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The excitation spectrum of a catena- [Fel'(C104)2{Fe”'(bpca)2}] Cl0, anisotropic 1D magnet with alternating
high-spin and low-spin iron ions has been calculated with the use of the diagrammatic technique for Hubbard
operators. This has allowed establishing conformity with the Ising model, for which the magnetic susceptibil-
ity has been calculated by the transfer-matrix method. The introduction of a statistical ensemble taking into
account the presence of chains with different lengths and iron ions with different spins has allowed describing
the modification of the magnetic susceptibility under optical irradiation.
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1. INTRODUCTION

Investigation of the elementary excitation spec-
trum and low-temperature behavior of the magnetic
susceptibility of quasi-low-dimensional magnetic
structures led to a conclusion of the possibility of exist-
ence of coherent spin states in such systems, which do
not have analogs in classical magnets [1—6]. Progress
in synthesis of organic magnetic compounds [7] made
possible experimental investigation of strongly aniso-
tropic single chain magnets (SCMs), the majority of
which possess single-ion easy-axis anisotropy. At low
temperatures but in the absence of a long-range 3D
magnetic order, there appear excited magnetic states
in such materials, the lifetime of which can be as long
as several hours [8]. Single chain magnets, whose mag-
netic states can be changed under external irradiation,
are of particular interest [9—11]. This explains interest
in SCMs not only from the fundamental point of view
but also regarding their use as the elemental base of
spintronics and memory devices [12].

Specific features of the temperature dependence of
the static magnetic susceptibility % (7) and relaxation
time t(7) contain important information on the char-
acter of magnetic interactions in SCMs. Such experi-
mental data are most often deciphered on the basis of
a 1D Ising model and its Kinetic version [6, 13]. It is
noteworthy that isolated Ising chains also exist in inor-
ganic compounds [6, 14, 15].

Recent experimental investigation of a catena-
[Fe''(Cl10,),{Fe""'(bpca),}|ClO, (hereinafter, SCM-
catena) 1D magnet demonstrated a strong change in
the magnetic susceptibility y(7) under the action of
external irradiation [16]. Interpretation of this effect
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was based on the assumption of a photoinduced
change in the magnetic state of the system that occurs
as a result of a charge transfer from one metal ion to
another (metal-to-metal charge transfer, MMCT)
(Fig. 1) [16]. It was assumed that each photon
absorbed by the system induces a transition of an elec-
tron from the electronic shell of a high-spin (HS) Fe!!
(S = 2) ion to the electronic shell of a low-spin Fe'!!
(8= 1/2) ion. In this case, the first iron ion appears in
the §'= 5/2 state and the second one in the .§' = 0 state.

(a) =P <= —D:_:I-@@wk.f - e =
hv = S22 N g1 e
HS Fe(Il) LS Fe(III)

(b) =g = =P = - e =

HS Fe(IIT)

LS Fe(II)

Fig. 1. (Color online) Scheme of a photoinduced metal-
to-metal charge transfer (MMCT) process [16].
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Fig. 2. (Color online) (a) Crystal and (b) magnetic structure of a SCM-catena single-chain magnet [18].

The emergence of iron ions in the nonmagnetic state
implies the emergence of broken exchange bonds with
the formation of finite chains of various lengths.

In this work, we calculate the spectrum of magnetic
excitations of four-sublattice SCM-catena with the
use of the diagrammatic technique for Hubbard oper-
ators [17], which provides a rigorous description of
anisotropic systems with an arbitrary nonequidistance
of single-ion energy levels, taking into account differ-
ent orientations of the easy planes of two neighboring
high-spin iron ions. Owing to different orientations of
the above easy planes, the excitation spectrum nearly
coincides with the excitation spectrum of an easy-axis
ferrimagnet, whose effective anisotropy parameter is
comparable with the exchange integral. In both cases,
a significant gap in the excitation spectrum exceeds
the spin-wave bandwidth. This implies that the mag-
net under consideration appears in the Ising regime.
This analogy allows using the transfer-matrix method
to calculate exact thermodynamic functions in the
entire temperature range. In particular, the inclusion
of the specificity of the ligand environment of iron
ions in SCM-catena and a radiation-induced change
in their charge distribution allowed describing an
experimentally observed abnormally high change in
the magnetic susceptibility of SCM-catena. The
appearance of iron ions in different charge and spin
states and finite spin chains of different lengths
required introducing a grand canonical ensemble.

