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Perturbation-tuned triple spiral
metamagnetism and tricritical point in
kagome metal ErMngSng
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Venkateswara Yenugonda ® 2, Christopher Burgio?, Theo Siegrist®* & Arjun K. Pathak ® %*

Kagome materials are of topical interest for their diverse quantum properties linked with correlated
magnetism and topology. Here, we report anomalous hydrostatic pressure (p) effect on ErMngSng
through isobaric and isothermal-isobaric magnetization measurements. Magnetic field (H)
suppresses antiferromagnetic Ty while simultaneously enhancing the ferrimagnetic T¢ by exhibiting
dual metamagnetic transitions, arising from the triple-spiral-nature of Er and Mn spins. Counter-
intuitively, pressure enhances both T and Ty with a growth rate of 74.4 K GPa ' and 14.4 K GPa™'
respectively. Pressure unifies the dual metamagnetic transitions as illustrated through p-H phase
diagrams at 140 and 200 K. Temperature-field-pressure (T-H, T-p) phase diagrams illustrate distinct
field- and pressure-induced critical points at (T, =246 K, H., = 23.3 kOe) and (T, =435.8 K, per = 4.74
GPa) respectively. An unusual increase of magnetic entropy by pressure around T, and a putative
pressure-induced tricritical point pave a unique way of tuning the magnetic properties of kagome

magnets through simultaneous application of H and p.

Topological insulators (TTs) are a new state of matter with unusual elec-
tronic configurations. In terms of energy bands, the bulk of these materials
behaves like an ordinary insulator (valence and conduction electron bands
are separated by a full energy gap), while their edge (surface) acts like a
perfect and robust conductor (valence and conduction bands overlapping)
topologically protected by time-reversal symmetry. As such, materials
showing topological quantum state (also called topological quantum
materials, TQMs), display unique and intriguing physical properties which
make them promising candidates as main components for technological
applications like quantum computers, magnetic storage media, magnetic
field sensors, electronic devices, and spintronicsl's.

Since their discovery, the research on topological materials has
attracted great interest in the scientific community, with researchers con-
tinuously searching for new topological materials during the past two
decades. Among the most investigated systems are the materials crystal-
lizing with a kagome lattice. These materials have shown to be the most
prominent for hosting correlated topological states due to the typical
kagome geometry where the atoms are arranged into layered sets of over-
lapping corner-sharing triangles causing destructive quantum interference
and “frustration” in the kinetic motion of electrons. As such, kagome lattice

systems can support a number of novel quantum phenomena such as the
quantum anomalous Hall effect’, Weyl semimetal® Dirac fermions'",
Chern quantum phases'*', and spin liquid phases'’. Among the kagome
lattice materials hosting topological band structures are, for instance: the
binary magnetic compounds TX, T5X, and T;X, (for T =3d transition
metals and X = Ge, Sn)"’, the ternary CosSn,S,", and TbMneSng'®. Inter-
esting is to note that all these materials contain magnetic atoms as a kagome
lattice motif, which has an important role in the interplay between magnetic
frustration, electronic correlation and topology. Its presence in the crystal
structure can, in fact, give rise to further interesting phenomena such as
spin-orbit coupling (SOC) and out-of-plane ferromagnetic order. Among
the kagome lattice systems containing magnetic atoms is another member of
the series RMngSng (R = rare earth)'*™, still unexplored from the point of
view of topological states. The RMngSng compounds for R = Sc, Y, Gd-Tm,
and Lu crystallize in the hexagonal MgFesGes-type (or HfFesGes-type)
[space group P6/mmm (No. 191), Pearson’s symbol #P13]*, where R atoms
occupy the Ia Wyckoff site, Mn atoms fill the 6i position, and Sn atoms
occupy the three symmetry inequivalent 2c, 2d, and Z2e sites. The kagome
lattice in these compounds is composed of triangular layers of “Mn;”
alternating with layers of “RSn,” and “Sn,” along the c-axis. The compounds
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formed with non-magnetic R (R = Sc, Y, Lu) undergo an AFM ordering of
the Mn sublattice at a Neel temperature, Ty, of 333, 353, and 384K, for
YMngSne, LuMngSng, and ScMngSng, respectively. It may be outlined that
the ordering temperature here increases while decreasing the atomic size of
the rare earth atom: an example of the resulting effect of the parameter
chemical pressure on the physical properties of these compounds. The
compounds formed with the magnetic R (R = Gd, Tb, Dy, Ho) show overall
a ferrimagnetic (FIM) behavior, given by the simultaneous coupling of the
ferromagnetic (FM) ordering of the Mn sublattice with the AFM ordering of
the R sublattice. The observed Curie temperatures, Tc, are 435,423,393, and
376 K for GdMnSng, TbMngSne, DyMngSng, and HoMngSng, respectively;
in this case, the ordering temperature with the decrease of the atomic size of
R atom”. Finally, the compounds formed by R=Er and Tm show two
separated magnetic transitions: a first AFM ordering occurring at
Tn=352K and Ty =347 K for ErMneSns and TmMneSng, respectively,
due to ordering of the only Mn sublattice, and an FIM ordering occurring at
Tc of 75 K and 58 K for ErMn4Sngs and TmMn,Sny, respectively, due to the
ordering of the R sublattice” . The transport properties have been mea-
sured for several RMngSng compounds™***’; however, a large topological
Hall effect has been observed in YMngSng and ErMngSng only**”". Despite
all findings about the multiple magnetic orderings and interesting properties
of these kagome lattice compounds, much more work still remains to be
carried out in order to search for giant and anomalous Hall effects, as well as
other topological-related phenomena. In this context, it is interesting to see
how the structure, physical, and magnetic properties of RMnsSng com-
pounds are affected through physically manipulating by applying hydro-
static pressure. While several works are reported in literature concerning the
investigation of RMneSng compounds obtained by atomic substitution of R,
Mn, and/or Sn, with other R and T metals and/or another p-block element™,
up to date (at best of our knowledge) there has never been any work con-
cerning the simultaneous effect of hydrostatic pressure and magnetic field
on the lattice geometry, physical properties and electronic correlations on
any of these compounds.

