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Nonequilibrium dynamical behavior in noncoplanar magnets with chiral spin texture
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We observe nonequilibrium dynamical magnetic behavior in the magnetically ordered phase of a Tsai-type Tb-
Au-Si quasicrystal approximant system. The magnetic texture in the ordered phase is found to exhibit scalar spin
chirality (SSC) order, inferring that SSC is the order parameter of the present magnetic system. We further find
that the introduction of “pseudo-Tsai” clusters, associated with additional Tb atoms in the structure, induces spin-
glass dynamics. We discuss the observed dynamical magnetic behavior in the Tb-Au-Si systems, considering the
effect of the pseudo-Tsai clusters on the magnetic configuration and local spin chirality.
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Spin glasses (SGs) have been a central topic in physics
due to their intriguing nonequilibrium dynamics and their
application to information science and technology [1-4]. The
influence of SGs on condensed matter physics is diverse as
glassy behavior has been investigated not only in archety-
pal disordered systems, but also in various complex systems
[5,6], including geometrically frustrated magnetic systems
[7], chiral-glass superconductors [8], orientational glasses [9],
and supercooled liquids [10]. Experimentally, e.g., by mag-
netometry, SGs are found to display aging, memory, and
rejuvenation features [11,12]. Aging refers to the rearrange-
ment or slow equilibration of the random spin configuration
imprinted to the system after, e.g., a temperature perturbation
(rapid cooling into the SG phase), while memory and rejuve-
nation depict the ability of the SG phase to both preserve this
aging (memory) and reinitialize its spin configuration (rejuve-
nation = “young” anew) after subsequent perturbations.

Magnetic quasicrystals (QCs) and their approximant crys-
tals (ACs) [13] are promising new playgrounds for SG and
frustration magnetism due to their unique geometrical struc-
ture [14]. In particular, rare-earth (RE)-contained Tsai-type
1/1 ACs [13] are of interest due to their unique polyhedral
structures [15]. There are two possible views for the network
of the magnetic RE sites (see Fig. 1): either by a periodic
arrangement of magnetic icosahedral units [16] or by dis-
torted corner-sharing octahedral units [14,17], both of which
consist of triangular faces (and thus geometrical frustration
is expected). Interestingly, noncoplanar spiral-like magnetic
order has been observed in the Tb-Au-Si 1/1 AC [18-20] and
Ho-Au-Si 1/1 AC [20].
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In this Letter, we investigate magnetic nonequilibrium
dynamics of the Tb-Au-Si (TAS) 1/1 AC systems. We inves-
tigate three compositionally different systems named TAS(0),
TAS(14), and TAS(100). The number in the parentheses in-
dicates the percentage of “pseudo-Tsai” clusters [15], which
gives additional RE atoms at the center of the icosahedral
shells as illustrated in Fig. 1(a). Based on our previous
neutron-scattering data (temperature 7 = 2 K) reported in
Ref. [20], we first discuss the order of the scalar spin chirality
(SSC) in the magnetically ordered phase of TAS(0). We find
that the ac susceptibility of the TAS exhibits relaxation behav-
ior at constant 7 below the ordering temperatures. We further
observe “aging,” “rejuvenation,” and “memory” effects in the
dc magnetization and ac susceptibility of the pseudo-Tsai TAS
systems [i.e., TAS(14) and TAS(100)]. On the other hand,
TAS(0) exhibits no memory effect, but a peculiar cooling-
history-dependent behavior in its dc magnetization. These
results indicate that TAS(0), which can be considered a mag-
netically frustrated ferrimagnet with chiral spin texture, is
at the border of becoming a SG. We discuss the origin of
the nonequilibrium dynamics in light of the introduction of
pseudo-Tsai clusters and the chiral spin texture of the system.

We have used the same polycrystalline samples as in our
previous studies: see Refs. [15,20] for details about the syn-
thesis conditions and characterizations (note that in Ref. [15],
the 0 and 100 systems are referred to as IT and CC, respec-
tively). The dc magnetization and ac magnetic susceptibility
measurements were performed using an MPMS XL supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design Inc.). The Hall effect was measured using a
conventional four-probe method in a Physical Property Mea-
surement System (PPMS) (Quantum Design Inc.).

