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2D spin glass MnlIn,Se,: application of liquid-
phase exfoliation to a layered structure with
seven-atom-thick layerst

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2023,
11, 609

Govind Sasi Kumar,? Yan Xin,® J. S. Raaj Vellore Winfred,® Judith K. Clark® and
Michael Shatruk (2 *2°

We report liquid-phase exfoliation (LPE) of bulk layered-structure semiconductor, Mnin,Se4, to
nanoscale thick sheets by ultrasonication followed by sequential centrifugation at 2000, 5000, and
7500 rpm. The nanosheets exfoliated by LPE in isopropyl alcohol show an average thickness of 50, 40,
and 14 nm, respectively. The smallest of these values corresponds approximately to ten 7-atom thick
[Se—In-Se—Mn-Se—-In-Se] layers that compose the bulk structure of Mnin,Se,. Both the bulk material
and the exfoliated samples show photoluminescence, but the weak shoulder observed from the indirect
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band gap emission is obviously suppressed in the nanosheet samples as compared to the bulk sample.
Similar to the bulk, the nanosheets isolated at 2000 and 5000 rpm exhibit spin-glass behavior with a
freezing temperature of ~3 K. In contrast, the nanosheets isolated at 7500 rpm do not exhibit any
anomalies in their low-temperature magnetic behavior. These results demonstrate the possibility to
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Introduction

Over the past decade, the field of 2D materials has been one of
the most rapidly developing domains in materials science.'™
Structure confinement to two dimensions leads to unique
optical,” transport,® and magnetic properties” that distinguish
2D materials from their 3D layered counterparts. The promise
of 2D materials for various surface-related applications, such as
catalysis,® integrated circuits,” electronic devices,'® and quan-
tum technologies,'" is evident in the extensive research efforts
in these areas. These materials can also host a wide variety of
correlated phenomena, including exotic topological states
and unconventional superconductivity.'®

Similar to 2D materials in general, magnetic 2D materials
offer the possibility to discover new behaviors that can be
leveraged for novel applications. In this regard, a ground-
breaking discovery was the observation of layer-dependent
magnetism in Crl;."* Bulk crystalline Crl; shows ferromagnetic
(FM) ordering below Curie temperature (7¢) of 61 K. Monolayer
Crl; obtained by mechanical exfoliation also showed FM
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extend the LPE technique to van-der-Waals materials with several-atom-thick layers.

ordering, but a bilayer structure showed antiferromagnetic
(AFM) ordering."* Another layered ferromagnet, CrGeTes,
showed a higher sensitivity of the T¢ value to applied field
when exfoliated to ultrathin flakes."®

Along with the extensive search for new 2D materials,
including 2D magnets, there has been a consistent effort to
develop alternative methods for the preparation of such mate-
rials. The traditional mechanical exfoliation, commonly known
as the scotch-tape method, while clean and convenient, offers
limited scalability. To expand the potential of using the unique
optical, electronic, magnetic, and structural properties of 2D
materials in various applications, the proper preparation and
scale up of these materials is important. Chemical vapor
deposition (CVD)'® and liquid-phase exfoliation (LPE)"”"'® have
emerged as two most prominent approaches for a large-scale
production of 2D materials. The LPE method was pioneered by
Coleman and co-workers'® and subsequently adopted by many
other groups, providing an efficient way for the preparation of
such popular 2D materials as graphene,”®?" transition metal
dichalcogenides (TMDs),** and boron nitride (BN).>* In parti-
cular, sonication-assisted LPE has proven effective for the
synthesis of 2D nanosheets. In this process the bulk material
is dispersed in a suitable solvent and subjected to ultra-
sonication for a long time (>5 h). The layered material is
broken into nanosheets due to shock waves generated by the
collapse of bubbles produced by ultra-sonication. Then, the
nanosheets are separated into fraction of different thickness by
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Fig. 1 The layered crystal structure of MniIn,Se,, showing the van-der-
Waals gaps between 7-atom-thick layers. The Se—Se distance between the
layers is 3.868 A. The unit cell is indicated with solid blue lines.

size-selective centrifugation at various speeds. If the solvent is
chosen appropriately,'® the nanosheets will be stable against
reaggregation and precipitation. This relatively inexpensive
technique gained popularity for the large-scale synthesis and
functionalization of 2D materials.