Polycrystalline ErMnSne shows consecutive antiferromagnetic (below
362K) and ferrimagnetic (below 67 K) transitions along with field-
conversion of AFM state to FIM via metamagnetic transitions”. Dhakal
et al. reported anisotropic and metamagnetic behavior along with topolo-
gical and anomalous Hall effect in the ferrimagnetic region’'. However, a
comprehensive investigation of the magnetic properties of ErMnSns under
the influence of external perturbations such as magnetic field and pressure is
lacking. In this paper, the effect of magnetic field and pressure (separately
and simultaneously) on the magnetic properties of different temperature
regions of ErMngSng has been investigated. The origin of dual metamag-
netic transitions and their evolution with H and p are outlined.

Results
To verify the structural integrity of ErtMngSn at different temperatures, the
sample was ground in an agate mortar, and X-ray powder patterns were
acquired using an Anton Paar XRDynamic 500 powder diffractometer
equipped with the CHC Plus+ Cryo & Humidity Chamber, configured with
liquid nitrogen cooling and under vacuum conditions. Powder pattern
measurements were taken at 150, 298, and 380 K with Cu K, radiation, 0.01°
step™' from 5 to 90° 20 at 100 s/step. The peak fitting and unit cell refinement
were conducted using POWDERPLOT by Kenny Stahl (Version 07/07/
2016). Data visualizations were generated using the visual data tool, Data-
Graph (version 5.3). The analysis reveals no structural transformation/
distortion of ErMngSng as the hexagonal crystal structure of the material
remained unchanged over the temperature range studied, as shown in Fig. 1
and refer to Supplementary Note I for more on crystal structure parameters.
In addition, both scanning electron microscopy and energy-dispersive
spectroscopy findings confirm the material is chemically homogeneous,
stoichiometric 1:6:6 phase with no detectable impurities (refer to Supple-
mentary Note II).

The temperature-dependent magnetization of ErMn4Sns, measured in
H=0.1kOe from 2 to 395K, is shown in Fig. 2a with magnetization M
plotted on logarithmic scale measured along H || ab-plane. It can be seen

Fig. 1 | The temperature dependent X-ray dif-
fraction patterns of ErMngSng. Section of the
Powder XRD patterns of ErMnSng collected at
different temperatures 150, 298 and 380 K. The
identical patterns indicate no structural change.
However, a shift in peaks with temperature is
apparent.
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Fig. 2 | Magnetization of ErMngSns kagome metal

