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We report a combined theoretical and experimental investigation devoted to get deeper insights on
the exotic magnetic properties of the low-dimensional SeCuOgs system, for which the two inequivalent
Cu(1) and Cu(2) sites show different quantum dynamics. First-principles calculations based on the
density functional theory were performed to extract the magnetic exchange couplings. Briefly, we
notably evidenced that i) the magnetic structure can be decomposed into two subsystems made
by strongly antiferromagnetically (AFM) coupled Cu(1) singlet state dimers and weak AFM Cu(2)
spin chains, and ii) weak ferromagnetic (FM) interactions between the two subsystems lead to
magnetic frustration. The present model allows to reproduce both magnetic susceptibility and
torque magnetometry measurements. In addition, high-magnetic field experiments and DMRG
simulations evidenced a half-magnetization plateau at 40-45 T associated to the polarization of the
Cu(2) spin-chains, while the Cu(1) dimers are expected to reach the triplet state at 210-220 T.

I. INTRODUCTION

In this work we are interested in the monoclinic phase

Low-dimensionality often leads to intriguing and fas-
cinating phenomena in condensed matter. When the
structural dimension of materials is reduced, significant
changes in properties may arise, resulting from the en-
hancement of thermal and quantum fluctuations. A
wide variety of exotic magnetic properties has been re-
ported for low-dimensional magnets, whether they are
zero- (dimers, trimers, tetramers), one- (chains, lad-
ders), or two-dimensional (planes) [1]. Among the zero-
dimensional objects, the simplest non trivial case is the
spin-1/2 dimer involved in a strong antiferromagnetic
(AFM) exchange coupling which stabilizes the entity
within the singlet ground state. Such strongly bounded
dimers may sometimes be weakly coupled and form Bose-
Einstein condensates (BEC) [2, 3].

In a large majority of low dimensional systems the
magnetic structures (dimers, ladders, planes, chains, etc)
correspond to structural units clearly recognizable in
the crystallographic structure. The interesting cases
are the "surprises”, where the magnetic units as defined
by the leading magnetic effective interactions do not
strictly agree with the structural ones. For instance, both
CsV305 and CuO compounds exhibit one-dimensional
magnetic properties, while the topologies of the magnetic
elements, i.e. V4t and Cu?" ions respectively, are zero-
dimensional ([V2Og]®~ dimers separated by [V O,]*>~ non-
magnetic bridging units) and three-dimensional [4, 5], re-
spectively.
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of SeCuO3, where the magnetic Cu?*t ions form struc-
tural spin-1/2 tetramers [6-9]. This particularity has
motivated a special interest to study quantum effects in
this system [6-11]. For instance, magnetic susceptibil-
ity and torque magnetometry measurements evidenced
that this compound shows an AFM long-range ordering
up to Ty = 8 K, with an easy magnetization axis along
the reciprocal [101] ([101]") direction [6, 7]. Based on
its crystallographic structure where Cu tetramers can be
clearly recognized, a first tetramer magnetic model has
been tentatively proposed to extract the magnetic phase
diagram. Unfortunately, this model failed to retrieve the
whole temperature dependence of the magnetic suscepti-
bility, more specifically the low-temperature range. Fur-
thermore, some studies concluded that the two symmet-
rically inequivalent Cu(1) and Cu(2) sites show different
quantum dynamies [6, 8-10], which would be at the ori-
gin of the unusual magnetic properties of SeCuQOjz. In
parallel, high-field magnetization measurements showed
the existence of a half-step magnetization plateau at 45
T [8], which supposedly emerges from the polarization
of weakly coupled Cu(2) spins, while Cu(1) dimers re-
main in the singlet state. This new magnetic model was
supported a few years later by inelastic neutron scat-
tering, used to determine magnetic exchange couplings
and demonstrate the simultaneous presence of magnon,
triplon and spinon excitations [11].

