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BagCraSip is a recently discovered magnetic material, in which the spins are aligned ferromagnetically in the
ab-plane and anti-parallelly in a paired form along the c-axis. It is characterized as a quasi-one dimensional (1D)
dimerized structure with a ferrotoroidic order, forming the simplest candidate toroidal magnetic (TM) order and
exhibiting an anti-ferromagnetic-like transition at around 10 K. Time-resolved ultrafast dynamics investigation

of the novel A-Cr—S (A: metal elements) family of quantum materials has rarely been reported. Here, we

investigate the time-resolved pump-probe ultrafast dynamics of a BagCr2S1o single crystal. A prominent change

in the photo-excited carrier dynamics is observed at T, = 10 K, corresponding to the reported TM-paramagnetic

phase transition. A potential unknown magnetic transition is also found at 7% = 29 K. Our results provide new
evidence for the TM magnetic transition in BagCr2Si0, and shed light on phase transitions in TM quantum

materials.

DOIL: 10.1088/0256-307X /41,/4/047802

There has been an enduring interest in the ternary
chromium sulfides serial family (A-Cr—S, A: metal ele-
ments), due to its peculiar structural integration, which
are composed of one-dimensional (1D) chains, two-
dimensional (2D) layers, and three-dimensional (3D)
frameworks. [/l This A~Cr—S family provides a particularly
fruitful area for the exploration of novel quasi-1D dimer-
ized structure materials with ferrotoroidic order.® Ferro-
toroidic order is a primary ferroic order form, which is
often regarded as the fourth magnetic order. The toroidal
moment, which is generated by a head-to-tail magnetic
moment, denotes the main parameter of this ferrotoroidic
order. However, to date only a handful of ferrotoroidic ma-
terials have been reported, such as LiCoPOy, LiFeSizOg,
and CosNbyOg, 2 mainly due to their complex growth pro-
cedure under high pressure. Particularly, magnetic vortex
patterns are hallmarks of such ferroic states, exhibiting a
unique hysteretic poling of the ferrotoroidic domains. 31

Recently we proposed this novel quasi-1D material
BaGCTQSlo.[Q] To date, four ternary barium chromium
sulfides have been synthesized by Fukuoka et al.,[*]
such as BagCrSs, BasCraSg, BaCrsS7, and BasCrsS19, of
which BasCrSs has a column structure with 1D chains of
[CrSe]eo, composed of face-sharing [CrSg] octahedra sur-
rounded by Ba?t ions, similar to the BagCrzSi10 we in-
vestigate here. BagCra2S1 is characterized as a quasi-1D

*Corresponding author. Email: jmzhao@iphy.ac.cn
(© 2024 Chinese Physical Society and IOP Publishing Ltd

dimerized structure magnetic material with ferrotoroidic
order, which is considered as the simplest toroidal mag-
netic (TM) order. At higher temperatures it becomes an-
tiferromagnetic (AFM)-like, with a characteristic temper-
ature at around 10K."! As a new ferrotoroidic candidate
material with a special magnetic order, the optical prop-
erties of BagCraS1p have not been widely investigated to
date.

Time-resolved ultrafast pump-probe spectroscopy has
been widely used to detect the photo-carrier proper-
ties in solids under extreme conditions, such as high
pressure,[4"r’] low temperature, 6.7 and strong magnetic
field. ®°! Due to its powerful ability to detect both single
and collective quasiparticles, time-resolved pump-probe
spectroscopy has been frequently used to investigate the
high temperature cuprate superconductors, [7,10-14]
based superconductors, [6,15,16]
and antiferromagnetic insulators, |
technique, various physical properties
materials have been investigated. Such an experimental
means has rarely been employed to investigate the mag-
netic quantum materials of the A—Cr—S family.

In this work, we employ time-resolved ultrafast
pump-probe spectroscopy to probe the photo-carriers in
BagCraSi0 to provide a dynamical characterization for the
magnetic transition. Through temperature-dependent ex-

iron-
topological materials, [17-21]
22,231 gtc.  With this
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periments, we have observed prominent changes in the ul-
trafast relaxation process at 10 K, which is consistent with
the reported magnetic phase transition. In addition, an-
other transition-like behavior is also observed at 29 K.

