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Pressure-Induced Inhomogeneous Chiral-Spin Ground State in FeGe
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37Fe nuclear forward scattering on the chiral magnet FeGe reveals an extremely large precursor phase
region above the helimagnetic ordering temperature T-(p) and beyond the pressure-induced quantum
phase transition at 19 GPa. The decrease of the magnetic hyperfine field (By;) with pressure is
accompanied by a large increase of the width of the distribution of (By), indicating a strong quasistatic
inhomogeneity of the magnetic states in the precursor region. Hyperfine fields of the order of 4 T
(equivalent to a magnetic moment pup, = 0.4up) persist up to 28.5 GPa. No signatures of magnetic order
have been found at about 31 GPa. The results, supported by ab initio calculations, suggest that chiral
magnetic precursor phenomena, such as an inhomogeneous chiral-spin state, are vastly enlarged due to
increasing spin fluctuations as FeGe is tuned to its quantum phase transition.
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Increasing the lattice density of ferromagnets reveals
many surprising effects close to a quantum phase transition
(QPT). In Fe, the classical example of a band ferromagnet,
a superconducting ground state is entered after the mag-
netic order is suppressed at the pressure-induced first-order
structural phase transition [1,2]. However, a continuous
transition from a ferromagnetic (FM) to a paramagnetic
(PM) state at zero temperature with a quantum critical
behavior remains elusive. So far, a pressure-induced
suppression of magnetic order without a structural phase
transition has been observed only in few (weakly) itinerant
ferromagnets, like ZrZn, [3], MnSi [4], NizAl [5], and
CoS, [6]. They have markedly reduced magnetic moments
(u < 0.5up) and low Curie temperatures (7. < 50 K). The
experimentally observed magnetic and transport anomalies
in such systems then may be related to fluctuation-induced
first-order QPTs which seem to prevail thanks to a
propensity of the magnetic subsystem to couple to other
low-lying soft modes [7], and/or to the evolution of
complex spin structures associated with a tricritical
point [8,9].

In this context, cubic FeGe and MnSi belong to a
particular class of intermetallic compounds owing to their
chiral helimagnetism, that is induced by weak spin-
orbit coupling [10-19]. Within the phenomenological
Dzyaloshinskii theory of chiral magnets [19,20] the mecha-
nism and distinctive features of these compounds are (i) a
confinement of localized chiral modulations [17,20,21] by
a coupling between the (longitudinal) magnitude of the
local magnetization and its orientation [22-24] and (ii) a
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corresponding inhomogeneity of the magnetic state. Unlike
in the homogeneous helical ground state with a fixed local
spin-density magnitude, the longitudinal modulus of the
magnetization is strongly varying in a precursor region to
magnetic ordering. Thus, in this case, such a region
between the PM and the helical state is expected to be
anomalous on fundamental grounds [17,21,22,24]. One
anticipates the existence of inhomogeneous textures of the
order parameter where one, two, and even three dimen-
sional twisted configurations are possible [21,24]. In all
cases the twisted spin density is associated with an
inhomogeneity of the magnetization modulus that can exist
as a precursor state, which is not long-range ordered but a
fluid arrangement of localized twisted spin densities.

For thermally driven transitions, such confined magnetic
precursor phenomena exist in a small temperature interval
of a few Kelvin, that is determined by the strength of the
Dzyaloshinskii-Moriya exchange [14,16,17]. In FeGe this
region is over the temperature range from 7~ = 278.5 K to
Ty = 280 K [17], where T is the Curie temperature and
T, defines the crossover from a chiral magnetic state, which
can be identified as an inhomogeneous chiral-spin (ICS)
state, to the paramagnetic state. Pressure-induced QPTs in
transition-metal compounds, on the other hand, are rather
complex and one observes unusual ground states at or
beyond the FM to PM QPT. This is indeed the case in
MnSi (T¢ =~ 29 K), where quasistatic magnetic moments
display partial order [25] beyond the critical pressure
(p. = 1.4 GPa) and where the electrical resistivity deviates
from the Landau-Fermi liquid (LFL) behavior for
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p > p. [26]. In FeGe (up, = lug), the long-range mag-
netic order (LRMO) is suppressed at p,. ~ 19 GPa and also
here the electrical resistivity strongly deviates from the LFL
behavior in a considerably large pressure range around p,.
[27]. The magnetic properties of this region are unknown. It
is, thus, of great interest to investigate its magnetic
character and to explore how the temperature range of
magnetic precursor phenomena is influenced by enhanced
spin fluctuations when FeGe is tuned by external pressure
across the FM to PM QPT.