Driven by our interest in the synthesis of 2D magnetic
materials, we have decided to apply the LPE method for the
production of nanosheets of a layered magnet. Surprisingly, to
the best of our knowledge, no such studies have been reported
thus far. Our material of choice is MnIn,Se,, a semiconductor
with potentially interesting photoelectronic properties. Its
structure consists of slabs of four Se layers, between which
are sandwiched Mn and In atoms (Fig. 1). These slabs are
separated by van-der-Waals interactions between the Se atoms,
with the minimum Se-Se distance of 3.868 A. Although the
presence of the triangular layer of Mn>" ions might suggest
interesting magnetic properties due to the frustrated geometric
arrangement of spins,>*?*> the material only exhibits spin-glass
behavior at 3.5 K attributed to antisite disorder between the Mn
and In atoms.”® Despite the somewhat unremarkable magnetic
behavior, the van-der-Waals gap of this material resembles
that of TMDs and, thus, suggests that MnIn,Se, should remain
air-stable in the ultrathin form. This consideration is impor-
tant, because, unfortunately, the majority of 2D magnets
studied to date are highly air-sensitive, which impedes their
investigation.

In this work, we describe the LPE of MnIn,Se, into few-nm
thick sheets and investigate the magnetic behavior of this 2D
material. We demonstrate that the spin-glass behavior is pre-
served in thicker sheets but lost in thinner ones. We discuss
possible reasons for this observation, as well as pathways for
future studies on this and related magnetic materials.
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Results and discussion
Synthesis

Crystalline MnIn,Se, was obtained by chemical vapor transport
(CVT) that followed a previously reported procedure.”” The phase
purity of the sample was confirmed by powder X-ray diffraction
(PXRD) that also revealed preferred orientation along the [001]
direction (Fig. S1, ESIt), perpendicular to the 7-atom-thick layers
observed in the crystal structure of MnIn,Se,. The unit cell
refinement confirmed the trigonal lattice (space group R3m)
with unit cell parameters a = 4.05(1) A and ¢ = 39.3(4) A, which
were in agreement with the reported values of @ = 4.051 A and ¢ =
39.464 A

The length of the unit cell along the ¢ axis corresponds to
three 7-atom-thick slabs (Fig. 1). These layers are separated by a
van-der-Waals distance of 3.868 A between the Se atoms,
suggesting that this material should be easily cleavable to
produce ultrathin nanosheets. Indeed, a recent work has
demonstrated a possibility of obtaining such nanosheets by
mechanical exfoliation.>”

Liquid-phase exfoliation

To prepare nanosheets of MnIn,Se, on a larger scale, we turned
to the LPE method. The bulk samples obtained by CVT were
ground and exfoliated by tip ultrasonication under inert atmo-
sphere of argon gas. This method affords faster and more
efficient LPE as compared to the more common low-energy
bath sonication. Prior to exfoliation, the bulk samples were
soaked in water for a few minutes, as such pre-soaking has
been shown to facilitate the subsequent LPE.?® After water was
decanted, the samples were slightly dried and dispersed in
isopropyl alcohol (IPA), N-methylpyrrolidine (NMP), acetone,
and some other solvents for ultrasonication (Table S1, ESIY).
We found that ultrasonication in IPA produced the most stable
suspensions of nanosheets. The suspensions obtained with all
other solvents were unstable, with MnIn,Se, precipitating after
relatively short time (Fig. S2, ESIT). In contrast, the suspension
of nanosheets exfoliated in IPA remained stable for a few weeks.
Sonicating the samples for a longer time (5-7 h) improves the
effectiveness of exfoliation.