2. SPIN HAMILTONIAN OF SCM-CATENA

Magnetically active iron ions in a catena-
[Fe''(Cl10,),{Fe(bpca),}]CIO,  quasi-one-dimen-
sional magnet [18] are alternately in different valence
states (Fig. 2). Fe!' ions are surrounded by oxygen ions
forming a distorted octahedron. The d electrons of
such ions experience a weak crystal field and the d°

configuration corresponds to a high-spin state with
S = 2. In this case, according to the data of high-fre-
quency ESR spectroscopy, the distortion of the ligand
environment of Fe!' ions leads to the formation of sin-
gle-ion easy-plane anisotropy [18].

Fe'" ions are surrounded by nitrogen ions with a
larger charge as compared to oxygen ions. As a result, the
electronic shell of @ Fe"' ions appears in a strong crystal
field. In this case, the ground-state term corresponds to
the low-spin state with §'= 1/2 (Figs. 1 and 2).

Importantly, the easy planes of two neighboring
high-spin iron ions are orthogonal (Fig. 2). Such an
alternation induces the effective easy axis (see below)
oriented along the chain (the z axis in Fig. 2), and
there appears a ferromagnetic order at 7<7 K [19], as
is shown in Fig. 2b.

The second important feature is associated with the
fact that the character of the temperature dependence
of the relaxation time in the low-temperature region
demonstrates slow magnetization dynamics and is
described well by the model of a quasi-one-dimen-
sional Ising magnet [18, 19]. As the starting model
describing the system of different-valence iron ions in
SCM-catena, we choose the Heisenberg model with
the uniaxial anisotropy [18, 20]

%H =JZ[Sf,ASf,B+ Sf,BSf,C+Sf,CSf,D
! (1
2 2 9
+S;pSpi1 4]+ 2DZ[(S;,A) + (S?C) 1+%z.

Here, S; ,and S; . are the vector operators of the spin
moments of iron ions in the high-spin states with the
spin § = 2 situated in the positions 4 and C of the mag-
netic cell f (the cell includes four magnetic ions),
respectively. These ions are subject to the single-ion

JETP LETTERS Vol. 100

No. 7 2014



RADIATION-INDUCED MODIFICATION OF THE TEMPERATURE DEPENDENCE

easy-plane anisotropy. The intensity of the anisotropy
is described by the parameter D. The easy plane of iron
ions in the position 4 (C) is the YOZ (XOZ) plane. In
Eq. (1), S; g and S; j, are the vector operators of the
spin moments of iron ions in the low-spin states with
S = 1/2 situated in the positions B and D, respectively.

The operator ¥ corresponds to the Zeeman interac-

tion energy. According to the calculations [18—20],
J=20Kand D=7K.

3. LOW-TEMPERATURE SPECTRAL
PROPERTIES OF SCM-CATENA

To substantiate the assumption of the formation
of an easy axis used in the present study, we calculate
the quantum excitation spectrum of model (1). For
this purpose, we use the diagrammatic technique for
Hubbard operators [17]. As is known, this approach
can correctly take into account a strong single-ion
anisotropy [21—23] inherent in SCM-catena.
Hamiltonian (1) in the representation of Hubbard
operators takes the form

W= S EX+ S Viplh OAXAXy. (2)

fiin 10 8d> 0,

The first term in Eq. (2) corresponds to the single-site
part of Hamiltonian (1) with E;, being the energy levels
of the nth iron ion situated in the ith sublattice. The
second term describes intersite correlations owing to

the exchange interaction [24]. Here, AX}f =

Xj; — (X and the matrix V;,_(f; g) with the inclusion
of four sublattices has the form

