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The work is devoted to the theoretical study of the energy spectrum and low-temperature magnetic
properties of the decorated spin-ladder model with the polyacene topology and the three types of the site
spins. On the base of cluster expansion technique an approximate analytical treatment of lowest part of the
energy spectra of two isomeric ladder structures was given. It is shown that the ladder model with singlet
ground state is more stable than its isomeric analog with the macroscopic ground state spin. In addition, the
numerical study of field dependence of low-temperature magnetization of 8- spin clusters of both ladder models
was performed by means of exact diagonalization method. On the base of these results, it was shown the
presence of an intermediate plateau in low-temperature magnetization profile of the above spin ladder models.

Keywords: mixed spin ladder model, intermediate magnetization plateau.

Introduction

Low-dimensional quantum spin systems have become the subject of immense interest during the
last few years, since their properties are strongly affected by quantum fluctuations. The design of
highly ordered systems of paramagnetic metal centers is a current subject with the aim of providing
magnetic materials exhibiting spontaneous magnetization. The most known mixed spin systems corre-
spond to rather big family of so-called bimetallic magnets like NiCu(pbaOH)(H-O);-2H,O, where pba
is 1,3-propylenebis(oxamato) [1]. There are also trimetalic polymeric systems like Prussian blue ana-
log (Nix Mnj.)1s[Cr(CN)s] nH.O (x~0.4). The exchange interaction of localized spin moments of
metal centers in polymeric complexes is mediated by ligands [1-3]. Hence, the chemical modification
of the ligands effects on the magnetic properties of these complexes. It open the way for targeted de-
sign of new magnetic materials for different technological applications. On the other side, numerous
experimental realizations of mixed spin compounds motivate their study by means of different meth -
ods of solid state physics and quantum chemistry.

In this study the main attention will be given to the consideration of two isomeric decorated spin
ladder systems formed by three different site spins s=1/2, 1 and 3/2. These spin systems have the
topology of polyacene lattice described by effective Heisenberg spin Hamiltonians — spin formalism of
well- known Valence Bond method of quantum chemistry. The exact energy spectra of these systems
are unknown. For approximate evaluation of the lowest part of the energy spectra of our ladder models
with the infinite number of unit cells we use simple two block cluster expansion technique [4]. In addi-
tion, in order to get information about the magnetic properties of the above spin systems, we use the
exact diagonalization study for the Hamiltonians of small lattice clusters at different values of spin
coupling parameters.

Heisenberg spin lattice model with three different types of the site spins

Let us start our consideration with two simple lattice systems formed by three different site spins
s=1/2, 1 and 3/2 with uniform antiferromagnetic coupling of neighboring spins (Fig.1)
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Figure 1. Three and four spin systems formed by three different types of site spins. Here crimson, green and blue
balls correspond to the site spins s=3/2, 1 and 1/2, respectively.

In nearest neighbor approximation these two systems can be described by the following Heisenberg

spin Hamiltonians with coupling constant J=1:
H,=SS,+S,S,, H,=SS,+S,S,+S,S,+S;S, €))
These Hamiltonians can be rewritten in the scalar product of two new spin operators with obvious
energy spectra:
H, =SS, S,=(S+S,), H,=SS,. S,=(5+S,).S,=(S +S;)

It can be easily shown that the ground state of H, is singlet (nonmagnetic) with the energy
Ey=-15/4. For the Hamiltonian H, the ground state spin is S;=3/2 and the corresponding energy is
Ey=-7/2. These results are in agreement with the extended Lieb theorem [5-7] for bipartite spin lattice
systems.

Let us now consider more complicated two-leg spin-1/2 ladder model with the legs decorated by
two different site-spins s=1 and s=3/2, as it is shown below on Fig.2.

Figure 2. Two isomeric mixed spin ladder systems.

The above two spin ladder systems are described by Heisenberg spin Hamiltonian with
antiferromagnetic coupling of neighbor site spins (J; - J5>0). For example, the Hamiltonian of the
system 2(a) with periodic boundaries has the form

L
H, = Z[Jlsz.lsz./ +S]./ (stz./ +J3Sz.1-1)+s4.i (J:S,u +J}S3.]>1 ):| 2
I-1

where L is the total number of 4-spin unit cells and all spins are enumerated along the unit cells;
S,;-is the spin-1/2 operator, located on /-th unit cell of the ladder; S,; and S;; - are the operators of
spin s=3/2 and s=1, respectively.

The spin ladder systems 2(a) and 2(b) have bipartite symmetry and, according to the generalized
Lieb theorem, the corresponding Heisenberg Hamiltonian have nondegenerate ground state with total
spin S;=L/2 for model 2(a), and Sy=0 for model 2(b) with even number of 4-spin structural units (unit
cells in the case of model 1(a)). In addition, according to [7, 8] the ground state of the model 2(a)
should have ferrimagnetic spin ordering. Note also, that for the model 1(a) similar to the perturbative
treatment from [9, 10], we may expect an appearance of intermediate plateau in field dependence of
magnetization at least in the case of the weak interaction between unit cells(J5<<J).