The suitability of IPA for exfoliating MnlIn,Se, could be
attributed to good match between the surface energies of the
solvent and the layered material. Such a match allows stabili-
zation of the exfoliated nanosheets without substantial repul-
sive interactions, as was demonstrated in earlier works.'®

The size selection of the exfoliated nanosheets was achieved
by using a cascade of centrifugation steps (Fig. S3, ESIT).
After ultrasonication, the suspensions of nanosheets in IPA
were immediately subjected to centrifugation at low speed
(1000 rpm) to remove any unexfoliated material as sediment.
The supernatant was collected and then centrifuged at higher
speed (2000 rpm). The newly formed precipitate was separated
from the supernatant, which was subjected to centrifugation at
5000 rpm, and the precipitate obtained was separated from the
supernatant yet again. Finally, the remaining supernatant
was centrifuged at 7500, and the new precipitate was collected.

This journal is © The Royal Society of Chemistry 2023
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The remaining supernatant was discarded. The precipitate
obtained at each stage was labeled with the corresponding
centrifugation speed and re-dispersed in a small volume of
IPA (2-3 mL). These suspensions were stable for weeks, even
when stored under ambient conditions. PXRD patterns of
exfoliated sheets (Fig. S4, ESIf) showed that the MnlIn,Se,
structure was preserved after exfoliation, although slight peak
broadening was observed, which we attribute to the substan-
tially decreased thickness of the sheets in comparison to the
bulk sample.

Microscopic and spectroscopic characterization

The size-selected samples, re-dispersed in IPA, were drop-cast
onto SiO,/Si wafers and examined by scanning electron micro-
scopy (SEM), which confirmed that the composition of all
samples was close to Mn, oIn,Se, (Table S1, ESIt), suggesting
the minor vacancy concentration in the Mn sites. From the SEM
images (Fig. 2a-c), it is evident that the starting materials have
been exfoliated successfully. The samples collected at higher
centrifugation speeds, in general, contained thinner flakes,
which also had smaller lateral sizes, as revealed by transmis-
sion electron microscopy (TEM) and annual dark-field scanning
TEM (STEM) imaging (Fig. 2d-f). Thus, while the bulk plate-like
crystals had the average lateral size of 3-5 mm, the average
lateral size was ~ 1.5 um and <1 um for the sheets collected at
2000 and 7500 pm, respectively.

The samples collected at both 2000 and 5000 rpm showed
substantial clustering of sheets. To allow for better imaging, the
re-dispersed 5000 rpm sample was centrifuged at a lower speed
(2000 rpm), and the precipitated residue was removed, while
the supernatant was used for further analysis. This operation
decreased clustering of the sheets, thus allowing for better SEM
imaging. EDX analysis showed the elemental composition of
the exfoliated materials remained intact, with the Mn:In: Se
ratio consistently close to 1:2:4 (Table S1, ESI¥).

To estimate the thickness of the exfoliated sheets, diluted
IPA suspensions were drop-cast on Cu grids and studied
by TEM with electron energy loss spectroscopy (EELS). The

Fig. 2 SEM images of exfoliated MnIn,Se4 samples isolated at 2000 rpm
(@), 5000 rpm (b), and 7500 rpm (c), respectively, and the corresponding
TEM images of sheets collected at 2000 rpm (d) and 5000 rpm (e) and an
annual dark-field STEM image of sheets collected at 7500 rpm (f).

This journal is © The Royal Society of Chemistry 2023
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log-ratio EELS analysis (Fig. S5, ESIt) of individual crystal
sheets revealed the average thickness of 50, 40, and 14 nm
for the sheets isolated at 2000, 5000, and 7500 rpm, respec-
tively. Clearly, the increase in the centrifugation speed allows
isolation of thinner sheets. The thickness of sheets isolated at
2000 rpm corresponds approximately to 12 unit cells, or 36
7-atom-thick Mn-In-Se layers, where each heptatomic layer is
~1.3 nm thick. The sheets collected at 5000 rpm and 7500 rpm
have the thickness of 30 and 10 heptatomic layers, respectively.
Although we were not able to detect sheets with the thickness of
one heptatomic layer, we will show below that the properties of
the relatively thick sheets still change as compared to the
properties of the bulk material.