In this paper, we report a combined theoretical and
experimental investigation to study the magnetic prop-
erties of the SeCuQOj3 system. The paper is organized as
follows. In Section II we discuss the theoretical and ex-
perimental methods used in this work. In Section IIT A
we present our estimation of the effective magnetic ex-
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Figure 1. (a) Schematic representation of the crystallographic
structure of SeCuOs. The two inequivalent copper atoms
Cu(1) and Cu(2) are respectively depicted by blue and red
spheres. For the sake of clarity, the square-planar environ-
ments of the four copper atoms defining only one tetramer en-
tity are shown. (b) Schematic representation of intra-tetramer
exchange couplings, i.e. J1 between Cu(1l) sites and Jo be-
tween Cu(1) and Cu(2) sites. (All crystal visualization in this
paper were performed using VESTA [13]).

change interactions in this compound. In Section IIIB
we present our magnetic susceptibility and torque mea-
surements and in Section IIIC the results of our mag-
netization versus magnetic field experiments. Our study
leads to the proposition of a magnetic model formed of
weakly connected dimers and chains enabling to explain
the experimental data for the whole range of temperature
and magnetic field.

II. METHODOLOGY
A. SeCuOsjs structure

Among the four known phases of SeCuOs3[12], we fo-
cus herein on the monoclinic structure which crystallizes
in the space group P2;/n (# 14), with lattice parame-
ters: a = 7.725(1) A, b = 8.241(1) A, ¢ = 8.502(1) A
and § = 99.16(2)°. The unit cell (see Figure 1) contains
two crystallographic inequivalent copper atoms, labelled
Cu(1) and Cu(2). Each copper site is embedded within
a highly distorted CuOg octahedron with elongated api-
cal Cu-O bonds leading to square-planar CuQ4 environ-
ment (or plaquette). Structurally speaking, the atomic
structure can be viewed as being formed by tetramers
Cu(2)-Cu(1)-Cu(1)-Cu(2), separated by SeOzE entities
(E refers to a lone-pair). One tetramer unit is empha-
sized in Figure la. It consists in two Cu(1) O4 plaque-
ttes sharing edges forming a Cu(1)-Cu(1) dimer, and two
corner-sharing Cu(2) O4 plaquettes at each side of the
Cu(1)-Cu(1) dimer.

B. Experimental details

Magnetic susceptibility was measured using Faraday
method in applied magnetic field up to poH = 0.9 T
and in the temperature range 2 — 300 K. Magnetic

torque was measured using highly sensitive home-built
torque magnetometer in the applied magnetic field up
to poH = 0.8 T in the temperature range 2 — 300 K.
The sensitivity of the magnetometer is 10~ Nm.

Magnetization in pulsed-magnetic fields was measured
using the conventional induction method, employing
coaxial pick-up coils. Pulsed-magnetic fields up to 66 T
with typical duration of ~ 11 ms were generated by us-
ing a pulse magnet installed at the International Mega-
Gauss Science Laboratory at the Institute for Solid State
Physics of the University of Tokyo.

C. Computational details

We performed density functional theory (DFT) calcu-
lations [14, 15] using the QUANTUM ESPRESSO code
[16]. We considered the general-gradient approxima-
tion GGA-PBE parametrization [17] for the exchange-
correlation term. The calculations were performed us-
ing ultrasoft pseudopotentials [18] with a plane-wave and
charge density cutoff of 60 Ry and 400 Ry, respectively,
and a 1x3x1 Monkhorst-Pack [19] grid for the first Bril-
louin zone sampling of the 2x1x2 160-atoms cell. We
included an on-site Hubbard U.g on the Cu atoms using
the simplified method developed by Cococcioni and de
Gironcoli [20] with a Ueg = 10 eV. For the DFT calcula-
tions the volume of the unit cell and internal coordinates
were fully relaxed. The obtained optimized lattice pa-
rameters are a — 7.7124 A, b = 8.2380 A, ¢ = 8.4979 A,
8 = 99.124°.