In order to get more information about the lowest energy states of the above spin ladder models
2(a) and 2(b), we performed numerical calculations of the exact energy spectra of finite ladder clusters
formed by 8 site spins (two unit cells for model 2(a)) at some values of model parameters. For this
purpose we used basis of spin configurations (3) having the form of direct products of eigenfunctions
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of the site spins. It can be easily shown, that these functions are the eigenfunctions of the operator of
z-projection of the ladder total spin M:

q){s,m} (M) = HQ(Sk ° mk ) (3)
k=1

where N is a total number of site spins; multiindex {s, m} enumerates all possible combinations of site

quantum numbers (si, mi). Q(sk, my) is the eigenfunction of the site spin operator Si with the

specified values of spin s and its z-projection m.
For example:

Q(1/2,1/2)=a Q(3/2,1/2):%(aaﬁ+aﬁa+ﬂaa)
where for site spin s=1/2 S;a =1/2a , S{f=-1/2p.

The exact diagonalization study was performed for all fixed values of quantum number M sepa-
rately. Due to the scalar character of the ladder Hamiltonians, the comparison of the energy levels for
each subspace with specified value of M permits us to obtain the lowest energy levels with fixed value
of total spin S. We also used the result of our analytical consideration of the three-spin clusters (Fig.1)
for testing of the above numerical scheme.

Some results of the exact diagonalization study of the ladder clusters for model 2(a) with J,=/=1
are presented on Table 1.

Table 1. The lowest energies of the 8-spin clusters of the ladder models 2(a).

S=0 S=1 S=2 S=3 S=4
Ji=1 -5.385 -5.959 -5.854 -5.664 -4.681
J:=0.5 -4.889 -5.238 -5.130 -4.943 -3.911
J:=0.1 -4.781 -4.856 -4.753 -4.617 -3.491

According this study the ground state of the cluster 2(a) corresponds to the total spin S=1 in
agreement with the extended Lieb theorem. Let Enin(1) and FEwin(0) are the corresponding exact
energies of the triplet ground state and lowest singlet excited state. Similar to [9, 10], we can suppose
that these two lowest energy states can be described by the following effective spin s=1/2
Hamiltonian:

H,=J,
where & is the ground state energy of the 4-spin unit cell. The parameters J.z and R can be
estimated from the obvious system of linear equations

{ E,.(1)=2&+R+J, /4

E,. (0)=2¢,+R-3J, /4 ©)

min

S,S, + R+2¢, “

In the result, we obtain:
J":/f = Emi” (1) - Emin (0) < 0 > R = (3Emin (1) + Emin (0) _880) / 4 (6)

The results of the corresponding exact diagonalization study for 8 —spin cluster of the ladder model
2(b) at J,=J,=1 are presented below on Table 2.

According to these results, Joy = Ewmin(1) - Emin(0) > 0, which is in accordance with the extended
Lieb theorem. Similar to the above analysis it can be shown that the lowest part of the energy spec -
trum of ladder model 2(b) can be described by the effective spin s=1/2 Hamiltonian of the form (6)
with antiferromagnetic coupling.

This means that the mixed spin ladder model 2(a) and 2(b) should have gapless energy spectrum in
the thermodynamic limit /. — o0 and different types of the ground states with S=L and S=0, respec-

tively.
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Table 2. The lowest energies of the 8-spin clusters of the ladder models 2(b)

S=0 S=1 S=2 S=3 S=4
J=1 -5.986 -5.938 -5.833 -5.645 -4.640
J5=0.5 -5.259 -5.211 -5.106 -4.925 -3.873
J5=0.1 -4.867 -4.836 -4.742 -4.609 -3.478

It is of interest, that the ground state energy of the triplet cluster (ladder 2(a)) is bigger than the
ground state energy of singlet cluster (ladder 2(b)) at all the values of parameter J; studied. This result
may be treated as a bigger chemical stability of the singlet ladder cluster in comparison with isomeric
triplet cluster of our mixed spin ladder. Moreover we can estimate relative stability of the infinite spin
ladder systems 2(a) and 2(b) using formulas (5) and (6). For this purpose let us estimate the difference

in the corresponding ground state energies £, and E(/,’ per 4-spin structural unit. After simple

manipulation we have:

AE = Eg - E(l; = E:;in (])_ Ell]’lill (1) + ( Ell;in <] ) o Elll)lill (O)) ln 2 (7)
(1) E,

min

where EY

spin ladders 2(a) and 2(b), respectively. These energies are presented in Tablel and Table2. In the
result, for example, for Ji=/,=/5=1 AE~0.0123>0. This means that for this set of coupling parameters
the infinite spin ladder (2b) is more stable than the isomeric ladder structure (2a).