at different temperatures and pressures when the ( a) H | |a b H=0.1kOe (b)
magnetic field is applied parallel to ab-plane. The
temperature-dependent magnetization of
ErMngSng single crystal from 2 to 390 Kina 0.1 kOe e
and b 5, 10, 15, and 20 kOe. The transitions Ty, o)} 1 = 10"
Tonferri and T and T are indicated by arrows. > o
¢ M-H isotherms, in H || ab-plane at 2, 60, 140, 200, g g
and 360 K. Inset: M-H curves of 140 and 200 K from et 9
5 to 20 kOe, exhibiting two field-induced steps. = 01 s
d The differential susceptibility dM/dH vs. field at :
140 and 200 K. The peaks, marked by 1 and 2,
indicate dual metamagnetic fields H} ., and H2,,,, .
respectively. e M-T data of ErMneSng from 2 to R
390 K, measured in H = 1 kOe and under different 0.01 ) | ) | ) | . | 10°
constant pressures 0, 0.237, 0.343, 0.606, 0.66, 1.082, ’
and 1.24 GPa. Inset: The data from 340 to 390 K, in 0 100 -|-2 ?Pg) 300 400 0 100 -|-2 ?}(()) 300 400
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from the figure that the magnetization increases with the reduction of
temperature from 390 K by exhibiting a peak at 347.03 K. Further reduction
of temperature causes down fall of magnetization up to 194 K below which
the magnetization increases steeply up to 68 K before undergoing a
downturn. The high-temperature peak is designated as antiferromagnetic
ordering Néel transition temperature Ty ~ 347.03 K from a paramagnetic
state. A ferrimagnetic ordering at T ~ 74.02 K is identified based on the
sharp dip in dM/dT (a first derivative of M with respect to T). Nevertheless,
Tinid ~ 194K marks the temperature below which the magnetization
increases with the reduction of temperature. This rise of magnetization finds
its routes in an enhanced cooperative spin phenomenon and uncompen-
sated magnetic moments of Mn and Er, different from antiferromagnetic

ordering. Figure 2b shows M-T curves under the influence of magnetic
fields H = 5, 10, 15, and 20 kOe. The lowering of Ty and enhancement of T
with the increase of magnetic field strength is apparent from Fig. 2b.
Considering Fig. 2a, b, the measured temperature range can be classified into
four regions viz.T-region I (T< Ty), Il (I, < T< Tc), I (Tc < T< Ty) and
IV (T2 Ty) where T, is spin-orientation transition. The manifestation of
this magnetic phase under the influence of external perturbations such as
magnetic field H and hydrostatic pressure p will be explored in later sections.
Figure 2¢ shows some of the representative isothermal magnetization vs.
magnetic field curves measured at ambient pressure and 2, 60, 140, 200, and
360 K. M-H at 2 and 60 K (below Tc) increases steeply before reaching
saturation without any field-induced phase transition. However, M-H at
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Fig. 3 | Magnetization isotherms and the corresponding differential suscept-
ibilities of ErMn¢Sn, at 2 K and 60 K in different applied hydrostatic pressures
when H || ab-plane. An isothermal-isobaric magnetization vs. magnetic field curves
(H: 0 — 90 kOe) of ErMn¢Sne measured in T region I at a 2 K and T region II at
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magnetization axis intercept of linearly interpolated M-H down to 0 kOe from

5 kOe. Three-dimensional (3D) plots of the differential susceptibility dM/dH as a
function of Hand patb 2 Kand d 60 K. Low-field nonlinear growth of magnetization

up to H,, is evident from the linear growth of dM/dH at 2 K while almost linear-
growth at 60 K.

140 and 200 K (T¢ < T < Ty) shows a two-step increment of magnetization
before reaching saturation state, as clearly shown in the inset of Fig. 2c.
Figure 2d shows the field variation of differential susceptibility (dM/dH) of
140 and 200 K M-H curves. It is evident that 140 and 200 K curves exhibit
dual sharp peaks, the field-induced metamagnetic transitions marked as 1
(H. ) and2 (H? ). H} H? . for 140 Kand 200 K are 9.52, 10.94 kOe,
and 14.10, 15.98 kOe, respectively. The effect of pressure on the magnetic
properties of ErMn4Sn is explored by making use of isobaric M-T curves in
H=0.1kOe and isothermal-isobaric M-H curves. Figure 2e shows M-T
data from 2 to 390 K under the effect of hydrostatic pressures ranging from 0
to 1.24 GPa. The observed dual transitions in 0.1 kOe are found to sustain
under pressure. The inset of Fig. 2e shows a high-temperature shift of Néel
temperature Ty. Simultaneous enhancement of T with pressure is con-
firmed in Fig. 2f, a plot between d(MT)/dT vs. T.

