoing a long-range magnetic
order transition.

derived from the bulk magnetic properties (Fig. 7). In the tem-
perature range available for the experiment, static magnetic
order in the volume of the samples is observable using a mi-
croscopic technique for alloying values x = 0.04 and above.
Consistent with a neutron scattering study on Fe;_,Co,Si
[30], the derived internal magnetic fields in the (sub)-Tesla-
range reflect very small ordered magnetic moments ~0.01 —
0.1 ug/(Fe/Co)-atom and thus weak magnetic order inherent
to the vicinity to a magnetic quantum critical point.

Next, we characterize the magnetic order parameter by
studying the hyperfine field for selected samples. In Fig. 14
we plot the central ranges of the Mossbauer spectra taken
for Fe( g5Co0p.15S1 as function of temperature. Starting around
23 K, the doublet spectra broaden due to the onset of magnetic
order. Following the above fitting routine, from the data we
extract the temperature dependence of Byr depicted in Fig. 15.
From this plot it is apparent that Ty, lies between 23 and
24 K. While again a conceptual argument regarding the ap-
plicability of a criticality analysis might be raised, a fit to the
data close to the ordering temperature parametrized as Byp
(Tum — T)P yields Tyy = 23.03(7) K and y = 0.27(4) (solid
line in Fig. 15). Most importantly, the value of Ty exper-
imentally obtained from the microscopic probe Mdossbauer
spectroscopy is in decent agreement with the values derived
from the magnetization/susceptibility analysis in the range
24.12-25.83 K, thus validating the analysis of the bulk mag-
netic data.

IV. DISCUSSION

Summarizing our experimental findings for Fe;_,Co,Si,
we have established a close coincidence of the metal-insulator
transition at a composition xyyr = 0.014(4) and a quantum
critical magnetic-nonmagnetic transition at x;gro ~ 0.026 —
0.031. In deriving this finding we have established a proto-
col that allows to accurately determine magnetic transition
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FIG. 15. Temperature dependence of Byg of single-crystalline
Fe.35C0.1551. The solid line indicates a data parametrization using
the fit function indicated close to Tiv.

temperatures via both dc magnetic measurements and a local
probe technique for this series of compounds. In our data we
see no evidence for an extended regime of a coexistence of
short- and long-range order as studied for samples of the series
with larger x values [56], and thus no evidence for “fuzziness”
of the phase transition. In part, it will reflect our choice of
experiments, but may also be the result of the alloying range
that we have studied in detail. The theoretical arguments at
the base of the unusual type of magnetic phase transitions
occurring in the B20 compounds rely upon a hierarchy of
magnetic interactions, i.e., the dominant ferromagnetic ex-
change, a weaker Dzyaloshinskii-Moriya interaction and a
residual magnetic anisotropy energy. Given the large varia-
tion of transition temperatures in Fe,_,Co,Si, ranging from
(close to) zero at the QPT to about 50 K in the dome of
the ordered phase requires a substantial variation of (effec-
tive) coupling strengths in this material series. Of course, in
this case the detailed character of the magnetic phase tran-
sition may vary with x, and may be a very suitable subject
of future investigations regarding the character of the phase
transition.

With respect to the question if there truly is a difference
between xyr and xpro, it would represent a very small sec-
tion 0.014 < x < 0.031 of the phase diagram that constitutes
a regime of a low-carrier metal with a large magnetic sus-
ceptibility and quite unusual physical properties such as the
possible formation of magnetic polarons etc. (Fig. 7). How-
ever, the question that needs to be addressed first is if xyr
and x; gro can experimentally be firmly distinguished, i.e., the
two transitions can be considered to be distinct.

As detailed in Ref. [73] in the analysis of the phase diagram
for the quantum critical/weakly ferromagnetic system NbFe,,
given that both MIT and LRO in Fe;_,Co,Si occur in the very
dilute Co alloying limit we may assume that a small statistical
distribution of local compositions exists in our samples. As
set out in Ref. [73] for a basic atomic mixing model, for
alloying values of x = 0.014 and x = 0.026 — 0.031 we may

expect distributions of local compositions of + 0.002 and
0.003 around the nominal composition.

In an experimental study such as ours this occurrence
might slightly affect the actually determined composi-
tional value x of any such transition. For instance, for a
magnetic/nonmagnetic transition a distribution of local com-
positions will tend to promote short range order at the expense
of long-range magnetic order. In other words, the experi-
mentally determined value x;ro will be shifted towards the
LRO side of the phase diagram, i.e., might be slightly too
large in our case. Conversely, for a metal-insulator transition
studied by means of conductivity measurements, in samples
with a local compositional distribution a percolative metallic
conductivity path may form, masking insulating behavior in
the bulk of the samples. Therefore, the value xyyr will be
shifted towards the insulating side of the MIT, i.e., might be
slightly too small in our case.