We also used exact diagonalization approach for the study of low-temperature magnetization
profiles of 8- spin clusters of the ladder models 2(a) and 2(b). For this purpose we used simplified
version of the models with equal g-factors for each type of site-spins. In the result, for each energy
state of the ladder, the projection of total spin on the direction of the external magnetic field is a good
quantum number. Therefore, external magnetic field change the energy of the state with specified
value of z-projection of total spin M by the quantity AE=-AM, where 4 is a strength of magnetic field
in energy units. Using standard Boltzmann distribution we have the following expression for ladder
magnetization per 4-spin structural unit:

M(h,T)=> M exp(—(E —hM,)/ k,T)/ > exp(~(E —hM,)/ k,T') (8)

(1)7 E:ﬁn

(0) are the lowest triplet and singlet energies of 8-spin clusters of the

where kg —is a Boltzmann constant.
The results of this numerical simulation for model 2(a) are presented below (Fig.3).
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Figure 3. Field dependence of magnetization per 4 spin unit cell m of the cluster 2(a) at J,=/,=1, ksT=0.02.

According to these calculations the low temperature magnetization profile of 8-spin cluster of
model 2(a) has intermediate magnetization plateau at m=1.5. The appearance of this plateau can be ex-
plained by relatively big energy gap between states with S=3 and lowest state with S=4. The size of
this plateau is increased with the decrease of the interaction between unit cells (coupling constant J3).
We have also small peculiarity in behavior of the magnetization profile near the point m=0.5 which
can be explained by the triplet ground state of the ladder cluster studied.
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Finally, in the result of our approximate analytical consideration and numerical simulation we may
suppose that the ladder model 2(a) has intermediate plateau in low-temperature magnetization profile
at arbitrary values of coupling parameter J; from the interval (0, J>).

The results of similar numerical study of magnetization profile of the ladder cluster of the model

2(b) are presented below on Fig.4.
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Figure 4. Field dependence of magnetization m per 4 spin structural unit of the cluster 2(b) at J,=J,=1, ksT=0.1.

According to this simulation, the magnetization profile of the ladder cluster 2(b) has also
intermediate magnetization plateau at m=1.5. In contrast to the cluster 2(a) there are not magnetization
peculiarities at m=0.5. On the other side, according to our two block cluster expansion analyses, the
initial part of the low-temperature magnetization profile of infinite ladder model 2(b) should be close
to the magnetization profile of antiferromagnetic Heisenberg spin-1/2 chain without magnetization
plateau.

Conclusions

The exact diagonalization study of the energy spectra and low —temperature magnetic properties of
the two isomeric mixed tree-spin ladder models of polyacene topology was performed for 8-spin
lattice clusters. On the base of this study we derived simple two block cluster expansion technique and
showed that that the ladder model with the singlet ground state is more stable than its isomeric analog
with the macroscopic ground state spin. We also found the presence of an intermediate plateaus in the
low temperature magnetization profiles of the above spin ladder models.
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B.O. YepaHoBcbkuii, B.B. MyxomogsapoBa. EHepreTuyHmin CnexkTp i MarHiTHi BNacTMBOCTI AEKOPOBAHUX CMiHOBUX
CXO[0BVX MOAenen HAaHOMarHeTVKIB Ha OCHOBI MOMIMEPHUX CMOMYK NepexigHnx meTanis.

Xapkiecbkuli HauioHanbHUl yHisepcumem imeHi B.H. KapasiHa, ximiyHul chakynemem, matidaH Ceobodu, 4,
Xapkie, 61022, YkpaiHa

Pob6ota npuceBsyeHa TEOPETUYHOMY [OCIIAXKEHHIO EHEepreTUYHOro CrekTpy Ta HU3bKOTeMMepaTypHUX
MarHiTHMX BIaCTUBOCTEN [EKOPOBAHOI CMiH-CXOAOBOI MOAeni 3 noniaueHoBOK TOMOSOrield Ta TpboMa Tunamum
BY3MOBMX CMiHiB. Ha OCHOBi MeTody KnacTepHOro pPO3LUMPEHHSI MPOBeAEHO HabnvxeHy aHamniTuiHy obpobky
HWXXHBOT YaCTVHWN eHepPreTMYHUX CMEKTPIB OBOX i30MEPHUX CXOA0BUX CTPYKTYp. MNMokasaHo, Wwo cxoaoBa Mogerns i3
CUHITIETHUM OCHOBHWM CTaHOM 6inbLu cTabinbHa, Hix il i3oMepHMIA aHamnor i3 MakpOCKOMiYHUM CMiHOM OCHOBHOTO
ctaHy. Kpim TOro, metogom TOYHOI AiaroHanisauii npoBegeHO 4YucernbHe AOCHIOKEeHHS MOMbOBOI 3aneXHOCTi
HU3bKOTEMMNEepPaTypHOi HaMarHidyeHocTi 8-cniHoBMX knacTepiB 060X cxogoBuMX Mogenen. Ha ocHoBi  uux
pesynbTaTiB Oyno nokasaHo HasiBHICTb MPOMIKHOIO NaTto B HU3bKOTEMMNEpaTypHOMY Mnpodini HamarHi4YeHOoCTi
HaBeaEeHUX BULLE MOAENeN CniHOBUX CXOAiB.

Knroyoei cnoea: 3miluaHa cniHoBa CxO40Ba MoAenb, MPOMiIXKHE NnaTto HamarHiYeHoCTi.
HadicnaHo do pedakuji 21.04.2023 lMputiHamo do dpyky 11.09.2023
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