Further, the effect of pressure on ErMngSng is probed by measuring the
isothermal magnetization as a function of the magnetic field in T regions I,
I1, and IIT under constant applied pressures ranging from 0 to 1.24 GPa. The
measurements are carried out by sweeping magnetic field from 0 to 90 kOe

in five quadrants (0 —90 —0— —90 — 0 — 90kOe). Owing to the
symmetric nature of the curves, only the first quadrant (0 — 90 kOe) data is
shown. T region I. Figure 3a shows the first quadrant M-H curves
(0 — 90 kOe), measured at 2 K isothermally. Commonly, as shown in the
inset of Fig. 3a—limiting the H-axis to 4 kOe, in low-field magnetization
grows non-linearly until a certain critical magnetic field, denoted as H,. H,
is the magnetic field up to which the magnetization grows non-linearly, and
Hgy is the field at which the saturation begins. These fields are denoted in
Fig. 3b—differential susceptibility plots. IM/dH peaks at H, and becomes
field-independent in H > Hg,. Application of magnetic field beyond H.,
enforces ferrimagnetic-type (linear M-H) saturation at Hy,. The pressure
dependence of H and Hy, are well depicted and determined using Fig. 3b, a
three-dimensional plot of differential susceptibility (IM/dH) as a function of
H at some representative pressure points. It is noticed that in T region I,
attributing to the spin-reorientation, H, increases while Hy,, decreases with
p indicating a robust low-field, low-temperature spin-reorientation phase
with enhanced magnetic interactions. However, the spontaneous magnetic
moment M(up) decreases with pressure. T region II: Figure 3¢ presents
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Fig. 4 | Magnetization isotherms and the corresponding differential suscept-
ibilities of ErMngSng at 140 K and 200 K in different applied hydrostatic pres-
sures when H || ab-plane. An isothermal magnetization vs. magnetic field M-H
curves (H: 0 — 90 kOe) of ErMn4Sne measured at a 140 K and ¢ 200 K by applying
constant pressures in T region Il i.e., phase coexistence regime. At p = 0.237 GPa, M
increases quasilinearly with H in low fields (dominant antiferromagnetic interac-
tions) up to a certain field above which it undergoes two sudden jumps followed by a
linear-like-ferrimagnetic-saturation in fields above Hg, ~ 21.19 kOe (at 140 K) and
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30.25 kOe (at 200 K). Insets of a and ¢ M-H data of 140 K and 200 K, where H is
limited to 20-25 kOe. An increase in pressure suppresses H, and unites two sudden
jumps. A 3D presentation of the differential susceptibility dM/dH vs. H of b 140 K
and d 200 K under different p. At p = 0.237 GPa, two distinct sharp peaks at
H} .. =11.45and 17.33kOe and HZ,,, = 13.04 and 19.33 kOe, denoted as 1 and 2,
represent field-induced metamagnetic transitions at 140 and 200 K, respectively.
These two peaks are noticed to convolute into one peak with increasing pressure
while shifting the peak position toward lower H.

M-H isothermal curves measured at 60 K. In low fields, M-H growth
changes from nonlinear to linear in high pressures, as evident from the flat
dM/dH in Fig. 3d. The inset of Fig. 3¢ shows the field variation of M with H
from 0 to 5 kOe. H, and Hg,, increase with p. Overall, in T regions I and II,
magnetization is reversible under field cycling and increases steeply before
attaining saturation without any appreciable/noticeable field/pressure-
induced manifestations to the ferrimagnetic state. T region III: As
inferred from M-T curves of ErMngSng, it is a coexistence region of
antiferromagnetic and ferrimagnetic phases (see Fig. 2d). The effect of
pressure on the phase coexistence region is examined by measuring
isothermal-isobaric magnetization as a function of magnetic field at 140 and
200 K. Figure 4a, c shows M-H curves at 140 and 200 K. The system exhibits
similar features at 140 and 200 K, however, with enhanced critical and
saturation fields at 200 K as compared to that at 140 K. At p = 0.237 GPa, M
grows quasilinearly with H up to a certain magnetic field above which it
exhibits two sudden jumps before attaining ferrimagnetic saturation-like

state. Such sudden jumps are denoted as metamagnetic transitions H. .

and H2,,,, respectively. In addition, the pressure is seen to suppress the
saturation magnetic field and merge metamagnetic transition.