In the present Letter we have investigated the pressure-
induced evolution of the FM state in FeGe across the QPT
at a microscopic level using °’Fe nuclear forward scattering
(NFS) [28]. NFS is a synchrotron-based Maossbauer
technique and thereby an ideal local probe to study the
pressure-induced changes in the magnetic properties via the
hyperfine interactions at the Fe site [37]. It provides
precise, quantitative, and easily interpreted information
on the longitudinal modulation of the order parameter.
The experimental data reveal that the gradual suppression
of the long-range-ordered helical state is accompanied by
the appearance of an inhomogeneous magnetic state for
Te(p) <T <To(p) and p < p.~19 GPa. The latter
becomes the ground state above 19 GPa and is eventually
suppressed at p, = 28.5 GPa, where FeGe becomes
paramagnetic. These observations, supported by ab initio
calculations [28], suggest that chiral magnetic precursor
states are enhanced by increasing spin fluctuations near the
QPT, leading to an ICS ground state above p.,.

NFS spectra have been taken at the Nuclear Resonance
beam line ID18 and the Nuclear Resonance end station
ID22N at the European Synchrotron Radiation Facility,
Grenoble [28,38]. The NFS spectra were recorded at each
pressure while warming up the sample from 3 K to room
temperature and were analyzed with the software package
MOTIF [39]. The parameters used to describe the spectra are
the magnetic hyperfine field By, which is a measure of the
Fe magnetic moment, and the electric quadrupole splitting
AEQ, which is related to the magnitude of the electric-field
gradient (EFG) at the Fe nucleus.

Figure 1(a) shows selected ’Fe NFS spectra as a
function of temperature at ambient pressure. The spectrum
at 290 K, i.e., in the PM phase, is characteristic of unsplit
nuclear levels and can be fitted with a single line, i.e.,
without any sizable electric quadrupole or magnetic inter-
action. The appearance of quantum beats at lower temper-
atures, below T, related to the splitting of the nuclear
levels by hyperfine interactions, is the signature of LRMO.
The spectrum at 7 = 3 K can be reproduced with a single
set of hyperfine parameters (By;=11.5T, and
AE, ~0.03 mm/s), which is in agreement with conven-
tional Mossbauer data [40,41]. In contrast, the NFS spectra
recorded in the temperature range 200 K< 7 <250 K
cannot be described properly in terms of a single set of
hyperfine parameters. Instead, a distribution of hyperfine
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FIG. 1 (color online). Measured (open circles) and calculated
(lines) 3'Fe NFS spectra of cubic FeGe at (a) p = 0, (b) 14.8 GPa
and selected temperatures, and (c) 7 = 3 K at selected pressures.

parameters, approximated by two different Fe sites in the
ratio of 3:2, was used. This seems plausible as in this
temperature range a first-order reorientation of the helix
propagation, from the low-temperature (111) to the high-
temperature (100) direction was observed at T, =~
230(15) K at ambient pressure [13]. In contrast to the
low-temperature region, there is a distribution of angles
between the Fe moments along the helix and the local EFG
at each site (as this is always pointing along the local (111)
directions) [42].

The NFS spectra up to about 10 GPa show all to have a
similar behavior, as exemplified by the 3 K spectrum at
9.7 GPa [see Fig. 1(c), top panel]. From these spectra a
smooth temperature dependence of the average hyperfine
field (By) is extracted, which is similar to that found at
ambient pressure and is shown in Fig. 2(a), top panel. The
bottom panel of Fig. 2(a) shows the temperature depend-
ence of the NFS count rate in this low pressure range. A
clear, sudden drop of the count rate by about a factor of 2 is
observed at T for each pressure, as already observed for
other compounds [43]. In first approximation, the NFS
count rate is proportional to the number of nuclear
scatterers contributing to each allowed nuclear transition.
Below T, due to the presence of static Fe magnetic
moments, the number of allowed nondegenerate nuclear
levels increases and the number of scatterers per transition
therefore decreases, with the consequent drop of the count
rate. On the other hand, at 7', the temperature dependence
of the count rate does not show anomalies, as there is no
variation in the number and population of nuclear levels
across this transition.

A quite drastic change occurred in the spectra
above 10 GPa. First, at ambient temperature, in the para-
magnetic state, a measurable electric quadrupole splitting
[0.35(3) mm/sat 14.8 GPa] appears. Itincreases upto avalue
of 0.42(4) mm/s at 30.7 GPa. This suggests that in this
pressure range a redistribution of the electron density around
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FIG. 2 (color online).