Our ultrafast pump-probe spectroscopy experiment
configuration is similar to that in Refs. [6,29]. The fem-
tosecond laser has 800 nm central wavelength, 80fs pulse
duration, and 250kHz repetition rate. We separate the
laser pulses into pump and probe beams and measure the
differential reflectivity AR/ Ry of the reflected probe beam
as a function of its delay time. The pump beam is modu-
lated at 2kHz by an optical chopper. The reflected probe
beam is collected by a balanced photodetector to enhance
the signal-to-noise ratio. In our temperature-dependent
experiment, the diameters of pump and probe beams are
42 and 33 pm, respectively. Because the sample is small
(5 um x 15 pm), a 20X objective is used to focus the beams
on the sample (the diameters of focal spots for pump and
probe beams are 7.89 and 6.20 um, respectively). The
pump and probe fluences are maintained at 0.68 and
0.45uJ/ cm?, respectively. Such fluences clearly corre-
spond to a typical weak excitation regime. [6,15,30-52] The
magnetic BagCra2S1o single crystal is grown under high-
pressure and high-temperature conditions, from which the
needle-like single crystals with the width of approximately
100 pm is selected.

We investigate the time-resolved relative differential
reflectivity AR/Ro for various temperatures. A typical
data of this series at 22 K are presented in Fig. 1, where the
magenta curve is based on the quantitative fitting function
Eq. (1) discussed below. The right panel inset of Fig. 1 ex-
hibits a schematic lattice structure for the toroidal AFM-
like BagCraSi10, where the spin interval is a + b between
the periodic magnetic units. Here, a and b are adjacent
intervals along the z-axis, due to which the microstructure
is different from that of a conventional AFM configuration
(i.e., a = b). Being a long-range magnetic ordering, how
this unique structure will lead to magnetic phase transi-
tion is intriguing. To clearly identify the relaxation com-
ponents for the ultrafast process, we present the result in
a logarithm scale in the left panel inset of Fig.1. Three
decay components can be clearly identified, corresponding
to the fast (pink line), slow (blue line), and slower (pur-
ple line) components. Note that absolute values are con-
sidered. Thus, we employ a three-component exponential
decay function to quantitatively analyze the photo-carrier
dynamics:

AR/RO = Afagt eXp(—t/Tfast) + Aslow exp(_t/'rslow)
+ Aslower exp(_t/Tslower) + A07 (1)

where Afast, Aslow, and Agower denote amplitudes, Teast,
Tslow, and Tglower represent lifetimes, and A is a component
with very long lifetime that can be treated as a constant
term. The Ay term may come from the indirect electron-
1331 or from much slower processes in-
volving acoustic phonon-acoustic phonon scattering. [33]
The data analysis based on Eq. (1) (solid curve) is shown
in Fig. 1, which fits our experimental data well.
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Fig. 1. Ultrafast relaxation of photo-excited carriers in
BagCraS10 at 22K. Solid magenta curve: fitting result
based on Eq. (1). Right panel inset: schematic illustration
of the unique spin alignment in TM BagCr2S1g. Left panel
inset: logarithm-scale presentation of the scanning trace
to reveal three relaxation channels, corresponding to the
fast (pink), slow (blue), and slower (purple) decay com-
ponents. Note that absolute value of the AR/Rg signal is
analyzed.

The temperature dependence of the ultrafast relax-
ation dynamics is shown in Fig.2. Figure 2(a) depicts
the photo-induced differential reflectivity AR/Ry within
the time scale from —2 to 15ps (data are offset for clar-
ity). With increasing temperature, the relaxation process
exhibits a prominent weakening, with apparent flattening
of the signal when temperature gradually approaches 60 K.
During this process, both the amplitudes and lifetimes of
the signals vary, marked by different colors. Again, the
fitting results (solid curves) compare with our experimen-
tal data well [Fig. 2(a)]. Note that in the raw data of AR,
we did not observe a very prominent background before
the arrival of the pump pulses, indicating that there is not
much scattered pump stray light and there is no laser heat-
ing. In Fig.2(b), we present the normalized AR/Ry with
increasing temperature (data are offset for clarity), partic-
ularly by presenting the data with a much longer scanning
temporal range from —2 to 320 ps. The data are normal-
ized to the data at 5.7 K, which has the maximum absolute
value at ¢ = 0s. In Fig.2(b), the slower component looks
clearer.

