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Critical slowing-down and field-dependent paramagnetic fluctuations in the skyrmion host EuPtSi:
1SR and NMR studies
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We report the results of muon spin relaxation (4SR) and *’Si NMR measurements carried out on the cubic
chiral magnet EuPtSi. This compound exhibits a helimagnetic transition at 7y = 4 K, and hosts a unique
skyrmion phase characterized by a short modulation period and strong anisotropy under magnetic fields. Our
zero-field SR experiments revealed the development of critical slowing down of Eu spin fluctuations over
a relatively wide critical region (T — Ty)/Tn < 5 above Ty. We also found from 2Si NMR that the spin
fluctuations are strongly suppressed by magnetic field in the paramagnetic state above 20 K. These characteristic
spin dynamics observed over a wide region of temperature and magnetic field suggest the presence of magnetic
frustration in the spin system. Such frustration would underlie the mechanism stabilizing the short-period

skyrmion lattice observed in this compound.

DOLI: 10.1103/PhysRevB.104.045145

I. INTRODUCTION

The rare-earth compound EuPtSi crystallizes in a noncen-
trosymmetric chiral structure (cubic LalrSi type) belonging to
the same space group P2;3 as MnSi and other B20 materials,
where the divalent Eu ions form a three-dimensional lattice of
corner-sharing triangles called the trillium lattice [1-4]. This
compound recently drew considerable attention as a system
having a unique magnetic skyrmion phase characterized by
an extremely short magnetic modulation period (~18 10\) [5,6],
an order of magnitude shorter than that of MnSi (~180 A)[7].
The skyrmion lattice is further characterized by strong mag-
netic anisotropy, suggesting strong coupling of the skyrmion
lattice with the crystal lattice [4-6,8,9].

In noncentrosymmetric chiral magnets such as MnSi, the
formation of the skyrmion lattice has been attributed to the
competition between ferromagnetic (FM) exchange and
the Dzyaloshinskii-Moriya (DM) interactions resulting from
the spin-orbit coupling and the lack of inversion symmetry
[10]. This mechanism is, however, not simply applicable for
EuPtSi, since the DM interaction is unexpected for Eu’*
ions which do not have orbital angular momentum. Instead,
magnetic frustration from the geometry of the trillium lattice,
and/or competing magnetic correlations, have been proposed
to play a major role in stabilizing the short-period skyrmion
lattice [11].
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In zero magnetic field, EuPtSi exhibits a helimagnetic
phase transition at 7y = 4 K [1-4]. This phase transition is
first order in nature, and furthermore, signatures of devel-
oping magnetic fluctuations as precursors to the transition
have been reported. In the specific heat, for example, a sharp
spike appears at Ty, on the top of a broad hump occurring
below at ~7 K [2]. Magnetic entropy at Ty is only half the
full R In8 expected for the 7/2 spin of Eu?*. Eventually,
it reaches the full value around 30 K [2,8]. Similarly, the
magnetic susceptibility exhibits a sudden drop at Ty, followed
by an inflection point in the Curie-Weiss behavior around
7 K [12], and the linewidth in the ">'Eu Mdssbauer spectrum
shows a gradual upturn below 8 K [13]. From these results,
the possibility of a fluctuation-induced, first-order transition
has been discussed for EuPtSi, which is further supported by
the recent observation of a tricritcal point [12]. Interestingly,
the fluctuation-induced first-order transition has also been
suggested to occur in other B20 helimagnets, such as MnSi
and Cu,O0SeOs5 [14-16].

In this paper, we report the results of muon spin relaxation
(uSR) and 2Si NMR measurements performed on EuPtSi.
At zero magnetic field (ZF), the critical slowing down of Eu
spin fluctuations has been detected in a relatively wide tem-
perature region (T — Ty)/Tn < 5 above Ty. We also found
from the NMR measurements that the spin fluctuations are
rapidly suppressed by applied magnetic field in the paramag-
netic region above 20 K. Our observations strongly support
the fluctuation-induced, first-order transition mechanism, and
further suggest the presence of magnetic frustration in the spin
system.