Temperature dependence of the averaged hyperfine field (By;) (top panel), of the relative width ABy/(Bys) of

the hyperfine-field distribution (middle panel) and of the NFS count rate (bottom panel) at selected pressures (a) p < 10 GPa and
(b) p > 10 GPa. The count-rate curves are all normalized to unity at room temperature and then offset for clarity when needed. The
positions of T¢(p), To(p), and Ty(p) are indicated in all panels by the symbols explained in the legend of the middle panel in (a).

the Fe nuclei takes place [28]. Second, the spectra at 3 K, for
example the one recorded at 14.8 GPa [Fig. 1(b), bottom
panel], reveal beat patterns that are washed out compared to
those at lower pressures, without showing a significant
acceleration of the nuclear decay.

From Fig. 2(b), top panel, it is apparent that the smooth
increase of (By¢(7)) with decreasing temperature, observed
at low pressures, has changed qualitatively at 14.8 GPa.
After an initial increase, starting at To(p), (Bp(T)) is
almost temperature independent until a sudden rise sets in
at T¢(p) < To(p). This particular temperature variation is
most prominent at 18.7 GPa. Here (By(T)) attains a
constant value of about 4 T (up, ~0.4up) over a wide
temperature interval before it strongly increases at 7. The
temperature and pressure range where this temperature
independent (By¢(T)) is observed is identified with a new
magnetic region, precursor to the LRMO state, and there-
fore occurring between the helical and the PM state. In
contrast to the sharp decrease observed at T, for
p < 10 GPa, the NFS count rate [see Fig. 2(b), bottom
panel] shows a gentle and continuous decrease while the
temperature changes from 7y to T, witnessing the slow
crossover from the PM to the LRMO phase across this new
state. Above p,. ~ 19 GPa, no LRMO was observed [27]
and therefore the transition at 7y ( p) unambiguously reveals
that this precursor phase becomes the new ground state of
FeGe for p > p, [see Fig. 1(c) for the corresponding NFS
spectrum at 21.2 GPa and 3 K].

The peculiar magnetic character of this precursor phase
becomes evident from the width of the (By¢(7)) distribu-
tion [see Fig. 2(b), middle panel]. In fact, above 10 GPa, the

relative width ABy;/(Bys) at T =3 K is about 14% at
14.8 GPa, and it increases to 22% at 18.7 GPa [these values
are similar to those found for 7, < T < T at pressures
below 10 GPa, see Fig. 2(a), middle panel]. But in the
temperature range of the precursor state, the width of the
average magnetic hyperfine field distribution increases
enormously, up to about 100% at 14.8 GPa, and 50% at
18.7 GPa. The appearance of a narrow By distribution
below 7' above 10 GPa might originate from a magnetic
structure implying a distribution of angles between B;; and
AE, (as is the case for the helix propagating along the
(100) directions above T, for p < 10 GPa). However, in
the precursor state, which appears always above 7', we can
exclude the presence of LRMO. Therefore, the appearance
of a broad By, distribution originates from the presence of a
static distribution of Fe moments on the time scale of the
nuclear Larmor precession, i.e., of the order of 10 ns
[44,45]. This new state is therefore characterized by a
quasistatic disordered spin structure that is marked by
a large inhomegeneity of the local spin polarization, like in
a spin liquid. Eventually, these short-range static magnetic
correlations are suppressed at 30.7 GPa, where the spectra
show the paramagnetic behavior for all temperatures.
Figure 3(a) displays the magnetic phase diagram of FeGe
based on the NFS data (bold symbols) in conjunction with
electrical resistivity data (open symbols) [27]. Both data
sets show a good agreement of the pressure dependencies
of T¢ and T,. The extrapolation T¢(p) — O shows that
LRMO is suppressed at p. = 19 GPa. The precursor region
deduced from the NFS data exists for T¢(p) < T < To(p),
i.e., between the helical and the PM state. T(p) eventually
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FIG. 3 (color online). (a) (T, p) phase diagram of cubic FeGe
including data from transport experiments (open symbols) [27]. The
long-range helical magnetic order (LRMO) sets in at 7'~ (black
circles). The helix propagation along (100) changes to (111) below
T, (blue squares); the point at p = O (open square) is taken from
Ref. [13]. T (red triangles) is the upper boundary of the phase
characterized by short range magnetic correlations, which is
anticipated to be an inhomogeneous chiral-spin (ICS) state. The
value of Ty at ambient pressure is taken from Ref. [17]. (b) Pressure
dependence of the experimental (bold symbols, 7 = 3 K) and
calculated (open symbols, T = 0 K) average magnetic hyperfine
field. (By¢) values for p < p, and in the helical ground state are
shown as black circles. Above p.., (B (p)) (red triangles) is almost
constant before it vanishes at p, = 28.5(20) GPa.