Vig s (£,8) = (@), Vi, (B)) (3)

where ¢(a) = {y(a); v.(a); T (—a)}, and y (o) and
v, (a) are the parameters of the representation of the
spin operators S¢and S in terms of the Hubbard oper-
ators. The matrix V., in the general case has the
components

Visg =Jpgl1,0,0; 0,1/2,0; 0,0,1/2],

where J;,. ; are the exchange integrals for the interac-
tion between the ions of the ith and jth kinds belonging
to the fth and gth magnetic cells, respectively. Below,
we restrict ourselves to the consideration of the inter-
action between the nearest neighbors.

To calculate the excitation spectrum, we introduce
the Matsubara Green’s functions [24]

Dy jp(fr; 87) = ~(TX (D)X, () 4)
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and write the set of equations for these functions in the
zero-loop approximation in the quasimomentum rep-
resentation. The graphical form of this set is

: = >0 + > o/WV\i .
i JjB io ia Iy JjB

Replacing the graphical elements by the analytical
expressions, we find

Diot;jB(q; lmn) = StjsaBDia(imn)bia

. . (5)
+ Dia(lmn)bi(xz I/i(x; ly(Q)D/y;jB(q; lc)n)'
by
Here,
Disnmy = Li©0,+(E, = E,)T, ©)
biot(n,m) = Nin_NimS

Via: 1,(q) is the Fourier transform of matrix (3), and N,,
are the occupation numbers of single-site states.

The solution of the set of equations (5) can be
greatly simplified by using the form of matrix ele-
ments (3) split in the indices of root vectors. General-
izing the method [21, 22] to the case of four sublat-
tices, we find the equation for the excitation spectrum
of SCM-catena

det[0,0,0; 0,0, W; 0, W, 0] =0, (7
where
-1 u, 0O uAe_‘”q
Ulo) _ ug —lug 0 ’ 3)
J 0 wu,-1 wu,
uge™ 0 uy -1
0w 0we™™
. J
W(o) =3 000 0 ©)
0-w0 —w
000 O

The functions involved in the above equations have the
form

u, p(w) = z |YHA, 3(0‘)|2DA, s(0)b, p(aL);

o

ZA,B((D) = Z|YLA,B(a)|2DA,B(OL)bA,B(a);

a

(10)

w(w) = ZYJ_A(OL)’YJ_A(_OL)DA(Q)I)A(OL)'
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Fig. 3. (Color online) Elementary excitation spectrum of
SCM-catena.

The matrix ®(w) can be found from U(w) by the
replacement J — J/2 and uy p(®0) — z4 p(®)/2.
The results of the numerical solution of Eq. (7)
with D/J = 1/3 are shown in Fig. 3. Solid lines repre-
sent the quasimomentum dependences of the
branches of the excitation spectrum of SCM-catena.
Dotted lines are the quasimomentum dependences of
the spectrum branches for the effective model of a
Heisenberg ferrimagnetic chain with an easy-axis sin-
gle-ion anisotropy. We set D — D = —J/8 and

replaced the operator expressions D(.S; )2 and D(.S))?

in Eq. (1) by D(S;)* and DS, )?, respectively.
Comparison of the dependences shown in Fig. 3 indi-
cates that SCM-catena does exhibit the properties
typical of an easy-axis ferrimagnet in the low-temper-
ature region.

4. EFFECTIVE MODEL.
INTRODUCING A STATISTICAL
ENSEMBLE OF ISING CHAINS

The above results indicate that the low-tempera-
ture excitation spectrum of SCM-catena corresponds
to the spectrum of a 1D-ferrimagnet with the effective
easy axis directed along the chain axis. The excitation
spectrum of both models is characterized by the pres-
ence of the gap A and small dispersion of the main
excitation branches, as compared to A. This implies
that, on the qualitative level, the energy structure of a
SCM-catena single-chain magnet is reproduced by
the single-particle excitation spectrum of a ferrimag-
netic Ising chain, for which A = 2J55, and the disper-
sion is completely absent.