To describe the magnetic properties of SeCuQOgz, we
have estimated the magnetic exchange interactions based
on the following rotational invariant Heisenberg Hamil-
tonian:

IA{ZI:I()-FZJU Si'S’j, (1)

i>7

where Hy is the spin independent part of the Hamilto-
nian, J;; the magnetic coupling between the magnetic
sites ¢ and j, and S; and S’j are the related quantum
S = 1/2 spin operators. The broken symmetry method
[21, 22] has been used to calculate the effective exchange
interactions J;; [4, 23, 24]. The J;; interaction between

spins S; and S’j can be evaluated from:
Jij = E(1it;) + E(Lidj) — E(Tidy) — E(LiT) (2)

where E(0;,0;) are the four spin configurations where
the spins S; and S; can either take the values up (1) or
down (J) while all the other spins are kept up. Hereafter,
J > 0 indicates an antiferromagnetic (AFM) coupling,
while J < 0 indicates a ferromagnetic (FM) coupling.
The high-field magnetization M (H) has been sim-
ulated using the density-matrix renormalization-group
(DMRG) method [25]. To represent the full magnetic



Table I. Magnetic exchange couplings determined from DFT
calculations (labelled J™) and compared to experimental
data when available (labelled J°*?) [11]. For each J;; in-
teraction, the related Cu(:)-Cu(j) pair is specified between
parenthesis. Experimental and optimized distances between

copper sites are reported as dr.” ., and di¥,_ ¢, respectively.

Jij (14) ded oy (A dE_c (A) ™ (K) TP (K)
Ji(1,1) 3.039 3.036 270.0 308
J2 (1,2) 3.199 3.191 -38.1 40°
J5 (1,2) 3.395 3.397 -7.6

Ja (2,2) 3.474 3.467 0* -2
Js (1,2) 4.219 4.212 -20.0 41°
Js (1,2) 4.752 4.750 -5.87

Jr (2,2) 4.871 4.875 0*

Js (1,2) 5.112 5.106 0.1

Jo (1,2) 5.179 5.170 -8.0

Jio (2,2) 5.316 5.314 12.6 5
Ju (1,1) 5.532 5.526 26.4

Jiz (1,1) 5.804 5.802 0.3

Jiz (1,2) 5.881 5.878 0.9

Jia (1,2) 6.046 6.045 0.8

Jis (1,2) 6.066 6.063 1.4%

Jis (2,2) 6.222 6.215 29.2 39

& J4 and J7 couplings cannot be separated within the supercell
used in the DFT calculations, as for Jg and Ji5 interactions.

b These values have been deduced from a perturbative analysis
and are not directly extracted from the dispersion of the
inelastic neutron scattering data.

model, we considered two Cu(2) spin-chains (dimension
of one chain: n+1) and n Cu(1) dimers, with n = 10, 20
and 50, in order to check the convergency of the DMRG
calculations, which have been compared to exact diago-
nalization calculations for the smaller n values.

III. RESULTS AND DISCUSSION
A. Magnetic exchange couplings

As aforementioned, despite the presence of clearly rec-
ognizable structural Cu tetramers in the crystallographic
structure of SeCuQOgs, recent magnetic torque measure-
ments [10] have proposed the magnetic structure as based
on two subsystems which involves, respectively, strongly
coupled Cu(1) dimers and weakly coupled Cu(2) spins.
To get a deeper insight on such models, we estimated
all possible magnetic exchange interactions up to Cu-Cu
distances of 6.2 A (see Figure 2 and Table I), leading
to a total of 16 J;; couplings. For the sake of clar-
ity, the Cu(1)-Cu(1) and Cu(2)-Cu(2) intrasublattice in-
teractions are labelled (1,1) and (2,2), respectively, and
the Cu(1)-Cu(2) intersublattice interactions are labelled
(1,2).

The largest interaction, ¢.e. J; = 270 K, is ten times

larger than the others and defines the strongly antifer-
romagnetically (AFM) coupled Cu(1)-Cu(1) dimers. A
very good agreement is found with the experimental es-
timation from neutron scattering data (308 K). Among
the two other (1,1) interactions, one is antiferromagnetic
but significantly smaller, 7.e. J;1 = 26 K, and the other
one (Jy2) is zero. In conclusion, the Cu(1)-sublattice con-
sists in weakly interacting AFM dimers, (J;/J11 > 10)
as shown in Figure 2a.