approaches zero at p, = 28.5(20) GPa. The pressure
dependence of (B (T =3 K)), depicted in Fig. 3(b),
reflects the evolution of the ground-state magnetic moment
of Fe with pressure (bold circles). In the LRMO state,
(Bps(p)) decreases smoothly with pressure. Above p.,
however, it is nonzero and remains constant over a large
pressure range [triangles in Fig. 3(b)] until it is suppressed
at py, where the PM state is entered. In contrast to this, the
calculated By¢(p) (open circles) shows only a very gentle
decrease over the pressure range covered by the experi-
ment. Considering that the theoretical results are restricted
to the zero-temperature ground state without fluctuations,
this deviation suggests that the magnetic state for p >
10 GPa is gradually affected by the enhanced fluctuations
upon approaching the QPT [28].

Regarding the nature of the precursor region, we would
like to point out that in cubic chiral magnets, the presence
of the Dzyaloshinskii-Moriya exchange [7-9,46] not only
twists the ferromagnetic spin structure into a helix, but it
also causes an anomalous, thermally driven, magnetic
transition. In fact, the presence of Lifshitz invariants in
the phenomenological Landau-Ginzburg theory for chiral
magnets [19,47] stipulates that a conventional PM-
helimagnetic thermal phase transition cannot take place.
This becomes evident as the transition temperature 7'-(p)

is tuned towards zero. Upon approaching the QPT, the
quantum dynamical spin fluctuations in the metallic
magnets  start to cooperate with the weak
Dzyaloshinskii-Moriya exchange, the homogeneity of
the magnetic state is destroyed, and a chiral liquidlike
magnetic precursor state is expected. This state is com-
posed of twisted and longitudinally modulated magnetic
solitonic units in the form of helicoidal one-dimensional
modulations or double-twisted skyrmionic cores [21,24].
The appearance of mesoscopic solitons and defects in such
systems underlies their anomalous ordering transition,
which is known from the occurrence of mesophases in
soft matter [48].

Furthermore, we want to stress that for thermally driven
transitions, such confined magnetic precursor phenomena
have been detected in the B20 ferromagnets at ambient
pressure in a small temperature interval of a few Kelvin
[14,16,17,22,23]. Identifying the short-range-ordered ICS
state observed below T at high pressures with these
precursors, we conjecture that the transition line T¢(p)
lies below the line To(p) at all pressures, as depicted in
Fig. 3(a). Moreover, our results show that, upon approach-
ing the QPT, the increasing magnetic fluctuations must
exacerbate the tendency of the system to stabilize such
inhomogeneous magnetic textures and the precursor
regime expands to an exceptionally wide temperature
range. The ability of NFS to probe the magnitude and
distribution of the quasistatic spin polarization yields direct
microscopic evidence for the existence of the precursor
state in chiral helimagnets. In a centrosymmetric itinerant
magnet, however, a corresponding mechanism for longi-
tudinal modulations and complex textures of the ordered
magnetic moment does not exist. Correspondingly, evi-
dence for spin textures with comparable features and extent
near the PM-to-FM QPT has not been reported, and it is
unlikely to exist, for such materials.

In conclusion, the >’Fe NFS data on cubic FeGe reveal
the formation of an inhomogeneous quasistatic (on a time
scale of about 10 ns) magnetic state which exists up to
pe~19 GPa for Tc < T < T, and becomes the ground
state in the range p.< p < po=28.5(20) GPa for
T < T,. This precursor state reflects the predicted behavior
of an inhomogeneous chiral-spin state composed of soliton
units. Such a chiral short-range ordered precursor region,
already observed at ambient pressure in FeGe, is dramati-
cally widened by the increasing spin fluctuations near the
quantum phase transition and is the origin of the observed
pressure-induced wide distribution of the hyperfine fields.
Furthermore, it is very likely the origin of the anomalous
electronic transport behavior observed beyond p,. in FeGe
and other B20 helimagnets, where charge carriers are
scattered off these inhomogeneous and twisted spin
textures.
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