Discussion

Theoretically, the effective magnetic moment of ErMngSng is calculated
using the formula piZ; 1y, = 0, + mpZg ., where n and m are number
of Er and Mn atoms in the unit cell Experimentally calculated
effective magnetic moment e, (see Fig. 5a), in H= 0.1 kOe, is found be
smaller than the calculated theoretical pegn,=15.38up (n=1, m=6,
Yettrr = 9.5%p and fegan = 4.91up). The low effective moment suggests
unstable magnetic ground states in 0.1 kOe while hinting at feasible field-
induced transitions. However, pfgxp. in an applied field of 10kOe is
comparable to geg iy, Value, see Fig. 5a. As per the existing literature, though
the magnetic nature of ErMngSng in T regions I and IT is fairly understood™,
the behavior in T region III is still intriguing presumably owing to its
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complex magnetic structure in zero/low-fields. In such complex situations, a
probe using external perturbations facilitates exposure of the underlying
magnetic interactions. In this regard, phase diagrams are constructed based
on the field and pressure variation of transition temperatures Ty and T¢ by
referring to M-T curves shown in Fig. 2a, b, e, f. Figure 5a shows the fits
of inverse dc-susceptibility (yz! = H/M) from 390 to 360K, using
Curie-Weiss law x(T) = C/(T — Ocw) where Cis Curie constant and Ocyy is
paramagnetic Weiss temperature. The fits reveal decreased Ocyy from about
351.40 to 335.75 K and enhanced effective magnetic moment of about 13.42
to 16.57up when the field is strengthened from 0.1 to 20 kOe, respectively.
H-T phase diagram, illustrating temperature- and field-driven changes to
the zero-field magnetic states by revealing four distinct magnetic regimes of
ErMn¢Sng is drawn in Fig. 5b. In zero- or low-magnetic fields, viewing from
the high temperature, Ty separates the paramagnetic (T region IV) and
antiferromagnetic phases while T region III, bounded by T¢ and Ty,
represents the coexistence of ferri and antiferromagnetic phases. The T
region II, below T, is a ferrimagnetic phase. Furthermore, the field-
dependence of T, 4, divides the coexistence phase region into anti-
ferromagnetic dominant (T, i < T< Ty) and ferrimagnetic dominant
(T £T < T, gm) regimes. In addition, in applied fields of 5 kOe and above,
M-T exhibits a dip at T;purm, Which is found to be field-independent and
serves as the boundary for T'region I. Nevertheless, the effect of the magnetic
field is reflected in the decrease of Ty and increase of T along with a high-
temperature shift of T, ferri» inferring the expansion of the ferrimagnetic
phase at the cost of the antiferromagnetic phase. Eventually, it is predicted
that the field-dependent Ty and T meet at a point in H-T space, suggesting
a critical point (H, = 23.28 kOe, T, = 246.01 K) in H-T space, indicative of
a field-induced continuous phase transition from paramagnetic to ferri-
magnetic states above the critical point. Overall, it is understood from the
magnetization analysis of ErMn4Sng that the system undergoes consecutive
two magnetic transitions at Ty (paramagnetic to antiferromagnetic) and T¢
(coexistence phase to ferrimagnetic) with an exception to small spin-

reorientation transition at T;. The application of a magnetic field stabilizes
the ferrimagnetic phase by narrowing down the temperature window of the
phase coexistence region. The width of the temperature window between Ty
and Tg, i.e., ATy_.c is about 273 K in H = 0.1 kOe, which reduces by about
220K at H=20kOe.