Among the four (2,2) intrasublattice interactions, only
two have non-zero values and correspond to AFM cou-
plings, i.e. Jig = 29 K and J;p = 13 K. A qualitative
agreement is found with the neutron estimated values,
which are 39 K and 5 K, respectively. In particular,
both estimations suggest that the largest Cu(2)-Cu(2)
coupling involves copper pairs separated by 6.2 A, which
leads to one-dimensional (1D) chains along the [10-1]
direction. The other interaction (Jip) forms 1D chains
along the [101] direction. The Cu(2) sublattice can then
be viewed as a system of non frustrated AFM chains with
intra-chain and inter-chain interactions Jig and Jig re-
spectively (see Figure 2b).

We have also estimated 9 intersublattice interactions,
labelled (1,2). Among them, four are negligible, i.e.
smaller than 1.5 K (Jg, Jis, Jia and Ji5). The others
are ferromagnetic (FM), with two couplings which are
significantly larger than the others, Jo = -38 K and J5 =
-20 K. The related experimental values were not directly
deduced from fitting the neutron dispersion data, but by
performing a perturbative analysis of a four-site model
[11]. It leads the authors to estimate the square values
of J and J5 (see equation 2 of ref. [11]), and thus only
their absolute values, i.e. 40 and 41 K, respectively.

Figure 2c shows these two FM intersublattice interac-
tions, which connect the AFM Cu(2) chains (red sites)
to the AFM Cu(1) dimers.

In summary, the image that arises from the present
DFT calculations is the following (see Figure 7a). Firstly,
it confirms that SeCuQOj consists in two magnetic sub-
systems, i.e. weakly interacting AFM Cu(1) dimers and
interacting AFM Cu(2) spin chains. Secondly, the in-
tersublattice interactions are FM, leading to magnetic
frustration which effectively decouples, at low tempera-
ture and magnetic field, the singlet AFM dimers to the
chains.

B. Magnetic susceptibility and torque
magnetometry results

In order to check the validity of our magnetic model
based on the present DFT calculations, we reconsidered
the modelling of the magnetic susceptibility data. To
assess the effect of each type of magnetic interaction,
we considered five different situations: i) isolated chains
(hereafter labelled C), ii) weakly interacting chains (wC),
iii) isolated dimers (D) and, iv) weakly interacting dimers
(wD) and v) decoupled chains and dimers subsystems
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Figure 2. Schematic representation of the predominant J;; exchange couplings, along a (bottom) and b (top) directions, for
the Cu(1) subsystem (a) and the Cu(2) subsystem (b) and intercouplings between the Cu(1) and Cu(2) subsystems (c). (d)
Comparison of the intensity for magnetic interactions in SeCuOs estimated from DFT calculations. AFM (FM) couplings are
indicated with a positive (negative) sign. The two inequivalent copper atoms Cu(1l) and Cu(2) are respectively depicted by

blue and red spheres.

(wC+wD). In short, models D and C are only based on
one magnetic coupling, respectively J; and Jyg, while
models wC and wD use two magnetic interactions each,
respectively (Jig, J10) and (J1, J11). In the last model
(wC+wD), four magnetic interactions are taken into ac-
count (ze J16, Jl(), J1 and Jll)'

The temperature dependence of the susceptibility ten-
sor, Xp(T'), of the spin-1/2 dimer (model D) is given per
spin by the following expression taken from Ref. 26

Nagi g?NZB (3)

o (T =
XD( ) ]CBT(3+epr1/kBT),

where N4 is the Avogadro constant, g; is the Cu(1) g-
tensor derived from previously reported ESR measure-
ments made by some of us [7], up is the Bohr magneton,
kg is the Boltzmann constant and J; is the intradimer
DFT interaction reported in Section IIT A.

