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The work is devoted to the theoretical simulation of low-temperature magnetic properties of generalized
polyallyl spin chain with the antiferromagnetic coupling of the neighboring spins (GPSC) - spin model of a family
of quasi-one dimensional molecular ferrimagnets. First, the exact energy spectra of Heisenberg spin
Hamiltonians of the finite lattice clusters of GPSC with the spins of the main chain s=1/2 and pendant spins §=1
have been studied by means of the exact diagonalization method. The calculations were performed for different
positive values of the coupling parameters for neighboring spins of the main chain of GPSC clusters. On the
base of the above exact energy spectra and the Boltzmann distribution law the field dependencies of
magnetization of finite lattice clusters are calculated numerically at different temperatures. In the result, for low
temperatures the presence of intermediate plateau in field dependencies of the cluster magnetization has been
shown. These calculations demonstrated the stabilization of the intermediate magnetization plateau with the
growth of the spin coupling along the main chain of GPSC clusters. In addition, the numerical study of
temperature dependence of zero field magnetic susceptibility of 12- spin clusters of GPSC gives the results
which are similar to the 1D model of molecular ferrimagnets like necklace spin ladder.

Similar calculations of the magnetization profile were performed for infinite Heisenberg —Ising GPSC model
with Ising type of the antiferromagnetic interactions between the neighboring spins of the main chain. The
classical transfer- matrix method was used for this purpose. In the result, it was shown the presence of an
intermediate plateau in the low-temperature magnetization profile of infinite chain model and the increase of the
plateau size with increasing of the Ising coupling between the spins of the main chain.

Keywords: polyallyl spin chain, intermediate magnetization plateau.

Introduction

The polyallyl spin chain was one of the first many electron models of organic chain ferrimagnets
[1]. It consists of three-centered unit cells, in each center of which is the spin s=1/2. On the other side,
there is a big family of mixed-spin chain quantum ferrimagnets with two kinds of
antiferromagnetically coupled spin centers [2, 3]. Recently, a new interesting model of quasi-1D
mixed-spin ferrimagnets was proposed and studied [4]. This is a decorated spin chain with back side
spins describing cyanide-bridged coordination compounds with pendant magnetic ions. It can be
treated as a chain fragment of decorated rectangular lattice, such as can be viewed as a generalization
of a polyallyl spin chain. The magnetic properties of these spin systems may be governed by an
external stress—say a mechanical force or a magnetic field. Since the exchange coupling of localized
spin moments of ions in polymeric complexes of transition metals is mediated by ligands, its
modification due to changes in the chemical surroundings may also affect to the magnetic properties
of the above complex compounds.

The purpose of our work is the numerical simulation of low-temperature magnetic properties of
generalized polyallyl spin chain at different values of coupling parameters in order to study the
possible effect of the variation of chemical structure of the corresponding magnet on their magnetic
properties.

Isotropic spin systems

Consider the following generalized polyallyl spin chain (GPSC) shown on Fig. 1, formed by the
spin-1/2 main chain and pendant spins with §>1/2.
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(- .

Figure 1. Fragment of GPSC lattice (big purple bolls correspond to lateral spins )

In the nearest neighbors approximation the Heisenberg spin Hamiltonian of this chain has the
following form:

L
H, =D {818, +J8,, Sy +85,) = (S, +85, +87,)} )
k=1
where S.. is the spin § operator located on the first lattice site of the k-th three-site unit cell, Sya)x is
the spin %2 operator located on the second (third) site of the same unit cell; J is the coupling parameter
for the interaction of neighbor spins s=1/2 of the main chain, % is the external magnetic field in the
energy units.

At J=h=0 the above chain transforms into a set of L non-interacting two-center fragments with the
ground state spin so=$-1/2 and the energy &=-(§+1)/2, and a set of L isolated spins s=1/2. At />0
according to the generalized Lieb - Mattis theorem [5, 6], the ground state of this Hamiltonian is
nondegenerate and corresponds to the full spin Sy=L §. Therefore, in thermodynamic limit at />0 the
Hamiltonian (1) has a macroscopic ground state spin. Also, we can expect that the Hamiltonian (1) has
no gap in the exact energy spectrum at L—oo. For nonzero values of J the exact energy spectrum of the
Hamiltonian (1) is unknown. Therefore, a detailed study of the magnetic properties of this model can
be performed in modified spin wave approximation like work [7] or by numerical approaches like the
exact diagonalization study for finite lattice clusters and the density matrix renormalization group
theory [8]. In our work, we used exact diagonalization method to estimate the field dependences of the
magnetization of linear lattice clusters consisting of 12 spins with pendant spins s=1 at different values
of the coupling parameter J. The results of our calculations are shown in Fig.2 and Fig.3 for two
different values of the temperature 7.