In Fig. 2(c), we plot a 2D mapping of the AR/R, data
given in Fig.2(a). From Fig.2(c), a color change at 10K
can be seen, which qualitatively marks a likely phase tran-
sition that is in line with the candidate TM ordering phase
transition. At 29 K, another color change in a vertical
stripe is identified, which may indicate another potential
phase transition. In Fig. 2(d), we present a non-offset view
of the data, which can be used to distinctly observe the
trends in lifetime and amplitude variation.

We analyze the ultrafast relaxation process experimen-
tal data by employing Eq. (1). For various temperatures
from 5.7K to 60K, the fitting results (red solid curves)
are obtained (Fig.3). For all the different temperatures,
Eq. (1) fits the experimental data very well (solid curves).
The curves exhibit different trends at different tempera-
tures. We have carried out careful data analysis, which al-
lows us to identify that the slow and slower components are
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two separate components (Fig.S2 in the Supplementary
Materials). Note that we developed a two-step scanning
technique in our experiment. The only difference is the
scanning step size. No other items were modified through-
out the whole experiment. Thus, all the noise level before
and after 18 ps is identical. Taking the data for 12K for

an instance, in Fig.2(d) the noise level is 1 x 10™* for the
data within 12 ps; in Fig. 3 the noise level is also 1 x 1074
for the data within 18-300 ps. Furthermore, a replot bet-
ter illustrates the identical detection noise level (Fig. S3 in
the Supplementary Materials).

AR/Ry (with offset)
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Fig. 2. (a) Temperature dependence of the photo-induced relative differential reflectivity AR/Rp versus the delay
time in the —2-15ps temporal range (offset for clarity). (b) Normalized AR/Ry signal in the —2-320 ps temporal
range (offset). (c) Two-dimensional color map of ultrafast photo-carrier dynamics data as a function of both time
delay and temperature. (d) Non-offset data to better reveal the variations in the ultrafast relaxation processes.
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Fig. 3. Quantitative data analysis of the AR/Ry signal in the temperature dependence experiment. Red curves:
fitting curves based on Eq. (1) for different temperatures.
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To clearly analyze the fitting results, we explicitly ob-
tain the temperature-dependent fitting parameters Agast,
Aslow, Aslower, Trast, Tslow, ald Tsiower, and summarize them
in Fig.4. In Figs.4(a), 4(c), and 4(e) the amplitudes are
displayed, and in Figs.4(b), 4(d), and 4(f) the lifetimes
are shown.

(a) 0 (b)
N 8
T X $ 2 e
o —6 1 [
Z ’ [ T3S ¢ | @0 0b0,09 .
% & 4
& &
< -12f ¢ *
0
(c) o (d)
T l .60 !
& ¢ ) iy ¢
| )
S-15f ? 2
g e L te
g S '3
-30 Yes . é
0
(e) (f)
30 Jis C * 200
i 7 | %<&
o )] L' 60 & °
— ? N~~~
~ [} "
5 15 £100
Z ?-e Z i’
b ¢
3 L4
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
T (K) T (K)

Fig. 4. Temperature dependence of the amplitudes (a)
Atast, (C) Aslow, (e) Aglower and lifetimes (b) Tfast» (d)
Tslow, (f) Tslower, respectively. The yellow, purple, and
pale blue zones together yield potential transitions at both
Te = 10K and T* = 29 K.

The Afast initially increases with temperature at 10 K.
Then it tends to decrease at 29 K, before reaching a con-
stant value at higher temperatures (7" > 36 K) [Fig. 4(a)].
The Agow curve exhibits a similar behavior as Afast
[Fig.4(c)]. The Asiower initially decreases at 10K and ex-
hibits an increase at 29K [Fig. 4(e)]. A commonly shared
feature is that they both experience changes at around 10
and 29 K. For the lifetimes, 7i.st exhibits a slight decrease
from 7ps at 5.7K to 5 ps at 10K [Fig. 4(b)], before resumes
a constant value over the entire left region of temperature.
Because there is only one datum point, this reducing value
of Ttast may be a real change or an experimental data fluc-
tuation, for which we leave to future investigations. The
Tslow 1nitially decreases with increasing temperature, even
across 10 K, till at 22 K where it starts to increase. Around
29 K, it reaches its maximum and ceases increasing. It re-
mains to be nearly a constant at about 100 ps for 7" > 29 K
[Fig. 4(d)]. The Tsiower experiences a similar temperature
dependence as Agiower. Its value decreases at 10K and
starts to increase in the 22-36 K range [Fig. 4(f)]. Indeed,
for all the four parameters Asiow, Tslow, Aslower, and Tsiower,
one characteristic temperature is 10 K, which we define as
Te, and the other characteristic temperature is a range of
22-36 K, for which we define a characteristic average tem-
perature T = 29 K.