For the isolated spin S = 1/2 chain (model C), the tem-
perature dependence of the susceptibility tensor, Y (T),
was calculated following Ref. 27 with the intrachain in-
teraction Jig. Here, the Cu(2) g-tensor g, was taken also
from our previous study [7].

For the weakly coupled dimer model (wD) the temper-
ature dependence of susceptibilty xwp(7') is given in Ref.
28 by

xo(T)
QZICBJM

Nagigluy

XwD (T) = (4)

1+ Xp(T)

where Ji; represents the interdimer interaction and z is
the number of neighboring coupled dimers through Ji;.
Similar expression can be applied for weakly interacting
chains (wC)

xe(T)
QZkBJlo

Nagogl %

Xwe(T) =

®)

1+ Xc(T)

where Jig is the interchain interaction and z is now the
number of neighboring chains which interact through Ji,.

In Figure 3, we compare the calculated magnetic sus-
ceptibility of the fifth model (wC+wD) with the mea-
sured average susceptibility (dotted blue line). In this
model, half of the spins are involved in dimers (Eq.(4))
and half in chains (Eq.(5)). Considering that there is
no adjustable parameters, except for a slightly smaller
value obtained around the maximum, the agreement is
excellent. The magnetic susceptibilities of the isolated
and weakly interacting dimer, i.e. D and wD, are also
plotted (red lines), as well as the susceptibility of the
isolated and weakly interacting chains, i.e. C and wC,
(black lines). In both cases, one Cu per mole was as-
sumed (this is equivalent to assuming all spins in dimers,
or all spins in chains). While the proposed value of Jig
gives the maximum of susceptibility at a correct temper-
ature in the isolated chain model C, the magnitude is
much larger than the experimental one. We also noticed
that the inclusion of the interchain coupling Jio (i.e. the
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Figure 3. Average experimental magnetic susceptibility wvs
temperature, measured in puoH = 0.5 T, compared to the
ones computed from five magnetic models. C, wC, D and
wD correspond to isolated chains (Jig = 29.2 K), weakly-
interacting chains (Jis = 29.2 K and Jip = 12.6 K), isolated
dimers (J1 = 270.0 K) and weakly-interacting dimers (J; =
270.0 K and J11 = 26.4 K). The last model wC+wD combines
all magnetic couplings of the two subsystems without any
intercouplings, i.e. Ji, Jio, J11 and Jie.

wC model) cannot remedy that. Using larger interchain
interaction would change the effective one-dimensionality
of the model since Jyg is already almost half of J14. Re-
garding the isolated and weakly interacting dimer models
(i.e. D and wD), both cases fail to reproduce the strong
enhancement of the magnetic susceptibility observed at
low temperature, but tend to recover the experimental
values for very high temperatures. The direct compari-
son between (C, wC) and (D, wD) couples of simulations
with the experimental data confirms that the presence of
AFM chains is a key ingredient for accessing magnetic
properties of SeCuQOg at low-temperature.

To complete our analysis, let’s consider now the inves-
tigation of the magnetic susceptibility anisotropy. Such
property was extracted from the measured torque in two
planes of measurements as made in Ref. 7

mH? .
To100)* = 5a7 z (X» — X[101)-) sin(20 — 26;), (6)
mH? .
Toe = M. Axqesin(26 — 26), (7)

where 7,101+ is the torque measured in the plane
spanned by the b and [101]* axes, 74, is the torque mea-
sured in the ac plane, m is the mass of the sample, M,,;
is the molar mass, H is applied magnetic field, x5, —X[101]*
is the susceptibility anisotropy in the (b, [101]*) plane,
Axac is the susceptibility anisotropy in the ac plane, 6 is
the goniometer angle, 6, is the angle at which the field
is applied along the b axis and 6 is the angle at which
the measured torque is zero in the ac plane (see Fig-
ure 3 of Ref. [10]) [29]. The angle 6y represents the
position of one of the susceptibility eigenaxis in the ac

plane, while the other is at 6y + 90°. The angular de-
pendence of measured torque is a sine curve with a pe-
riod of 180°, where the amplitude reflects the susceptibil-
ity anisotropy. The orientation of macroscopic magnetic
eigenaxes can be estimated at points where the torque
curve crosses the zero value. The torque curves were cal-
culated for the different models from the susceptibility
tensors given above. The magnetic torque is then com-
puted from 7 = m/M,,; (YH) x H (m is the mass of the
sample, M, is the molar mass, H is the applied mag-
netic field) for each plane of measurement. The resulting
anisotropy data obtained for each model are compared
to the experimental ones in Figures 4 and 5.