M

Figure 2. Field dependence of GPSC cluster magnetic susceptibility at three different values of coupling J and
temperature kg7=0.05.
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Figure 3. Field dependence of GPSC cluster magnetic susceptibility at three different values of coupling J and
temperature kg7=0.2.

According to our simulation (Fig.2 and Fig.3), at different values of coupling 0.1< J <1 there is an
intermediate plateau in magnetization profile which corresponds to the maximum value of z projection
of the ground state spin in the absence of an external magnetic field. The appearance of such a plateau
can be explained by a gap in the exact excitation spectrum in the sector with total spin $>S,. The
increase of temperature leads to partial destruction of intermediate magnetization plateaus.

We also calculated the temperature dependence of the magnetic susceptibility of the GPSC
fragment consisting of 4 unit cells (12 spins). Below there are the results of these study for the
temperature dependence of the product of the magnetic susceptibility per one unit cell and temperature

(Fig. 4).
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Figure 4. Temperature dependence of product y*T at different values of coupling J.

These numerical results are in agreement with the similar temperature dependences of the magnetic
susceptibility of another 1D ferrimagnet - necklace spin ladder [9].

Anisotropic GPSC

The study of anisotropic analogs of GPSC may have a big interest for different practical
applications. Therefore, in our work we carried out a theoretical modeling of the magnetic properties
of the anisotropic analog of the Hamiltonian (1), for which the interactions along the main GPSC
chain are described by the Ising Hamiltonian. This corresponds to the absence of quantum fluctuations
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in the main spin chain. Due to this, the spin operators s=1/2 localized on the third sites of the unit cells
can be replaced by quantum numbers gy==1/2 and write the corresponding anisotropic analog of the
Hamiltonian (1) as follows:

L
H, = Z {848, +JS5 (0, +0,)—h(S;, +85, +0,)} 2
k=1

Here, for simplicity, we consider the case of equal g-factors for all the spins of GPSC.

Using the Peron-Frobenius theorem, similarly to [5], we can show that at A=0 the ground state of
the Hamiltonian (2) belongs to the subspace of states with a full spin projection on the axis z: S*=L s.

The algebraic structure of the Hamiltonian (2) allows to calculate of the energy spectrum and
thermodynamic characteristics of this model for any number of unit cells. Thus, we can show that the
ground state energy of the Hamiltonian (2) at small positive values of the external magnetic field is

described by the formula Eo=Le,, where & is the ground state energy of the Hamiltonian.
H, =SS, +JS; — /i3 3)
At large values of the external magnetic field, the ground state is characterized by the

ferromagnetic ordering of all spins and corresponds to the energy Eo=L[s+J - 2(s+1)A]/2.
To calculate the magnetic characteristics of the model (2) at arbitrary values of the field ~# and
nonzero temperature, we used the classical transfer matrix approach of the magnetism theory [10]. The
technical details of the corresponding numerical calculations are similar to the works [11, 12]. The

transfer matrix of the model (2) can be built on the basis of the exact energy spectrum of the next
Hamiltonian:

H(o,,0,)=S,S,+JS (0, +0,)—h(S; +S;+0,/2+0,/2) 4)
The symmetric transfer matrix T(%) for the Hamiltonian (2) has the size 2x2 and at L—oo its
maximal eigenvalue A(4) determines the statistical sum of our model. The model magnetization can be
found numerically as a field derivative of A(%). The results of the calculations of the field dependence
of the specific magnetization of GPSC are shown in Fig. 5. These calculations demonstrate the
presence of the intermediate magnetization plateau similarly to the calculations for finite clusters of
the isotropic model and the increase of the size of this plateau with increasing of spin coupling in the
main chain of GPSC.
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Figure 5. Field dependencies of the magnetization per the unit cell of the GPSC at different values of the spin
coupling parameter for the main chain J and temperature ks7=0.1.

Conclusions

The exact diagonalization study of the low —temperature magnetic properties of the generalized
polyallyl spin chain was performed on the base of the of exact diagonalization calculations for the
finite chain clusters. It is shown the presence of an intermediate plateau in the chain magnetization
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profile and the increase of the plateau size with increasing of the spin coupling in the main chain of the
model.