The validity of this statement can be demonstrated
quite well by the analysis of a six-site chain. It turned
out that spin fluctuations at the parameter ratio D/J =
1/3 are manifested by the fact that the average value of
the z spin projection of the high-spin-state ion with
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Fig. 4. (Color online) Temperature dependence of the
magnetization M(T) of a six-site chain.

S = 2 decreases to {S%) ~ 3/2 in the ground state of the
system. Therefore, below, we assume that the SCM-
catena magnet under consideration is described by the

spin chain with alternating pseudospins S = 3/2 and
o = 1/2 with the Ising exchange interaction between
them.

The direct proof of the possibility of the proposed
simplification is associated with the numerical calcu-
lation for a finite number of sites. Comparison of the
temperature dependences of the magnetization M(T)
of the six-site chain is shown in Fig. 4. In the first case,
the calculation was performed for Hamiltonian (1). In
the second case, we used the generalized Ising model.
As is seen, the magnetization curves calculated
according to these two approaches agree well with
each other for the external magnetic field applied both
along and perpendicular to the chain direction.

Under irradiation, an electron is knocked out of
the electronic shell of the high-spin state of Fe!' and
the ion transforms to the valence state Fe!'' with the
spin § = 5/2. The released electron is absorbed by an
iron ion surrounded by nitrogen complexes, thus
inducing its transition to the state Fe!! with the spin
S = 0. We will consider the emergence of ions with new
spin configurations in the chain as the emergence of
impurities, the density of which depends on the radia-
tion intensity.

Below, we also have to take into account the pres-
ence of natural nonmagnetic impurities and defects.
Let these inclusions appear at the synthesis of the
compound, have a relatively low density (¢ ~ 1073—
102 per unit length of the chain) [8], and thus be
uncorrelated and distributed uniformly in the chains.

We will assume that the probability of a certain
number of impurities per unit volume of the sample
obeys the Poisson distribution. Since the magnet
under consideration is quasi-one-dimensional, this is
equivalent to the statement that the nonmagnetic

JETP LETTERS Vol. 100 No.7 2014
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impurities divide the chain into segments with the
number N of sites and the probability Py of finding the
segments with /N sites obeys the Poisson statistics Py =

N e_N /N\. Here, N specifies the average number of
particles per chain segment bounded by nonmagnetic
impurities.

It isimportant for the further consideration that the
experimental investigation of the optical impact on
SCM-catena was performed after prolonged irradia-
tion lasting for several hours. Within this time, photo-
induced high-spin (HS Fe!'") and low-spin (LS Fe!')
states of iron ions appear and recombine repeatedly.
Therefore, on average, each iron ion participates in
the MMCT processes and, remaining at the same site,
changes its state owing to the incoming and outgoing
electrons. This situation can be described by introduc-
ing a special statistical ensemble. Individual members
of this ensemble are spin chains, the sites of which can
be occupied by iron ions in each of the above four spin
states. Bringing such a system in contact with the ther-
mal bath with the permission of exchanging iron ions
allows simulating a change in the relative density of
ionic pairs in various spin states [25]. It should be
emphasized that, in finding a correct alternation of
iron ions in different spin states in the present
approach, it proved necessary to introduce effective
interactions between these ions. Finally, we take into
account that the projection 5¢ of the spin moment of
iron ions in the high-spin state Fe!'! with the total spin

S = 5/2 is also reduced to the effective value § = 2
owing to quantum fluctuations. As a result, we arrive at
the model that is described by the following Hamilto-
nian in the atomic representation:

% = Z{?f%(f,/% 1)+§€(f+ l,f)}

/=1 (11)
N ~
f=1
where the two-site operators
H(f+1) = K. f+ D)+ H(f, f+1) (12)

describe the Ising exchange interaction between mag-
netically active iron ions:

¥H.(f,2)
m M m—LL
= 1> mMX;" Y LS mL X" 7
mM mL
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and the repulsive interaction between the pairs of iron
ions that cannot stay nearby according to the physical
conditions:

Hf 8) = Vhh + XX, + VY, + Z,Z,
+hX,+ Y, Z,).