Figure 5c depicts the pressure variation of T and (inset) Ty. A linear
fit reveals an enhancement rate of about 74.4 and 14.4 K GPa™' respec-
tively. Shown in Fig. 5d is p-T phase diagram based on the pressure-
dependence of T, T, i, and Tc. It presents demarcation among ferri-
magnetic, magnetic—phase coexistence, and paramagnetic phases. It is
evident from the phase diagram that both Ty and T simultaneously
increase with the increase of pressure. The width of the temperature
window between Ty and T at p=0GPa is ATy_.c=273K, which
reduces by about 50.85 K at p = 1.24 GPa, despite increasing Tn,c(p). At
low pressures, there is an indication of enhanced magnetic entropy
because of the dominating antiferromagnetic phase, inferred from the
shallow Ty, ferri. Above 0.6 GPa, T’ .. (p) increases, indicating a reduc-
tion of the antiferromagnetic phase. The linear fittings of pressure-
dependent Ty and T above 0.237 GPa resulted in dTy/dp ~ 14.4 K GPa™"
and dT¢/dp ~79.13 K GPa™". This implies a growing ferrimagnetic phase
as compared to that of the antiferromagnetic phase by the application of
pressure. Linearly extrapolated dTy/dp and dTc/dp meet in p-T space,
predicting a critical point (p., = 4.736 GPa, T, = 435.78 K) above which
there would be a continuous pressure-induced transition from para-
magnetic to ferrimagnetic phase. Overall, it is summarized from the H-T
and p-T phase diagrams of ErMn¢Sng, shown in Figs. 2d and 5d, that H
suppresses the antiferromagnetic phase with a critical temperature above
(Tx + Tc)/2,1.e, lying in the antiferromagnetic-dominated region. On the
other hand, p enhances Ty and T¢ though, effectively suppresses the
antiferromagnetic phase owing to the difference in the rates of increment.
However, the critical temperature is found to be beyond the Néel tem-
perature (349.57 K in 0.1 kOe).
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Fig. 6 | Crystal unit cell, schematics of possible
projections of magnetic structure and effect of
pressure on metamagnetic transition fields at
140 K and 200 K. a Chemical crystalline structure/
unit cell of ErMngSng. Olive, white-gray and blue
colors represent Er, Mn, and Sn atoms, respectively.
The Er-layer is in between two Mn layers along the c-
axis. b-d The representative/proposed magnetic
structures of ErMn¢Sng along ab-plane with differ-
ent configurations: b Config.1—strong AFM—fer-
romagneticallly arranged Er, Mn', and Mn"
moments within the layer and an antiferromagnetic
coupling between Er and Mn layers, ¢ Config.2—
relatively weak AFM—ferromagneticallly arranged
Er, Mn', and Mn” moments within the layer and a
ferromagnetic coupling between Er and Mn® and
antiferromagnetic coupling between Er and Mn'
layers, d Config.3—weak canted AFM—ferro-
magneticallly arranged Er, Mn', and Mn® moments
within the layer and a canted antiferromagnetic
coupling between Er-Mn and Mn-Mn inter-layers.
e, f Variation of metamagnetic transition fields with
pressure at 140 and 200 K, respectively, indicating
the merger of transitions.
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Effect of H on Region III: It is evident from Fig. 2d that ErMngSne
exhibits dual metamagnetic transitions in the mixed magnetic phase region.
The metamagnetic transition is a magnetic field-induced transition from
antiferromagnetic configuration 1|1} 1{1| to ferromagnetic configuration
(PPPEtt?) or (L4 dddl) in a field Hypero. This is caused by an abrupt
flipping of one of the sub-lattices in the direction of external fields.
M1 or [{d{ll] configurations are according to the sign of the
applied magnetic field +H or —H, respectively. In the case of a single
magnetic transition Ty, the magnitude of H,, depends on the strength of
magnetocrystalline anisotropy”. However, the degree of complexity
increases in materials with dual transitions; high-Ty and low-T¢. Particu-
larly in layered systems, the field-induced effects are governed by the inter-
layer magnetic interactions. As shown in Fig. 6a the unit cell of ErtMngSng in

which the magnetic atoms are arranged as follows: Er-atomic layer is
sandwiched by top and bottom Mn-atomic layers (Mn' and Mn") along the
c-axis. Confining to the discussion on the effect of magnetic field in the ab-
plane, for the present case, three possible inter-layer exchange interactions
are R-Mn (Er-Mn" and Er-Mn") and Mn-Mn (Mn"-Mn'). The repre-
sentative/proposed magnetic structures of ErMnSne along the ab-plane are
shown in Fig. 6b-d with different configurations (referred to as Config.,
hereafter). In all of the configurations, the magnetic moments are ferro-
magnetically arranged within the individual layers. Figure 6b shows Con-
fig.1, representing strong antiferromagnetic coupling between Er and Mn
layers while Mn-Mn layers interact ferromagnetically. Figure 6¢ depicts
Config.2 in which Er-Mn" layers interact ferromagnetically, Er-Mn' and
Mn-Mn layers antiferromagnetically, leading to an overall relatively weak
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antiferromagnetic exchange interaction in the ab-plane. It is important to
note that equally energetic configurations can be obtained for Configs.1 and
2 by reversing the spins in each magnetic layer. Figure 6d shows Config.3, in
which Er, Mn', and Mn” layers are ferromagnetically aligned in the ab-plane
with the tilting angle along the ¢-direction. In a canted antiferromagnet, the
alternating spins are antiparallel to each other, the spins are canted (tilted)
with an angle with respect to each other. In addition, the inter-layer canted
angle is different for Mn°-Er, Er-Mn', and Mn®-Mn" layers. In this con-
figuration, an extension of the unit cell results in three spirals (triple-spiral)
of Mn®, Er, and Mn' atoms along the c-axis. Such a canted nature between
the layers not only weakens the exchange interaction but introduces com-
plex/mixed magnetic phases. Moreover, the reduction of temperature (an
otherwise lowering of spin-randomizing factor), reduces the canted angle by
favouring ferrimagnetic state over antiferromagnetic configuration.