The local SSC and vector spin chirality (VSC) for each
triangular unit (see Fig. 1) are defined by x;jx = S; - (§j x 8)
and Xijx = S’,- X §j + S’j X §k + §k X S’,-, respectively, where
S, S j, and Sy are spins residing on the vertices in the
counterclockwise order of i— j — k (cyclic). In the
octahedral spin configuration of TAS(0) (T" = 2 K), presented
in Fig. 1(b) and its schematic expanded view in Fig. 1(c), the
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FIG. 1. (a) Body-centered periodic arrangement of RE (=Tb)
icosahedra (yellow) and pseudo-Tsai RE atoms. The interstitial (dis-
torted) octahedral units named Octa-A (green) and Octa-B (blue) are
also presented. (b) The spin configuration on the octahedra of TAS(0)
obtained from the previous neutron-scattering experiment [20]. The
black and pink arrows (spins) refer to two independent moments
RE1_1 and RE1_2, respectively [20]. The SSC is indicated by the
red and blue spheres whose size and color represent the absolute
value and sign, respectively. (c) A schematic expanded view of the
octahedral unit. The sign (£) indicates the sign of SSC. (d) The spin
configuration on the icosahedral unit of TAS(0) with the SSC repre-
sentations. The green and blue faces are shared with the octahedral
units Octa-A and Octa-B, respectively. (¢) The periodic arrangement
of the octahedral units exhibiting the SSC in the ordered phase of
TAS(0). (f) The Hall resistivity of TAS(0) measured below and above
the ordering temperature (T, ~ 11 K).

(i, j, k) combinations for local SSC and VSC are (i, j, k) =
(1,3,2), (2,3,4), (3,5,4), (1,5,3), (1,6,5), (1,2,06),
(2,4, 6),and (4,5,6). In Fig. 1(b), the calculated values of SSC
are indicated by color spheres at the center of the triangular
faces: the size of the sphere represents the absolute value
of SSC, while the color indicates the sign of SSC (red: +,
blue: —). The sign of SSC alternates between two neighboring
triangular faces sharing an edge, as is also presented in
Fig. 1(c). The total SSC of the octahedral unit () can be
described as xocta = (S35 — Se) - [(S1 = 84) x (S, — 85)] and
Xocta 1S Z€ro since §,- = §i+3 (i=1,2, and 3) in the present
spin configuration. From the icosahedral point of view, only
the triangular faces shared with the octahedra exhibit signif-
icant finite values of SSC [see Fig. 1(d)]. This suggests that
the octahedral network is more relevant to the chirality of the

present system. We also observe that the VSC of the octahedra
tends to point along the [111] (threefold) direction in parallel
and antiparallel (see the Supplemental Material (SM) [21],
which includes Ref. [22]). Figure 1(e) shows the periodic
arrangement of the octahedral units with the SSC representa-
tions. Note that there are two different types of spin octahedra,
named Octa-A (green) and Octa-B (blue). The former consists
of only one type of moment, referred to as RE1_1 (black),
while the latter consists of two types of moments, RE1_1 and
RE1_2 (pink) [20]. The Octa-A octahedra contain an inherent
threefold axis, while Octa-B octahedra do not. None of the
octahedra exhibit full cubic symmetry. Yet, interestingly, their
SSC absolute values are only slightly different (by ~1%),
and we observe a periodic order with respect to the SSC
(the sign of the SSC is alternating in space). This indicates
that TAS(O) is a chiral order system regarding its octahedral
network. Furthermore, we observe an anomalous Hall effect
(AHE) below the magnetic ordering temperature (~11 K)
(see Fig. 1(f) and SM [21]). The magnetotransport and AHE
of such systems may include contributions of the chiral order.

In neutron-diffraction experiments, the TAS systems
appear as long-range ferrimagnets [20]. Magnetic-field-
dependent magnetization curves recorded at low temperatures
support this observation [15]. However the temperature-
dependent magnetization curves suggest differences between
the TAS systems. Figures 2(a)-2(c) show the temperature
dependence of the dc magnetization [plotted as M/H for zero
field cooling (ZFC) and field cooling (FC)] and ac magnetic
susceptibility (the in-phase x’ and out-of-phase x” compo-
nents) of the TAS systems [see SM [21] for a comparison
of M(T)/H and x'(T)]. The ZFC magnetization exhibits
a maximum (at 7},) below which irreversibility is observed
between the ZFC and FC curves, indicating ferrimagnetic or-
dering below T;,. The TAS(14) and TAS(100) systems display
frequency-dependent onsets of x” [see Figs. 2(b) and 2(c)],
which are reminiscent of those observed in SGs [23]. Addi-
tional data on a wider frequency range were collected in order
to perform a dynamic scaling analysis and evidence SG phase
transitions in those two systems (see SM [21]). The results
are, however, not completely satisfactory. For information,
if we consider a SG transition temperature 7, ~ Tp, ~ 7 K
for TAS(100), and the critical slowing down relation 7 /7y =
[(T — T,)/T,]7*" for the relaxation time t [24], a value of the
zv exponent of 6 and 7y ~ 10~? s are obtained (see SM [21]).