©2021 American Physical Society
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II. EXPERIMENT

Single crystals of EuPtSi were grown by the Bridgman
method. Details of the sample preparation are described in
Ref. [4]. For NMR studies, we prepared 2°Si isotope-enriched
(~99%) single crystals, in order to enhance the *Si NMR
signal intensity. The natural abundance of the *Si is only
4.7%.

Time-differential SR measurements were performed in
the ZF/longitudinal-field configuration [17] using the D1 uSR
spectrometer of the Japan Proton Accelerator Research Com-
plex (J-PARC) for the temperature range 15 < T < 300 K
and the GPS instrument of the Paul Scherrer Institut (PSI)
for 1.6 < T < 15 K with a conventional *He cryostat. The
bin size of time-to-digital converters (TDCs) was set to 8 ns
at J-PARC and 391 ps at PSI, limiting the time resolution
of positron-counting systems. Single crystals cut along the
(111) plane were used for the experiment at J-PARC, while
a polycrystalline sample of larger volume was used for the
experiment at PSI. Spin-polarized surface pu* beams were
incident to the samples, with the initial muon spin polarization
direction along the (111) direction at J-PARC. We confirmed
that the results are compatible between the J-PARC and PSI
experiments; the temperature dependencies of the muon relax-
ation rate obtained at the two facilities are smoothly connected
in the paramagnetic state around 15 K.

2Si NMR measurements were carried out on a powdered
single crystal sample using a superconducting magnet and a
phase-coherent, pulsed spectrometer. The 2°Si nuclei have the
nuclear gyromagnetic ratio y, /2w = 8.4578 MHz/T and I =
1/2. The NMR spectrum was obtained by sweeping frequency
at fixed external field and integrating the spin-echo signal
intensity. The spin-lattice relaxation rate 1/7; was measured
using the saturation-recovery method.

III. EXPERIMENTAL RESULTS

A. Zero-field uSR

uSR and NMR are both powerful techniques, allowing
us to investigate the microscopic properties of electron spin
dynamics with different, but complementary time windows of
observation. NMR is more sensitive to slow spin dynamics.
However, the high sensitivity often provides an extremely
short nuclear relaxation near a magnetic phase transition,
preventing the observation of an NMR signal in a wide tem-
perature range near the phase transition. On the other hand,
1SR can detect relaxation times shorter than 0.1 us, about two
orders of magnitude shorter than the NMR capability; it thus
can be more suitable for tracking slow spin dynamics emerg-
ing near the phase transition. A further advantage of SR is
that one can measure the spin dynamics without applying a
magnetic field.

Figure 1 shows time-differential SR spectra obtained un-
der ZF at various temperatures above and below 7y. The muon
decay asymmetries were all well described by the simple
exponential depolarization function, A(t) = Agexp(—t/T1 ),
where Ay is the effective initial asymmetry and 1/7; ,, is the
muon spin relaxation rate. Such a single exponential character
for the relaxation function is generally expected when the
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FIG. 1. ZF-uSR spectra at 14.8, 7.0, and 5.0 K in the param-
agnetic phase (open symbols) and at 1.6 K in the helimagnetic phase
(filled triangle). The solid lines are the best fits to a single exponential
function: A(t) = Ag exp(—t/Ti,,.).

relaxation is dynamical in origin; here it would be dominated
by the fluctuations of giant Eu spin moments (~7ug).

Figure 2 shows the temperature dependence of 1/Tj .
With decreasing temperature, 1/7;,, exhibits a rapid increase
below about 20 K, followed by a distinct peak just at Ty ~
4 K. This behavior is characteristic of a magnetic phase
transition accompanied by a critical slowing down. Below
In, 1/Th,, is sharply suppressed, and at the same time, Ag
is also discontinuously suppressed to about one -third of its
original value, as shown in the inset of Fig. 2. This behavior
for Ay is fairly consistent with magnetic ordering in a poly-
crystalline sample where the direction of the local fields is
completely randomized. In such a case, the SR signal splits
into one-third longitudinal and two-thirds transverse compo-
nents with respect to the initial muon spin direction [18]. The
longitudinal part corresponds to one-third of the local field
components along the initial spin direction, which effectively
act as longitudinal fields for muon spins. The relaxation rate
of this component, 1/7; ,, reflects the nature of low-energy
magnetic excitations in the ordered state. The remaining
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FIG. 2. Temperature dependence of the relaxation rate 1/7; ,, in
ZF. The inset shows the temperature dependence of the effective
initial asymmetry A, for the data obtained at PSI.