Hence, for Fe;_,Co,Si a systematic shift of xpqr to smaller
and xpro to larger compositional values may occur. Then,
correcting for this systematic shift and including the experi-
mental error detailed above we would arrive at values xygr =
0.016(4) and x ro ~ 0.023(2) — 0.028(5), i.e., matching val-
ues within error bars. Therefore, for all practical purposes
we have to conclude that MIT and LRO critical composi-
tions are probably experimentally not clearly distinguishable.
This observation raises the question about the mechanism(s)
behind these (joint) MIT/QPT in Fe;_,Co,Si, which relates
back to the issue of the magnetic character of the small gap
semiconductor FeSi.

Two main concepts have been put forth to account for the
magnetic behavior of FeSi. On the one hand, spin-fluctuation
theory has been invoked to account for the basic magnetic
properties [74—77]. Taken in combination with band structure
calculations [78] it was reported that a single-electron picture
captures the essential properties of the small gap semiconduc-
tor FeSi. Further, extending the band structure calculations by
incorporating a Coulomb interaction U revealed an instability
of the band structure towards a metallic magnetic state, with
the proposal of a field-induced MIT to occur in FeSi [79,80].

This concept was further worked out [81-83] to account
for the properties of the alloying series FeSi;_,Ge,. For this
series a first-order insulator-to-ferromagnetic metal transition
was reported for x ~ 0.25, which was interpreted as result of
a tuning of the strength of the Coulomb interaction U with x.
It reflects the instability of the band structure of FeSi towards
a metallic magnetic state noted in Ref. [79].

On the other hand, the concept of FeSi as a Kondo
insulator was proposed, raising the prospect of novel corre-
lation physics apparent in FeSi [12,13,84-86]. Notably, also
the first-order insulator-to-ferromagnetic metal transition was
presented within this framework [87]. So far, however, direct
tests of the Kondo insulator scenario have failed to produce
firm evidence for this approach. Only more recently, attempts
have been undertaken to merge the different views into a com-
bined picture of correlation effects in a band insulator by using
more advanced theoretical tools such as density functional and
dynamical mean-field theory [88].

In the context of these previous observations our find-
ings regarding the electronic and magnetic properties of
Fe;_,Co,Si stand out in various aspects. At this point, four
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types [89] of “controlled” doping experiments (that is iso-
electronic alloying or changing electron count by one) have
been performed on FeSi, that is [64,65,81,87,90]: Fe,_,Co,Si,
Fe,_,Mn,Si, FeSi;_,Al,, and FeSi,;_,Ge,. For these series,
both Fe;_,Mn,Si and FeSi;_,Al, exhibit MITs for lowering
alloying levels, while FeSi,_,Ge, transforms in a first-order
transition into a ferromagnetic metal with alloying.

With respect to the MIT the behavior of Fe;_,Co,Si is
quite similar to Fe;_,Mn,Si and FeSi;_,Al,. For all systems
the critical concentrations xyyp for the MITSs is in the low-
percentage range. The x dependence of the zero-temperature
conductivity oy can be parameterized within critical scaling
theory—in other words, the MITs appear to behave in a rather
common fashion. In contrast, regarding the transition from a
nonmagnetic to a magnetic state, the behavior of Fe;_,Co,Si
is in stark contrast to that of FeSi;_,Ge,. While regarding
the alloying dependence the first series exhibits the typical
behavior of quantum criticality, for the latter the transition
is discontinuous as function of x and of first-order nature.
Most remarkably, in Fe;_,Co,Si the two critical transitions
MIT and QPT (almost) coincide regarding their alloying
dependence, strongly suggesting a common cause of their
appearance.

More specifically, qualitatively, the x dependence of the
QPT clearly bears resemblance to related phenomena in
weak ferromagnets close to a magnetic instability [91] and
which conceptually is in principle accounted for by the

self-consistent renormalization theory of spin fluctuations
[92]. The experimental data suggest that upon approaching
the QPT from the LRO side the ordering temperature Ty, and
ordered moment [toq Vanish/become very small. The unusual
aspect is that quantum criticality must occur in the limit of a
very small carrier density as result of the MIT. Such behavior
may be qualitatively in line with the modeling put forth in
Ref. [88].

This modeling for FeSi implies that spin and charge re-
sponse are closely linked, this way reproducing the strong
temperature dependence of various physical properties and
the concomitant crossover from low-temperature insulating to
high-temperature metallic behavior. Applying this view to our
sample series Fe;_,Co,Si, Co alloying appears to suppress
both spin and charge gap in a similar and quite dramatic fash-
ion. This way, with the closing of the spin and charge gaps the
ground state of the system transforms via a QPT into a LRO
state. Taken together, with the detailed experimental descrip-
tion of the associated properties presented here, we believe
that Fe;_,Co,Si lends itself for a thorough microscopic the-
oretical study of the underlying physical mechanisms, this in
particular in the parameter range of a vanishing carrier density.
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