Figures 2(d)-2(f) show the time dependence of the out-
of-phase component of the ac susceptibility x”. Note that
the first point (# = 0) was recorded after rapidly cooling
the systems from 7" = 20 K (above T},) to the measurement
temperature. In the ac experiments, an ac excitation with a
given frequency f is used to probe the magnetic response.
The ac frequency will set the observation time of the mea-
surement as f,ps ~ 1/(27 f). We observe clear time relaxation
and decay of x” (and x’) below Tp,, indicating glassylike
nonequilibrium dynamics [11,25] below T;,, even for TAS(0)
whose temperature-dependent dc magnetization and ac sus-
ceptibility suggest a regular long-range ferrimagnet order
[Figs. 2(a)-2(c)]. The relaxation is smaller at lower temper-
atures for all systems, yet it vanishes below 5 K in the case of
TAS(0), suggesting some differences between TAS(0) and the
two other systems.
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FIG. 2. (a) The ZFC (green) and FC (red) magnetization M
(plotted as M/H) recorded under a magnetic field of H = 10 Oe.
(b),(c) The in-phase (x) and out-of-phase (x”) components of the ac
magnetic susceptibility, respectively. The data curves in (a)—(c) are
arbitrarily shifted from the origin. The ac susceptibility was recorded
using the ac excitation 2 = 4 Oe at frequencies f = 1.7 (red), 17
(green), and 170 Hz (blue). The data presented for (a)—(c) are from
Refs. [15,20]: note that we remeasured the magnetization for TAS(0)
in this study. The schematics in (a) illustrate Tsai-type [TAS(0)] and
pseudo-Tsai-type [TAS(14) and TAS(100)] RE clusters. (d)—(f) Time
dependence of x” for (d) TAS(0), (e) TAS(14), and (f) TAS(100)
at several temperatures, which was recorded with 4 = 4 Oe and
f=1.7Hz.

Another interesting property of the SG phase is that it may
both remember and forget the aging which occurred at a given
temperature, yielding the observed memory (i.e., the system
remember its “age”) and rejuvenation (i.e., the system instead
appears “younger”’) phenomena [23] owing to the chaotic
nature of the glassy phase (temperature chaos [26]). The aging
which took place during a halt at a given temperature will not
affect the spin configuration at a lower temperature, outside a
temperature range set by an overlap length of the equilibrium
configurations [23], implying that the system appears younger
when reaching that temperature (rejuvenation) [26]. However,
the configuration established at the initial temperature is pre-
served and is retrieved if the temperature is set back to that

temperature (memory). Such memory and rejuvenation effects
may be probed in time-dependent measurements [23,26], but
also in temperature-dependent ones, yielding so-called mem-
ory dips [11,26].

The dc and ac memory experiments [11,26] are hence per-
formed on all systems. In both the dc and ac cases, the sample
is rapidly cooled in zero magnetic field below Ty, down to the
halt temperature T, Where the cooling is stopped for a given
halt time #,5;. The cooling is then resumed down to 2 K and
the magnetization or ac susceptibility is recorded on reheating
and compared to that obtained without halt during the cooling.
In the dc measurements, a small magnetic field is applied at
2 K before recording the magnetization on reheating (i.e., the
obtained magnetization curves are zero-field-cooled curves).
In the ac ones, it is possible to record the susceptibility while
cooling the sample, as well as during the halt and its subse-
quent cooling. As aging proceeds while the ac susceptibility
is being collected, reference curves measured without halt
during the cooling, both for cooling and subsequent reheating,
need to be acquired [23]. The effect of the halt is visualized
more easily in the difference plots of the aging/memory curves
with their corresponding references [AM(T) or Ax'(T)].
In both ac and dc experiments, the amplitude of the ac
excitation and dc magnetic field is small enough not to
disturb a linear response down to the ordering temperature
(see SM [21]).