045145-2



CRITICAL SLOWING-DOWN AND FIELD-DEPENDENT ...

PHYSICAL REVIEW B 104, 045145 (2021)

K =10 %
| T T 7=250K i
1.4x10 [~ 29Gi-NMR 7 :
~ 12f 4 195K || 1
~ 2ol g '
g | g :
g ~ 08 | 70K -
=N A , AA N 1|
8 0.6 ATAAT !
= 0 100 200 300 :
2 Temperature (K) 1
.5 | - r
§ 29Gi-NMR 50K 1
=t H=6.544T !
e 1
| 40K 1|
20K \
10K 30K |
/f/JV\/\/\/\/\ 1
\ \ \ \ !
35 40 45 50 55

Frequency (MHz)

FIG. 3. ’Si NMR spectra in the magnetic field # = 6.544 T at
various temperatures. The inset shows the temperature dependence
of 1/T5.

transverse part generally has a damped cosine structure cor-
responding to muon spin precession in effective transverse
fields. In our case, the cosine signal was averaged out or
promptly damped to zero because of large internal fields at
muon sites and it was not clearly captured in our configura-
tion with the TDC bin size of 391 ps. This is in line with
the roughly estimated value of a field spread at muon sites,
~1.4 T, which is calculated for the 7up ordered moment using
a typical coupling constant of 0.2 T/ug for f-electron com-
pounds [19]. The corresponding damping rate, 1.2x10? s™!,
is close to the resolution limit.

Note that neutron diffraction studies of EuPtSi have found
a second magnetic transition from an incommensurate to a
commensurate structure at 7 ~ 2.5 K [5]. In the present SR
study, however, we could not resolve any distinct anomaly in
either Ap or 1/7; ,, in the vicinity of T3 (Fig. 2).

B. ¥Si NMR

NMR probes the local environment of the observed nucleus
and its dynamics. The crystallographic position of the nucleus
is usually well defined, so that the results can be straightfor-
wardly compared with theories. In addition, we can conduct
most NMR experiments in a small-scale laboratory, without
using a large experimental facility. This advantage allowed us
to investigate detailed field dependence of magnetic properties
in the present study.

Figure 3 shows the temperature dependence of the 2°Si
NMR spectrum measured at the fix field of H = 6.544 T.
Since ?°Si has a nuclear spin of 1/2, and there is only one
crystallographic Si site per unit cell, a single, sharp NMR peak
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FIG. 4. Temperature dependence of the Knight shift at various
magnetic fields in the paramagnetic state. The solid line is the result
of the Curie-Weiss fit with the Weiss temperature 6p = 4.0 K. The
inset shows K (7) versus the magnetic susceptibility x (7)) with tem-
perature as an implicit parameter. The slope of the solid line yields
hyperfine coupling constant A}, = —2.87 kOe/ 3.

has been observed at higher temperatures. With decreasing
temperature, the spectrum broadens, and moves on to lower
frequencies due to negative Knight shifts (K). The linewidth
increases roughly proportional to |K|, indicating that the dis-
tribution of K is its major origin.

With further decrease of temperature, NMR signal in-
tensity decreases significantly below about 20 K, and is
completely wiped out below 10 K. The loss of the signal
intensity is attributed to extremely fast transverse relaxation
of the nuclei (i.e., to a short 75) on the timescale of the NMR
window (see inset to Fig. 3). It is thus associated with the
critical slowing down of Eu moment fluctuations detected by
USR in the same temperature region. Note that the loss of
NMR signal intensity during a magnetic phase transition is
not a rare observation. It usually occurs in a very narrow
temperature region near the transition temperature. The signal
intensity is generally recovered in the ordered state, after static
spin order is well established. In the present study, however,
we could not detect an NMR signal even at temperatures well
below 7y (~100 mK). The latter result suggests continuing,
slow Eu spin fluctuations in the ordered state, as was also
indicated by uSR data. An extremely broad distribution of
internal magnetic fields can be another possible source of the
loss of the NMR signal intensity in the helical ordered state.