In Figure 4, the sine curves determined for the models
involving only chains (i.e. C and wC) cross the torque
zero value at different angles, in sharp contrast with the
models involving only dimers (i.e. D and wD). Such be-
havior is a direct consequence of the different g-tensors
of the crystallographically and magnetically inequivalent
Cu(1) and Cu(2) that we used in calculations for dimers
and chains, respectively, which have different eigenaxes
(see Cu(1)0O4 and Cu(2)O4 squares in Figure 1). Here,
only the wC+wD model gives the correct direction of
eigenaxes marked by 6y in top panel of Figure 4. The ro-
tation of macroscopic magnetic eigenaxes (6p) with tem-
perature, shown in middle panel of Figure 5, is quanti-
tatively explained by the wC+wD model (down to T =
40 K). We also plot, for comparison, the results for the
models C and D, which do not yield rotation of magnetic
eigenaxes, as can be seen in middle panel of Figure 5.

Finally, the temperature dependence of magnetic sus-
ceptibility anisotropy is quantitatively explained by the
model wC+wD (down to 40 K). We notice that for any
copper S = 1/2 system with isotropic interactions, we ex-
pect the susceptibility anisotropy to have the same tem-
perature dependence in the paramagnetic state in any
plane of measurement, with only the magnitude being
slightly different due to g-factor anisotropy (more details
are provided in the Supplementary Materials [30]). This
is true for the chains only (i.e. C and wC) and dimers
only (i.e. D and wD) models plotted in top and bot-
tom panels of Figure 5. However, the experiment shows
very different behavior in two different crystallographic
planes, which is nicely captured by the model wC+wD.

Lastly, we comment on the disagreement between the
measured and calculated curves below ~ 40 K, which is
mostly apparent for the ac plane. There are two possible
reasons that come to mind. The first is the presence of
relatively strong FM interactions J, and Js, which we
did not take into account in our wC+wD model. The
second is the possibility of Dzyaloshinskii-Moriya inter-
action (DMI) [31] between the spins of the Cu(2) chains,
since they are not related by an inversion symmetry cen-
ter. The DMI is well documented to introduce large
anisotropy in the magnetic susceptibility at low tempera-
tures usually below the susceptibility maximum [32], [33],
[34].
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Figure 4. Angular dependence of torque measured at T =
77 K, in poH = 0.5 T, in two different planes compared to
the C, wC, D, wD and wC+wD models shown by black solid,
black dashed, red dashed, red dotted and blue dotted lines,
respectively.

C. DMagnetization

The high-field magnetization M (H) of SeCuOj was
measured at 1.4 K for magnetic fields applied along
the [010] and [10-1] directions [35], i.e. the hard and
easy magnetization axes, respectively. The related data
are shown respectively by solid black and red lines in
Figure 6. In both cases, onsets of half-magnetization
plateaus are observed above H.,; = 41 and 45 T, for puoH
parallel to [010] and [10-1], respectively. These values,
deduced from the derivative of M(H) (see Figure S5 in
Supplementary Materials [30]), are very close to the ones
previously reported although it was for magnetic field ap-
plied parallel and perpendicular to the [100] direction [8].
It should be emphasized that the AFM chains are along
the [10-1] direction (defined by Ji6), which is also close
to the easy magnetization axis (i.e. [101]" direction). As
a consequence, a higher magnetic field is needed to reach
the plateau when the magnetic field is applied along the
[10-1] direction. Such an half-magnetization plateau is
the signature that only half of the spins are polarized
parallel to the applied field, i.e. the Cu(2) spins of the
AFM chains. On the other side, the Cu(1) spins of the
AFM dimers are still in a singlet state, and a higher field
is needed to overcome the singlet-triplet gap, estimated
from nuclear quadrupole resonance (NQR) measurements
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Figure 5. Temperature dependence of susceptibility