The results of dc-memory experiments are shown in
Figs. 3(a)-3(c). Note that AM = M (tha # 0) — M (tha = 0),
where M is the ZFC dc magnetization. See the SM [21]
for the M(T) data obtained after different #,,,. TAS(14) and
TAS(100) show the characteristic memory dips of the depth
increasing with increasing halt time, centered at Tha; [12].
For TAS(0), however, the observed dips are not centered at
Thait, but reflect instead the frequency dependence of the ac
susceptibility, which is observed between Ty, and ~5 K [see
Fig. 2(c)]. This suggests that the observed dips reflect the
effective cooling rate of the experiment [27], rather than the
memory of the aging. This was confirmed by recording ref-
erence zero-field-cooled magnetization curves (without halt)
after cooling at different cooling rates—mimicking the results
observed for “memory” experiments with different #,, (see
SM [21]).

Figures 3(d)-3(f) show the results of ac-memory effect
measurements. Note that A x” = x” (thar # 0) — x” (that =0),
where the cooling and warming references x” (fha = 0) are
obtained for aging and memory measurements, respectively.
As in the dc experiments, the memory effect (red curves)
is observed in TAS(14) and TAS(100). However, memory
behavior is absent in TAS(0), and there is no memory dip
at Thay, as shown in Fig. 3(d). This is reminiscent of frus-
trated (ferro- or ferri)magnets [28] or the ferro-/ferrimagnetic
phase of reentrant ferromagnets [29], which display aging, yet
whose magnetic configuration is unstable to any temperature
perturbation, even when cooling to a lower temperature, and
no memory in observed in that phase [29].

Interestingly, the reference warming x”(T') curves for the
TAS systems are slightly below their reference cooling curves
[see the insets of Figs. 3(d)-3(f)]. This suggests that the aging
which takes places during the cooling proceeds during the
subsequent reheating, and thus that the aging is accumulative
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FIG. 3. (a)—(c) The results of the dc memory measurements: AM vs temperature, where AM = M (ty, # 0) — M (thae = 0). (d)—(f) The
results of the ac memory measurements: A x” vs temperature, where Ax” = x"(thar 7 0) — x” (thar = 0). The inset shows x” vs temperature
for the aging (in the cooling process) and memory (in the warming process) measurements at 7y, Note that the reference curves [ x” (tha = 0)]
are obtained both in the cooling process (for the reference of the aging curve) and the warming process (for the reference of the memory curve).

in character [23]. This is qualitatively similar to that observed atom are a general feature of these approximant crystals. It
for Ising SG, in contrast to Heisenberg ones in which the  is interesting to mention in this glassy context that in the
aging is not accumulative and the reheating curve lies above chirality scenario of the SG ordering (chiral glass) proposed
the cooling one [23]. This is in agreement with the results of by Kawamura [5,30], the chirality of spins is a hidden order
the memory experiments, as the memory dips observed for parameter of the SG transition and the chirality may order
TAS(14) and TAS(100) are rather broad (see SM [21] for dc independently or can be coupled to the spins in the presence
ones) as for Ising SGs, again owing to the accumulative/less of weak random anisotropy; the ordering of chirality induces

chaotic nature of the aging. the spin (glass) order.
Our three TAS systems exhibit low-temperature M (H) In conclusion, we have observed nonequilibrium dynami-
curves resembling those of ferrimagnets (see SM [21]), al- cal behavior in seemingly long-range systems, the base system

though only TAS(0) shows M(T) and x(T), suggesting of which [i.e., TAS(0)] exhibits the order of SSC on its octa-
long-range order (sharp, frequency-independent onset of mag- hedral spin network. The pseudo-Tsai systems [i.e., TAS(14)
netic ordering; see Figs. 2(a)-2(c) and Fig. S3 in SM [21]); and TAS(100)] exhibit SG features as confirmed by mem-
interestingly, TAS(0) also shows chiral order. Spin-glass be- ory effects, while TAS(0) exhibits no memory but peculiar
havior is induced by the introduction of pseudo-Tsai RE atoms nonequilibrium behavior that depends on the cooling history,
as in TAS(14) and TAS(100), possibly owing to a larger ran- akin to a frustrated ferrimagnet. We hope that our findings
domness and magnetic frustration or perturbation of the chiral stimulate the studies of the dynamical magnetic properties and
spin texture and chiral order. We have observed a similar =~ magnetotransport/AHE in this class of systems.

behavior of x” with time for the related Ho-Au-Si system [20]

(see SM [21]; onsets of magnetic order in that system are, We thank the Knut and Alice Wallenberg Foundation
however, too low to perform temperature-dependent mem- (Grant No. KAW 2018.0019), the Carl Tryggers Stiftelse for
ory experiments), suggesting that the spin/chiral states and  Vetenskaplig Forskning (Grant No. CTS 19:235), and the
their evolution upon the introduction of a pseudo-Tsai RE Swedish Research Council (VR).
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