The transfer matrix method is used to obtain the magnetization profile of an infinite anisotropic
GPSC described by the Heisenberg-Ising model and to show the existence of an intermediate
magnetization plateau which depends on the spin coupling in the main chain similar to the results of
our simulation for isotropic model.
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Haoicnano oo peoaxyii 07 scoemus 2021 p,

M.A.Moxmypa, B.O.YepaHoBcbknin. MarHiTHi BMacTUBOCTI y3aranbHEHOro nonianifibHoro CrvHOBOrO NaHLoXKa.

XapkiBCbkU HauioHanbHUI yHiBepcuteT imeHi B.H. KapasiHa, ximiyHun dakynbteT, Mangan Ceoboawn, 4,
Xapkis, 61022, YkpaiHa

PoGota npucBsveHa TeOpPEeTUYHOMY MOAEMIOBAHHIO HU3bKOTEMMEPaTypHUX MarHiTHUX BracTUBOCTEWN
y3aranbHeHOro nonianinbHOro CriHOBOrO MaHLuoXKa 3 aHTUdEepoMarHiTHUM 3B's3koM cycifHix cninis (YTCI) -
CrMiHOBOI MogZerni CiMelcTBa KBasioAHOBUMIPHUX MOMNEKynapHMX depimarHeTukis. Cnoyatky MeTOAOM TOYHOI
fiaroHanisauii A4OoCnigXeHO TOYHI €eHepreTUdHi CMeKkTpu ChniHOBMX raminbToHiaHiB [enideHbepra CKiHYEHHUX
pewiTkoBux knactepie GPSC 3i cniHamu s=1/2 ronoBHOro naHutoXka Ta nigBicHMMK cniHamy §=1. PospaxyHku
BMKOHAHO ANA Pi3HUX MO3UTUBHUX 3Ha4YeHb MnapameTpiB 3B'A3Ky ANS CyCigHIX CMiHIB OCHOBHOrO mnaHutora
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knactepis YINCJl. Ha ocHoBi HaBegeHWX TOYHUX €eHepreTUYHMX CreKkTpiB Ta 3akoHy po3noginy bonbumaHa
YMCenbHO pPO3paxOBaHi MOSbOBI  3anNeXHOCTi HaMarHiYeHOCTi KrnacTepiB KiHLEBOI pEeLiTKM npu  PisHUX
Temnepartypax. Y pesynbTaTi Ona HU3bKMX TemnepaTtyp MnoKas3aHO HasiBHICTb MPOMIKHOrO nnato B MOMbOBMX
3anexHoOCTAX HamarHideHocTi knactepa. Lli po3paxyHku npodeMoHcTpyBanu cTabinizauito NPOMiKHOrO nnaTo
HamarHiYeHoCTi i3 3pOCTaHHSIM CMiHOBOro 3B'sI3Ky B3[0BX OCHOBHOrO naHutora knactepie YICJl. Kpim Toro,
yncenbHe OOCMIIKEHHS TeMnepaTypHOi 3aNeXHOCTi MarHiTHOI CMPUIHATIMBOCTI HyNbOBOrO nons 12-cniHoBumx
knactepiB YMNCJ1 nae pesyneTtatu, nogibHi 4O OAHOBMMIPHOI MoAeni MonekynsapHux depiMarHeTukiB Ha 3pas3ok
cniHoBOI ApabuHKN- HaMKUcTa.

AHanoriyHi pospaxyHky Mnpodinto HamarHiYeHoCTi BUKOHaHO ANsi HeckiHieHHoi mopeni [eli3eHGepra-I3iHra
YTICI1 i3 i3iHFIBCbKMM TUNOM aHTUEpPOMAarHiTHUX B3aeMOAiI MK CyCiAHIMU CniHAMU OCHOBHOrO naHutoxka. [Ons
Luboro Oyno BMKOPUCTAHO KMacU4HWA MeTof TpaHcdep-maTtpuui. Y pesynbtati Oyno noka3aHo HasiBHICTb
NPOMDKHOrO MNaTo B HW3bKOTEMMepaTypHOMY Mpodinli HamarHiYeHoCTi MoAerni HeCKiHYEHHOro naHutoxka Ta
306inbLUEHHS PO3Mipy NaTo 3i 36iNbLIEHHAM i3IHFOBCLKOMO 3B'A3KY MiXK CMiHaMM OCHOBHOTO FaHLKOXKKA.

Knro4yoBi cnoBa: nonianinbHUn CNiIHOBUI NTAHUHOXOK, NMPOMIXKHE MraTto HaMarHiYeHocTi.
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