anisotropy measured in the ac plane and plane spanned by
(b,[101]%) axes (top and bottom panel), in uoH = 0.6 T and
0.5 T, respectively. Middle panel: Temperature dependence
of the torque phase 0y which corresponds to the direction of
magnetic eigenaxis in the ac plane. The results for C, wC,
D, wD and wC+wD models are shown by black solid, black
dashed, red dashed, red dotted and blue dotted lines, respec-
tively.

at A =217 + TK [9].

The DMRG results reported in Figure 6a have been
obtained using an average g value <g> = 2.191 de-
duced from ESR measurements [7]. Two plateaus are
predicted, with magnetization values of 0.55 and 1.10
up/Cu?t. The first value is in good agreement with the
half-magnetization experimental ones, i.e. 0.55 and 0.56
for upH parallel to [10-1] and [010], respectively, validat-
ing the use of <g> = 2.191 for our DMRG simulations. It
leads to predict that the Cu(2) spins in the dimers would
be in the triplet state above 201 T considering isolated
dimers model, 222 T when including the inter-dimer and
214 T when adding the dimer-chains interactions, which
is in very good agreement with the NQR estimation [9].
Figure 6b provides a closer look of the comparison be-
tween the experimental measurements and the DMRG
simulations. First of all, the measurements evidenced a
S-shape curvature, typical for a spin chain [36]. This fea-



1.2

o
o

Exp. H // [10-1]
Exp. H //[010]
—0— C+D

—&— wC +wD
—0— wC +wD+IC

M (us/Cu?*)
o
w
IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

I - 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
100 150 200
HoH (T)

[ [ [ 0

Figure 6. Magnetization vs the applied magnetic field H. Experimental data, measured at T = 1.4 K, are represented by red
and black curves for H parallel to [10-1] and [010] directions, respectively. The DMRG simulations are represented by yellow,
green and blue circles. The theoretical data were obtained using g = 2.191, which corresponds to the average g value reported
in [7]. IC refers to the FM intercouplings between the sublattices Cu(1) and Cu(2). DMRG calculations were done using n =

20 for wC+wD and wC+wD+IC and n = 50 for C+D models.

ture is well reproduced by the DMRG simulations. More
precisely, our calculations predict H.; = 41 T for iso-
lated chains (i.e. with only Jig couplings in the magnetic
model). If we include Jyg, which is AFM, the critical field
is shifted towards higher fields, i.e. H.y = 57 T. It should
be noticed that adding an FM J;¢ would lead to reduce
the value of H. . In addition, the slope of the M(H)
curve is too steep with C+D model, while it is very close
to the experimental ones when including the inter-chain
interactions. It should be noticed that using <g> = 2,
leads to larger deviations, i.e. gentler slope than experi-
ments and H,; = 64 T (see Figure S6 in Supplementary
Materials [30]).

The half-magnetization plateau reflects the way the
Cu(2) chains (with Jig as the main interaction) are po-
larized by the applied magnetic field. While including
the AFM coupling (J19) between the chains displaces the
plateau towards higher fields, the inclusion of the FM
interactions (Jo and J5) between Cu(1) and Cu(2) sub-
lattices has no effect on the half-magnetization plateau.
Figure 7a and 7b show the Néel magnetic orders com-
patible with the leading exchange interactions when the
magnetic field is H < Hq and H.y < H < Hs, respec-
tively. The effective spin model deduced from our DFT
calculations is also given. Figure 7a shows that Ji and
J1o contribute to the energy of the ground state mag-
netic order (no frustration), while the frustrated J, and
Js interactions do not, explaining the evolution of the
magnetization curve at low magnetic fields. For mag-
netic fields H > H.j, the Cu(2) sublattice is fully polar-
ized as shown in Figure 7b. As a consequence, the Cu(2)
polarized spins contribute as an additional effective mag-
netic field through the FM interactions to the applied

magnetic field, reinforcing locally the polarization of the
Cu(1) dimers. It explains that the inclusion of the FM
interactions displaces the second magnetization plateau
towards lower fields.