Since MnlIn,Se, is a known semiconducting material, its
optoelectronic properties are well documented. Earlier reports
have shown a direct band gap of 1.85 eV,*® but more recent
studies found an indirect band gap at E, ~ 1.37 eV.’’ We
measured photoluminescence (PL) spectra of bulk MnlIn,Se,
and suspensions of nanosheets isolated at 5000 rpm and
7500 rpm (it was not possible to record the spectrum of the
sample collected at 2000 rpm, due to a very large scattering
caused by the larger size of the sheets). The bulk sample
showed a dominant PL band with the maximum at 2.90 eV
and a smaller peak at 1.55 eV (Fig. 3a). The same features at
2.90 and 1.65 eV were observed in the PL spectrum of the
sample collected at 5000 rpm (Fig. 3b). For the sample collected
at 7500 rpm, the major PL band is still observed at 2.80 eV, but
the small peak at lower energy is substantially diminished
(Fig. 3c). We attribute the dominant higher-energy peak to
the direct-band-gap photoemission and the weaker lower-
energy peak to the indirect-band-gap transition.

To gain further insight into the origin of the PL bands, we
recorded a UV-vis absorption spectrum of the sample collected
at 7500 rpm (Fig. 4a), as the scattering from this sample
suspended in IPA was sufficiently low to allow collection of
the spectrum in the transmission mode. The Tauc plot was
used to evaluate the band gap of the sample.*’ Extrapolating
the linear segment of the (xAv)* vs. hv plot (where o is absor-
bance, /4 is Planck’s constant, and v is frequency) gave the value
of the direct band gap equal to 3.0 eV (Fig. 4b), consistent with
the energy of the major PL peak (Fig. 3c). The indirect band
gap was evaluated by fitting the absorbance spectrum to the
Boltzmann function®" (Fig. S6, ESIf). The fitting procedure,
described in the ESIf file, resulted in the indirect band gap of
1.8 eV, which is similar to the energy of the minor peak
observed in the PL spectra (Fig. 3).
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Fig. 3 Photoluminescence spectra of bulk Mnin,Ses (a) and of sheets
collected at 5000 rpm (b) and 7500 rpm (c).
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Fig. 4 (a) UV-Vis absorption spectrum of the MnIn,Se,4 sheets collected at
7500 rpm. (b) The Tauc plot used to evaluate the direct band gap of the
material.

Magnetic properties

Magnetic measurements performed on the bulk sample of
Mnln,Se, revealed that the temperature dependence of inverse
magnetic susceptibility shows a good fit to the Curie-Weiss law,
1/y = (T - 6)/C, above 100 K (Fig. 5a). The Curie constant, C =
3.40(1) emu K mol " (g = 5.22 pg) is substantially lower than
the expectation value of 4.375 emu K mol " (5.92 ) for the free
S = 5/2 Mn*>" ion. Such deviation is explained by partial
quenching of the Mn magnetic moment due to the covalency
of the Mn-Se bonds.*** The negative Weiss constant, 0 =
-81.7(1) K, indicates antiferromagnetic (AFM) interactions
between the Mn>" ions. Despite this relatively strong exchange
coupling, the material does not exhibit AFM ordering, in
agreement with the previous reports.>>>° The lack of AFM
ordering is explained both by the spin frustration, due to the
triangular arrangement of Mn spins, and the antisite disorder
of the Mn and In atoms. The AC susceptibility measurements
revealed a frequency-dependent maximum in the temperature
dependence of y’ (Fig. 5b), which confirms the spin-glass state
formed in the bulk material below 3 K. The Mydosh parameter
(@), calculated from the temperature dependence of y' at
different frequencies (c.f. ESIt), was equal to 0.028, which falls
in the typical range for spin-glass materials.*°

Magnetic measurements performed on the exfoliated sam-
ples revealed behavior similar to that of the bulk sample,
without any anomalies that would suggest magnetic ordering
(Fig. S7, ESIt). This observation also indicates the lack of any
magnetic oxide impurities that could form due to surface
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Fig. 5 The temperature dependence of inverse DC magnetic suscepti-
bility (a) and of in-phase AC susceptibility (b) for the bulk sample of
Mnin,Sey. The Curie—Weiss fit is shown with a solid black line in panel
(a), while the black line in panel (b) is used to emphasize the frequency-
dependent maximum characteristic of the spin-glass state.
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Fig. 6 The temperature dependence of inverse DC magnetic suscepti-
bility (left) and of in-phase AC magnetic susceptibility (right) for the sheets
isolated at 2000 rpm (a and b), 5000 rpm (c and d), and 7500 rpm (e and f).
The Curie—Weiss fits are shown with solid black lines in panels (a), (c), and
(e), while in panels (b) and (d) the lines are used to emphasize the
frequency-dependent maxima characteristic of the spin-glass state.