Here, we discuss the effect of magnetic field anisotropic properties of
ErMngSng. In H||c, the externally applied field couples Mn®, Er, and Mn'
layers, making the magnetic interaction strong, leading to the growth of
ferrimagnetic component while simultaneously reducing the anti-
ferromagnetic component. On the other hand, the influence of H on ab-
plane magnetism is intriguing because of the different configurations of
magnetic structure discussed in the previous paragraph, as shown in
Fig. 6b-d. In H || ab-plane, the applied field acts simultaneously to (i) align
the magnetic moments within the individual layers along the ab-plane and
(ii) strengthen the inter-layer magnetic coupling. Further, the polarization of
moments depends on the inter-layer exchange interaction. As per Config.1,
itis expected that high fields are required to induce a high magnetic moment
state (FM/FIM) because of the strong antiferromagnetic nature. In this
configuration, sudden changes in magnetic state can occur at a single H e,
since the field acts uniformly on each magnetic layer. As per Config.2 also
suggests a single H, .., if any, but at relatively low fields since one of the Min
layers is almost in ferromagnetic alignment with Er magnetic layer. These
two configurations do not explain the experimentally obtained dual meta-
magnetic transitions. In Config.3, the Er-layer acts as a strong key central
magnetic layer about which the top and the bottom Mn layers orient.
ErMngSng has inversion symmetry, meaning Mn' and Mn” layers are
symmetric about the Er layer. However, considering magnetic structure, the
spin orientation directions of Mn'and Mn” layers with respect to the Er layer
are different (with different tilting angles with temperature), breaking the
symmetry despite the similar J strength. Therefore, the layers with weak
exchange interaction energy (Mn-Mn) orient at low fields, resulting in
H} . and the layers with strong exchange interaction energy (Er-Mn)
orient at high fields, resulting in H? .. This argument is in accordance with
the experimentally observed dual metamagnetic transitions as shown in
Fig. 2d. At H.,,, the field overcomes the relatively smaller anisotropic
exchange energy and weaker J(Mn’—Mn') (due to larger inter-planer spa-
cing of Mn layers). At H .., the field overcomes the larger anisotropy of Er
and stronger exchange interaction energy of Er and Mn layers. This scenario
confirms three different tilting angles of Mn’, Er, and Mn' magnetic layers in
the ab-plane and their progression along the c-direction, suggesting three
spirals in T region III. Similar spiral features were also reported in RMngSng
systems in refs. 34-37. Since Er has a large orbital moment causing large
magneto-crystalline anisotropy. Hence their Er moments are locked to an
easy axis. The exchange interaction energy between Er and Mn layers is
strong because of the smaller inter-layer distance as compared to that of
Mn-Mn layers.

Effect of H on region III under constant p: It is to be noted from Fig. 4b,
d that the external pressure does not only reduce the values of dual meta-
magnetic transition fields H. ., (low-intense peak) and H ,,, (high-intense
peak) but also simultaneously convolutes low-field peak into the high-field
peak, in addition to the reduction of saturation magnetic field. The decrease
of Hpera (in other words, the spin-flip orientation in low fields) i.e.,
decreased magnetocrystalline anisotropy, is indicative of enhanced
exchange interactions between the magnetic layers. Assuming that the
applied pressure in the ab-basal plane, the strengthening of magnetic
interactions in the inter-layers is ascribed to the following possible reasons;

(i) the role of pressure in enhancing the transition temperature (an other-
wise strengthening of magnetic interactions) by compressing the lattice is
discarded based on an argument that half-Ho doped ErMngSng is witnessed
to exhibit enhanced T¢ from about 74.02 K (ErMngSng’') to about 114 K
(Erg sHop sMngSng™) with mere no change in the lattice parameter at room
temperature, (ii) bending of Mn layers (both above and below the Er-layer)
by the application of pressure with sharing corner as the bending point. In
such case, the lattice parameter does not shrink, however, the central Mn
atoms from top and bottom layers in a unit cell come close to edge sitting Er
atoms. This can strengthen the R-Mn interaction leading to enhanced
magnetic transition temperature with increasing pressure. However, this
narration of the effect of pressure does not explain the suppression of one
metamagnetic transition in higher pressures, iii) the effect of pressure on the
spirals of Er, Mn' and Mn" layers is another possibility to discuss. Figure 6e, f
shows the variation of H! . and H2, with pressure at T=140K and
200 K, respectively. The phase diagrams illustrate the pressure-induced
tricritical point (emergence of a second-order continuous transition) by
ending the first-order phase transition (metamagnetism)**'. The external
perturbations (magnetic field and pressure) induced changes in the mag-
netic ground state of ErMngSne are explored. The double metamagnetic
transitions in the compensated and uncompensated antiferromagnetic
regimes (bounded by T and Ty) find routes in the triple (Er, Mn®, and Mn")
spiral magnetic layers propagating in the c-direction. Both magnetic field
and pressure tune the system towards a critical point conventionally and
unconventionally, respectively. In addition, above the critical point, the
system continuously transits from the paramagnetic to the ferrimagnetic
phase in the presence of constant perturbation. Moreover, the system drives
towards a tricritical point by manifesting the triple spirals through the
simultaneous application of pressure and magnetic field.