Figure 4 shows the temperature dependence of K(T')
measured in several different magnetic fields. Here, K is de-
termined by the peak position of the NMR spectrum at each
temperature. The solid line indicates a fit with the Curie-Weiss
law K(T) = C/(T — 6p), which yields 8p = 4 K. K does not
show any field dependence in the entire range of temperatures
and fields.
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FIG. 5. Examples of Si nuclear magnetization recovery mea-
sured at T =70K in H = 1.507, 4.530, and 6.544 T. The solid
lines are fits with a single exponential function 1 — M,(¢)/My =
exp(—t/Th).

For f-electron systems the K of ligand nuclei is generally
composed of a spin part K* and a Van Vleck part KV. These
components are related to a 7T-dependent spin susceptibil-
ity x* and a T-independent Van Vleck susceptibility x" as
follows:

K(T) =K T)+K"

1

= N e (D + A3, (M
where A}, (A};) is the spin (Van Vleck) hyperfine (hf) cou-
pling constant, N is Avogadro’s number, and wg is the Bohr
magneton. In the inset to Fig. 4, we plot K(T') against x(T)
with temperature as an implicit variable. K(7) maintains a
good linear relation with x(7'), and thus the slope of the
K vs x plot yields the spin part of the hyperfine coupling
constants A} = —2.87 +0.07 kOe/ug. On the other hand,
the intercept of the line at x = 0 is nearly zero. In EuPtSi,
susceptibility measurements indicate that xV =~ 0, and hence,
K" should be ~0, as is observed. Note that a negative value
for A} at ligand nuclei has been reported for several Eu-based
intermetallic compounds, such as EuGay [20], EuAly [21,22],
EuCo,P; [23], and EuCo,As; [24]. The negative A}; suggests
the dominance of the Ruderman-Kittel-Kasuya-Yosida cou-
pling mechanism [21].

The spin-lattice relaxation rate 1/77 has also been mea-
sured in several different magnetic fields. Figure 5 shows
examples of 2°Si nuclear magnetization recoveries, measured
at T =70 K in H = 1.507, 4.530, and 6.544 T, respec-
tively. In all measurements, the nuclear recoveries were well
fitted with a single exponential function 1 — M,(¢t)/My =
exp(—t/T), as expected for I = 1/2 nuclei, and thus a unique
T\ value was obtained at each temperature and field. The
single 7} component in a powder sample indicates a 77 process
dominated by isotropic spin fluctuations.

In general, 7; is related to the low-energy spin-fluctuation
densities perpendicular to the quantization axis [25]. The ob-
served temperature and field dependence of 1/7\T are shown
in Fig. 6. In the same figure, we also plot the temperature
dependence of 1/7,,T, together with the bulk susceptibility
x(T). We found that 1/7 , T scales linearly with x (7") in the
entire paramagnetic region above 20 K, while their temper-
ature dependencies distinctly deviate from each other in the
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FIG. 6. The temperature and field dependencies of the NMR
1/T\T. The broken lines indicate the results of a CW fit to the 1/T,T
data above 25 K, yielding values of the Weiss temperature 6p and the
Curie constant C plotted in Fig. 7. In the same figure and the inset,
we also plot the temperature dependencies of 1/7; ,T and x (T'). The
1/T,, T values are multiplied by a factor 0.0039 for scaling with the
x(T)and NMR 1/T; T data.