oxidation (e.g., MnO shows AFM ordering at 118 K*' and
Mn;0, shows ferrimagnetic ordering at 42 K*?). We note that
such oxidation is unlikely, since the samples were exfoliated
under Ar atmosphere and the sheets are likely to be covered
abundantly with surfactant IPA and water molecules. Indeed,
XPS measurements on the sheets isolated at 2000 rpm showed
dominant signals from C and O atoms, in ~2:1 ratio (Fig. S8,
ESIY).

The Curie-Weiss fit of the 1/y vs. T curves measured for the
exfoliated samples (Fig. 6a, ¢, and e) gave the C and 0 para-
meters on the same order of magnitude as those observed
for the bulk material (Table 1). The AC susceptibility for
the samples isolated at 2000 and 5000 rpm also showed
a frequency-dependent peak in the temperature dependence
of y’. The presence of this feature, together with the calculated
Mydosh parameter of 0.034 and 0.014, respectively, confirms

Table 1 The summary of magnetic parameters determined for the bulk
Mnin,Se, and for the thin sheets isolated at different centrifugation
speeds. The last column provides the values of the Mydosh parameter
(see the ESI for details)

MniIn,Se, Sample  C (emu K mol™)

Hett (u8) 0 (K) ®
Bulk 3.40(1) 5.22 —81.7(1)  0.028

2000 rpm 3.14(8) 5.01 —68.52(5)  0.034
5000 rpm 3.64(3) 5.40 —61.55(8)  0.014
7500 rpm 3.02(1) 4.90 —58.3(9) —

This journal is © The Royal Society of Chemistry 2023
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the spin-glass behavior of the exfoliated samples, similar to
the bulk sample of Mnln,Se,. The temperature of the cusp
in the y’ vs. T plot decreased by ~0.2-0.3 K in the exfoliated
sheets as compared to the bulk sample (Table S2, ESIT),
indicating slightly lower spin-glass transition temperatures
for the nanosheets. Interestingly, we did not observe any
feature in the AC susceptibility measurements of the sample
isolated at 7500 rpm. A possible reason is the small amount of
the sample that was isolated, which could decrease the AC
signal below the detection limit of the instrument. It is also
possible that the spin-glass freezing temperature was shifted
below 1.8 K, due to the flakes isolated in the last centrifugation
step being substantially thinner.

Yang et al.*” reported mechanical exfoliation of MnIn,Se,,
down to the thickness of 3 heptatomic layers (one unit cell
along the ¢ axis). They suggested that the 2D sample of
Mnln,Se, undergoes a ferromagnetic transition at 7 K. Their
claim, however, is questionable, since the temperature depen-
dence of magnetization presented in that work appears to be
more consistent with the spin-glass behavior. Unfortunately,
the authors did not perform additional AC measurements to
confirm or disproof the long-range magnetic ordering. In our
opinion, the question remains open, but our present results
strongly suggest that the decrease in the thickness of MnIn,Se,
does not lead to the change in the type of magnetic exchange.

Conclusions

This work demonstrates liquid-phase exfoliation of relatively
thin sheets of the layered MnIn,Se, structure, which is built of
heptatomic layers terminated by Se atoms. Isopropanol offers
effective medium for both exfoliation of the bulk material and
re-dispersion of the exfoliated sheets. The thinnest sheets
observed by TEM/EELS measurements were 14 nm thick.
Exfoliation to even thinner sheets might be possible, but the
decrease in the amount of material remaining after sequential
centrifugation steps at increasing speeds did not allow to
observe thinner 2D structures. Current efforts in our labs focus
on scaling up the exfoliation protocols and applying them to
other semiconducting and magnetic van-der-Waals materials
with layers thicker than 3 atoms.