Conclusions

The magnetic field and/or hydrostatic pressure manifested magnetic
properties of a kagome layered single crystal ErMn4Sng are investigated and
demonstrated through temperature-magnetic field/pressure phase dia-
grams. Mainly, it exhibits dual magnetic transitions namely anti-
ferromagnetic with Ty~ 347K and ferrimagnetic with Tc ~74 K. The
magnetic field is noticed to suppress Ty and enhance T along with dual
metamagnetic transitions in the T-regime of mixed-magnetic phases. The
reason for dual metamagnetic transitions is attributed to the spiral behavior
of magnetic (Er, Mn', and Mn®) layers in a unit cell. Essentially, in the
presence of high magnetic fields, metamagnetic transitions are suppressed,
leading to the field-induced critical point of (T.,=246.01K,
H,, =23.28kOe) above which a continuous phase transition from para-
magnetic to ferrimagnetic phase occurs. On the other hand, an iso-field
(H=1kOe) magnetization data under the influence constant p reveal
increasing Tc and Ty at a giant growth rate of about 744 K GPa™' and
144K GPa™' respectively. In addition, isothermal magnetization mea-
surements unveil the unification/merger of dual metamagnetic peaks into
one by possibly suppressing the triple spirals to strengthen the interactions
among magnetic layers. Despite increasing T and Ty, a continuous phase
transition from paramagnetic to ferrimagnetic state is predicted to occur ata
pressure-induced critical point (T, = 435.78 K, p., = 4.736 GPa) owning to
the difference in the growth rates of T and Tx. This is far above the zero-
field antiferromagnetic transition temperature, distinct from that of the
magnetic field-induced critical point. The above results indicate a unique
way of tuning the magnetic properties of kagome layered magnets by
applying magnetic field and pressure simultaneously. Further to explore,
neutron diffraction patterns in the presence of magnetic field and pressure
are desired to understand the manifestation of chiral/spiral Er and Mn
layers.

Methods

Synthesis

The single crystals of ErMngSng were prepared by flux growth technique
using Sn as a flux’*". In this method, high pure elements of at least 99.95%
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Er, Mn, and Sn were weighed in the ratio of 1:6:25 and loaded into Canfield
Crucibles and a hole strainer was used in between the crucibles. The crucible
set was evacuated several times, flushed with Argon gas, and sealed in an
evacuated quartz tube. The sample tubes were sintered in a high-
temperature furnace at 1100 °C for 10 h and then cooled down to 600 °C
with a slow cooling rate of 1.6 °C per hour. Single crystals were obtained by
centrifuging the crucibles. The phase purity of the crystals was checked by
collecting the X-ray diffraction patterns using the Rigaku Miniflex 600 at
room temperature using copper K, radiation. Temperature-dependent X-
ray diffraction was carried out on powder samples using an Anton Paar
XRDynamic 500 powder diffractometer.

Magnetization

The magnetic measurements were performed on a flat crystal of ErMngSng
with size of about 2 mm’ by using a Physical Property Measurement System
(PPMS Dynacool, Quantum Design, Inc. USA), equipped with a vibrating
sample magnetometer (VSM). The data were collected in the temperature
range between 2 and 400 K, under applied field up to 90 kOe and under
hydrostatic pressure up to 1.24 GPa both as a function of temperature,
M(T), and applied magnetic field, M(H), by orienting the applied field, H,
parallel to ab-plane (H || ab). The pressure-dependent magnetization was
measured using a BeCu HPC-33 piston-type pressure cell, where the sample
was immersed in a pressure-transmitting medium (Daphne oil) in a
Teflon cell.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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