critical region below 20 K (see the inset of Fig. 6). The 1/T\T
measured by NMR at a lower field of 1.5 T exhibits a similar
temperature dependence to that of 1/7; , T, and thus of x (T').
With increasing applied magnetic field, however, 1/T\T is
suppressed rapidly over a wide temperature region. The origin
of this suppression is not very obvious, but here we tentatively
analyze the behavior by fitting the data with the Curie-Weiss
(CW) law above 25 K. The broken lines in Fig. 6 show the
results of the CW fit, which give the Weiss temperature 6p
and the Curie constant C shown in Fig. 7. Both the 6p and
the C exhibit strong field dependence, decreasing linearly with
increasing applied magnetic field. Interestingly, we note that
fp changes sign from positive to negative at H ~ 1.2 T, where
the formation of the skyrmion lattice has been observed at low
temperatures [3—6].
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FIG. 7. Field dependence of (a) the Weiss temperature 6p and
(b) the Curie constant C extracted from CW fits to the 1/77T and
1/T,,T(H = 0) data. The gray area corresponds to the field region
where the formation of the skyrmion lattice has been observed.
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FIG. 8. Log-log plots of the normalized relaxation rate (1/77)/
(1/Ty)o against the reduced temperature t = (T — Tx.c)/Ix.c for Eu-
PtSi, and several magnets, GdNis [29], MnF, [30], EuO [31], MnSi
[32] (from uSR), CuO [28], and Li;RuOg¢ [33] (from NMR), where
(1/Ty)p is the high temperature limit of 1/7;. The data in EuPtSi
follows Eq. (2) in a temperature range of ¢ < 5 with the exponent
w = 0.74, as shown by the solid line.

IV. DISCUSSION
A. Critical slowing down

In a magnetic system, when the temperature is decreased
in the paramagnetic state toward the ordering temperature, the
paramagnetic spins form into clusters and exhibit a critical
slowing down in a critical temperature region. In the present
study, the critical slowing down of Eu spin moments has been
observed by uSR as a strong upturn of 1/7; , below about
20 K. It has been also detected by NMR as the wipeout of the
signal intensity in the same temperature region.

In the critical temperature region, one can expect a temper-
ature dependence of the relaxation rate,

1/T 72, @)

where t = (T — Tn,c)/Inc is the reduced temperature, and
the w is a critical exponent. In Fig. 8, we plot in the log-log
scale the normalized relaxation rate (1/77)/(1/T})o against ¢
for several magnets, where (1/77)o is the high temperature
limit of 1/7;. For EuPtSi, 1/7; , follows Eq. (2) in a relatively
wide temperature range of t < 5 with the exponent w = 0.74,
as shown by the solid line.

The critical region of t+ < 5 observed in EuPtSi is a sig-
nature of magnetic frustration in the spin system. In general,
for simple magnets, critical slowing down occurs only in
a narrow temperature region near a transition temperature,
typically in ¢ < 1 [26,27]. As examples of this, we plot in
Fig. 8 (1/T1)/(1/T1)o for CuO [28], GdNis [29], MnF; [30],
and EuO [31]; all of these magnets possess a narrow critical
region. On the other hand, frustrated magnets often exhibit
a wide critical region, e.g., MnSi (t < 4) [32] and Li;RuOg¢
(t < 7) [33]; the latter is a Heisenberg antiferromagnet with
a triangular lattice, and thus has geometric frustration. The

critical region of < 5 is also wider than ¢t < 1 observed for
the two-dimensional square lattice spin systems [33-36].

The critical exponent @ observed here is a composite of
dynamical and static critical exponents. The dynamical scal-
ing theory gives = v(z + 2 — d — 1) in the usual notation.
For the three-dimensional (d = 3) Heisenberg model, one can
expect the dynamical exponent z = 2.5 and 1.5 for FM and
antiferro- (AF) magnets, respectively [26,30,37]. Then, using
static exponents v = 0.705 and n = 0.033 for the Heisenberg
model [38], one can obtain w = 1.03 and 0.33 for the FM
and AF cases, respectively. The observed value w = 0.74 in
EuPtSi thus does not match with these two simple cases,
implying a rather complex nature for the fluctuations.

Note that, while the critical fluctuations are at the ori-
gin of scaling laws close to second-order phase transitions,
if the low-energy fluctuations are too abundant, the system
may evade the critical point to avoid the large entropy as-
sociated with the fluctuations by undergoing a first-order
phase transition [39]. As mentioned, the possibility of such
a fluctuation-induced, first-order transition has been recently
discussed for EuPtSi [2,12]. Theoretically, if an order pa-
rameter possesses a large number of components N > 4, its
self-interaction with critical fluctuations is already sufficient
to drive the transition first order [40]. Regarding EuPtSi, the
lattice-symmetry operations on the observed propagation vec-
tor of the helical order yields 12 distinct ordering vectors; the
number of order parameter components is thus large enough to
satisfy the condition [12]. Experimentally, on the other hand,
while the first-order nature of the transition has been well
established [12], the presence of strong fluctuations above Ty
had only been indirectly suggested. Here, by means of the
1SR and NMR, we have successfully observed the enhanced
critical fluctuations in a wide temperature region above Ty.
This further supports the scenario of the fluctuation-induced,
first-order transition in EuPtSi.