The present magnetization curve, exhibiting two mag-
netization plateaus, is quite similar to the one reported
for CdCuy(BOs3)2 [37], which consists of two magnetic
subsystems, as SeCuQ3. For both systems, a spin model
based on weakly-interacting Cu(2)-Cu(1)-Cu(1)-Cu(2)
tetramers cannot explain all the experimental data. In
particular, the M(H) curve of CdCuz(BOg3)s were ex-
plained using a frustrated quasi-two dimensional mag-
netic model, analogous to the Shastry-Sutherland spin
model [37]. In addition, the non-frustrated interacting
spin-1/2 tetramers model used to explain the inelastic
neutron scattering data [38], failed to reproduce the mag-
netization results. Finally, nuclear magnetic resonance
and zero-field muon spin relaxation showed the impor-
tance of including in the spin model small interactions
between the two magnetic subsystems, i.e. Cu(l) and
Cu(2) [39]. In both systems, a half-step magnetization
plateau is observed, corresponding to the polarization
of the Cu(2) spins, and a second plateau is predicted
at higher field, corresponding to the suppression of the
singlet-triplet gap of the Cu(1) spin dimers.

Last but not the least, in the hypothesis that the field-
induced BEC could be reached in SeCuQO3, we estimate
the critical fields and maximum temperature defining the
phase diagram dome using the mean-field formula given
by [40]

ZJinter

g,UfBHCAQ/IFA = Jintra - Ta

(®)



Figure 7. Schematic representation of the effective spin model
and magnetic orders in field H < Hcl (a) and in field Hel <
H < He2 (b). Plus and minus signs indicate up and down
spins carried by Cu sites, respectively. The crystallographic
unit cell of SeCuOs is represented by a thin grey line. The
Ji; exchange couplings are represented using the same color
code of Figure 2. The two inequivalent copper atoms Cu(1)
and Cu(2) are respectively depicted by blue and red spheres.

g‘LLBHé\P/’[FA = Jintra + ZJinterv (9)
A ZJinter
TMEA ey (10)

where Jinira, Jinter are the intra- and inter-dimer cou-
plings, respectively, and z the number of neighboring
dimers. Using Jintrqa = J1 = 270 K, Jinter = J11 = 26
K, g = 2.191 and z = 4, we obtain HYF4 = 148
T, HMFA = 255 T and TMEA = 26 K. It is inter-

esting to compare these values with the DMRG results
of the wC+wD model yielding H%C TP = 161 T and

HYCHTwD — 929 T (green circles in Figure 6a). While
the agreement is reasonnable between MFA and DMRG
results, it remains quite challenging to reach such a BEC
regime which requires very high magnetic fields. In ad-
dition, TMFA value is three times larger that the largest

reported value for TICuCl; [3].

IV. SUMMARY

In summary, we studied the unusual magnetic prop-
erties of the low-dimensional monoclinic-SeCuQO3 com-
pound. Structurally, this material shows tetramer units
made by CuOy plaquettes. Our DFT simulations per-
formed at the PBE-+U level demonstrated that SeCuOgz
consists of two magnetic subsystems: AFM Cu(1) dimers
and AFM Cu(2) spin chains. The two subsystems weakly
interact through FM couplings, leading to magnetic frus-
tration. This magnetic model successfully reproduces the
magnetic susceptibility and torque magnetometry mea-
surements. Furthermore, our high-magnetic field exper-
iments and DMRG simulations enable us to determine
a 1/2-magnetization plateau appearing at 40-45 T and
a second plateau at 210-220 T. These two behaviors are
respectively associated to the polarization of Cu(2) spin-
chains and the switching to the triplet state for Cu(1)
dimers.
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