Experimental

Starting materials

Powders of Mn (99.98%, Alfa Aesar), In (99.999%, VWR), and Se
(99.999%, VWR) were used as received. 2-Propanol (isopropyl
alcohol, IPA) was purchased from Sigma-Aldrich and also used
as received.

Synthesis

Crystal of MnIn,Se, were grown by CVT, following a procedure
reported earlier.>” Powders of Mn, In, and Se were combined in
a stoichiometric ratio (the total mass = 0.5 g) in an Ar-filled dry
box (content of O, < 0.1 ppm) and loaded in a fused silica tube

This journal is © The Royal Society of Chemistry 2023
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with the inner diameter of 10 mm. The tube was taken out of
the box, 30 mg of I, as transport agent was quickly added, and
the tube was sealed under vacuum (~10"* mbar). The 20 cm
long tube was placed in a temperature gradient furnace, with
the starting materials maintained at 900 °C and the sink zone
held at 850 °C (the furnace was ramped to the desired tem-
perature over 12 h). After 10 days, the temperature of the hot
zone was lowered to 500 °C in 2 days, with the simultaneous
decrease in the temperature of the sink, and the temperature
was maintained for 1 day before cooling down to room tem-
perature in 24 h. Large black plate-like crystals of MnIn,Se,
were collected from the sink zone of the tube. The identity of
the crystals was confirmed by unit-cell determination from
single-crystal X-ray diffraction.

Liquid-phase exfoliation

The crystals of MnlIn,Se, (~0.3 g) were lightly grounded with
mortar and pestle. The sample obtained was stirred in water for
10 min and dried under vacuum for 24 h. The powder was
dispersed in IPA, at the concentration of ~3 g L' The
dispersion was subjected to ultra-sonication for 1 h under ice-
cooling in a glass vial, using a tip-sonicator (QSONICA) at 60%
amplitude. To prevent sample oxidation, all ultra-sonication
procedures were carried out under Ar atmosphere. The resul-
tant dispersion was centrifuged at 5000 rpm for 1.5 h to remove
any low-quality material or minor impurities.'"® The superna-
tant was discarded, and the precipitate was redispersed in fresh
IPA and subjected to longer sonication for 7 h at 60% ampli-
tude (with 6 s/2 s on/off pulsing), after which the dispersion was
subjected to centrifugation at 1000 rpm for 60 min to remove
larger particles. The sediment was discarded, and the super-
natant was subjected to a series of size-selective centrifugation
steps performed at sequentially increasing rotation speeds of
2000, 5000, and 7500 rpm. At each step, the precipitate isolated
by 45-60 min long centrifugation was separated, re-dispersed
in 2-3 mL of fresh IPA, and stored for further characterization,
while the supernatant was subjected to the next centrifugation
step. The centrifugation was carried out at low temperature
(15 °C) to prevent re-aggregation of the nanosheets due to
heating.

Physical measurements

PXRD data were collected at room temperature using Panalytical
X'Pert Pro X-ray diffractometer with an X’Celerator detector and
a Cu-Ko source (/ = 1.54187 A). The patterns were recorded in the
20 range from 10° to 80° with a step of 0.05° and the total
collection time of 1 h. The data analysis was performed with
Highscore Plus.*® Elemental analysis of the exfoliated sheets was
performed on a JEOL 5900 scanning electron microscope with an
energy-dispersive (EDX) microanalysis attachment. Magnetic
properties were measured on polycrystalline bulk samples and
exfoliated sheets using a magnetic property measurement sys-
tem MPMS-XL (Quantum Design) equipped with a supercon-
ducting quantum interference device (SQUID). Field-cooled
(FC) and zero-field-cooled (ZFC) magnetization measurements
were carried out in the temperature range of 1.8-250 K in a
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direct-current applied field of 100 Oe. Alternating-current (AC)
susceptibility was measured in the 1.8-5 K temperature range,
with the AC field amplitude of 5 Oe at frequencies of 1, 10, 100,
and 1000 Hz.
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