B. Paramagnetic fluctuations

In the paramagnetic state, the static spin susceptibility
x(T) of EuPtSi follows a CW law with a positive Weiss
temperature 6p = 5-10 K [1-3]. Then, magnetic correlations
have been considered to be predominantly ferromagnetic. This
has also been confirmed by our NMR Knight shift, providing
Op ~ 4 K. For the dynamical spin susceptibility, on the other
hand, the situation is found to be rather complex. At zero
field, the 1/T; , T scales linearly to x(7) above 20 K, sug-
gesting the dynamical spin susceptibility to be dominated by
FM fluctuations with the wave vector g = (0, 0, 0). However,
the NMR 1/T7T demonstrates that the fluctuation behaviors
are strongly field dependent, being suppressed with increas-
ing magnetic field, where 0p changes the sign from positive
to negative value. This result implies the occurrence of a
field-induced crossover from ferromagnetically to antiferro-
magnetically dominated fluctuations around H ~ 1.2 T.

In NMR studies, a suppression of 1/777T in magnetic
fields is generally observed in localized ferromagnets. In
these materials, FM correlations are developing among local
moments, so that low-energy spin fluctuations are enhanced
rapidly as the temperature decreases. Because of the fer-
romagnetically enhanced susceptibility, however, an applied
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field quickly quenches out these fluctuations, resulting in pro-
gressive suppression of 1/777T. In such a case, however, any
sharp anomalies associated with the transition, including the
critical slowing down, should be smeared out under magnetic
fields, since applied magnetic field forces a change of the FM
phase transition into a crossover; this is obviously not the case
for EuPtSi.

The observed 1/T;T behaviors would be described most
naturally by introducing the competing magnetic correlations,
that is, 1/7} responds to magnetic fluctuations enhanced at
both the FM ¢ = (0, 0, 0) and the propagation vector of the
incommensurate helical state, ¢ = (0.2, 0.3, 6) (6 =~ 0.04) [5].
The latter drives the critical slowing down toward the heli-
magnetic transition. Thus, since the FM component will be
suppressed more rapidly under magnetic field, we can expect
a field-induced crossover for the predominant fluctuations.
Such competing magnetic correlations will naturally explain
a relatively lower Ty for EuPtSi, compared with other Eu-
based magnets having a magnetic transition typically around
15-100 K. The competing magnetic correlations further ex-
plain the wide critical regions (t < 5) and the unusual critical
exponent (w = 0.74) observed in this study.

It is also important to note that EuPtSi possesses a geomet-
ric frustration inherent to the trillium lattice. Theoretically,
the degree of geometric frustration on this lattice is shown
to lie on the border between a frustrated degenerate ground
state and an ordered state [41-43]. Within the mean-field
approximation, the AF Heisenberg model yields a degener-
ate ground state, where the degenerate wave vectors ¢ form
a spheroidlike surface centered at ¢ = (0,0, 0) [42]. Such
a degeneracy will naturally enhance low-energy fluctuations
at zero field, but the fluctuations will be suppressed sharply

under magnetic field, since the applied field lifts the degener-
acy by breaking the high symmetry of the cubic lattice [12].
Geometric frustration can thus be another possible source
of strongly field-dependent fluctuations. Further experimental
efforts, such as NMR under uniaxial stress, are needed to
understand this issue in detail.

V. SUMMARY

Using uSR and *’Si NMR techniques complementarily,
we have investigated the dynamical properties of Eu spin
moments in the paramagnetic state of EuPtSi. The experi-
ments revealed characteristic spin dynamics that develop over
a wide temperature and magnetic field region, which sug-
gest the presence of frustration in the spin system, resulting
from competing magnetic correlation and/or the geometrically
frustrated trillium lattice. It is expected that these frustrations
underlie the mechanism stabilizing the unique skyrmion lat-
tice with a short modulation period and strong anisotropy
found in EuPtSi.
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