In Fig. 4, different colored backgrounds have been used
to mark to potential phase transitions. The three ultrafast

relaxation components of BagCraS1o all exhibit changes in
amplitudes and lifetimes at T, = 10K and 7" = 30K.
One phase transition occurs at 7. = 10K and the other
might be a potential phase transition at 7" = 29K with
a soft stiffness (22-36 K).*¥ Such an observation is con-
sistent with the direct time domain illustration shown in
Fig.2(c), which has a salient feature around 10K and an-
other milder color change at 22-36 K. The critical tem-
perature T, = 10K is consistent with the toroidic mag-
netic phase transition identified in Ref. [2]. Thus, we
demonstrate that the TM-to-paramagnetic phase transi-
tion at around 10K is observed by time-resolved ultra-
fast pump-probe dynamics. We assign the fast component
to electron—phonon coupling and the slow component to
phonon—phonon scattering. The slower component can be
associated with various origins. It is unlikely to be due to
the thermal effect, because the fluences are low. As there
are rare related characterizations, we leave it to future in-
vestigations. The same applies to the A term.

The reason why a magnetic phase transition may af-
fect the photocarrier dynamics might be understood as
that there is a possible static coupling between the spin
and lattice "] and/or a spin-charge correlation that leads
to a slight change in the lattice and electron density below
Tc. Thus, the electron—phonon scattering and phonon—
phonon scattering are modified. At above 10K, the TM
spin structure is replaced by a quasi-1D short-range spin
ordering whereby the in-plane ferromagnetic ordering is
greatly weakened. Our work thus motivates further iden-
tifications to resolve the complex structures in spin, lattice,
and charge degrees of freedom, such as the temperature-
dependent c-axis lattice constants in this quasi-1D system.
Usually, from 7g.st one can obtain the electron—phonon
coupling strength. If the reduction in the value of Tast
is real [Fig.4(b)], it exactly corresponds to the influence
of such a static coupling between the spin and lattice at
T. = 10K. The ultrafast dynamics change we observed in
all components might be an excited state evidence of the
existence of the TM magnetic structure.

For the ultrafast dynamics variations in the temper-
ature range 22-36K, centered at T" = 29K, we at-
tribute them to another potential phase transition. As
shown in the magnetic transport measurement (Fig.S4),
our BagCraS10 sample displays a ferromagnetic phase tran-
sition near 30 K, which is in line with our ultrafast spec-
troscopy observation. It suggests that a less ferromag-
netic impurity phase exists, although the powder X-ray
diffraction shows almost a single phase of BagCra2S10. Note
that the single crystal BagCr2Si0 we measure is picked
out from polycrystalline samples synthesized under high
temperature. Therefore, we attribute the potential phase
transition observed in our experiment at 29 K to the un-
known magnetic impurities on the surface of the sample.
Note that the slow component mainly reflects the phonon—
phonon scattering; spin-modified lattices will inevitably
lead to modifications in such phonon—phonon scattering,
too. Thus, the slow component of the ultrafast dynamics
also manifests the influence of a possible static coupling be-
tween the spin and lattice. Consequently, all our ultrafast
dynamics results also consistently demonstrate a potential
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magnetic phase transition at T = 29K, too. Because we
are in the linear regime, there is unlikely photoinduced
Note that, for the
possible static spin-lattice interaction mentioned above, it
is still ultrafast dynamics modified by the magnetic phase
transition.

In summary, we have investigated the ultrafast spec-
troscopy of a new magnetic material BagCr2S19. Using
the modified ultrafast dynamics, we clearly observe the
TM-paramagnetic phase transition at 7. = 10K. More-
over, we also demonstrate ultrafast dynamics evidence for
the existence of an unknown magnetic phase transition
at T* = 29 K. Our findings shed light on the further ex-
ploration of ultrafast dynamics and phase transitions in

electronic and structural transitions.

quasi-1D dimerized magnetic systems.
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