(13)

In these expressions, the operators X, " Y™} are the
f S

Hubbard projection operators [17] on the vectors of
the Hilbert space corresponding to states of iron ions

with the spin S = 1/2 (:S” = 3/2) and the spin (pseu-
dospin) projection m (M) on the quantization axis.

The projection operator Z; L corresponds to the state

of an iron ion at the site f with S = 2 and the pseu-
dospin projection L on the quantization axis. As was
mentioned above, this state appears as a result of opti-
cal irradiation. The operator 4,is the Hubbard projec-
tion operator on the vector |f; 0) of the Hilbert space
corresponding to the presence of an iron ion at the site
fin the state with the spin .S = 0. In this case, the oper-
ators

X=X =Yy z=%2z"
m M L

are projectors on the subspaces with a fixed spin or
pseudospin without specifying its projection.

The first term of single-site operators reflects the
Zeeman contribution. In the above notation,

éf = glzmx;nm +gzzMY}WM+g3ZLZ;L )
m M L

where g,, g,, and g, are the g factors of three magnetic
states of an iron ion.

The necessity of the last two single-site operators is
associated with the fact that the system is in contact
with the thermal bath. Therein, A, and A, are the
Lagrange coefficients. They are found from the solu-
tion of the set of two equations

(Xp = (Yp, (hp =(Z).

These equations control the number of iron ions in
various states under the action of radiation. In fact, the
appearance of Eq. (14) is associated with the above-
mentioned (see Fig. 2) features of the MMCT pro-
cesses.

(14)

It is noteworthy that the use of the two-site opera-

tor #€y and the operators describing the contact with
the thermal bath allows reproducing the sequence of
spin states of iron ions that corresponds to the mag-
netic structure of SCM-catena. The two-site operators

#y take into account correlations in the mutual posi-
tions of iron ions of different types (see Figs. 1 and 2)
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Fig. 5. (Color online) Temperature dependence of the
magnetic susceptibility (red) with and (blue) without irra-
diation according to (solid lines) theory and (circles)
experiment. The experimental data were borrowed
from [16].

and the parameter V of such an interaction is chosen
infinitely high in the final calculations.

The partition function for the introduced ensemble
of chains was calculated with the use of the transfer-
matrix method [26—28]. This approach provides a
simple computation of both averages

12
(A = L3 CuJalunl

(15)
a=1
and correlation functions
v) (V) 1 (V)(V)Ndd
<Af ]A/+2d>N = = z Aup Apa bo A,
Ha B=1
vy) (vy) (V)
(A A A D) (16)

12

Z A(VI)ALVZZ)L} (vk) xN k7L ‘xak,

o0y

=

oy...oy =1

built on the operators A}V) , which are diagonal in the
space of single-site states of the chain. Here, the v

index enumerates the type of single-site operator A}V)
and |u,) and A, are the eigenvectors and eigenvalues of
the transfer matrix, respectively. In the chosen basis of

the eigenvectors, ALV,)B = (ua|A(V)|uB) )

In the analysis of the effect of irradiation on the
magnetic properties, the density #,, of photons induc-
ing the MMCT processes was thought to be identical
to the averages, ny,, = (hy) = (Z). Accordingly, the aver-
ages were calculated from Eq. (15) with the simulta-
neous solution of system (14) for each given radiation
intensity.
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Fig. 6. (Color online) Three-center correlation functions
of the systems versus 7y,,,.

5. RESULTS AND DISCUSSION

The modification of the molar susceptibility y,,(7)
under irradiation of SCM-catena is shown in Fig. 5.
The temperature dependence 7,,(7) at the given den-
sity n,,, was calculated according to the formula

0 N Ne__

An(T) = o1 T

Nipp=2 Y ——(Opy (17)

with the use of Egs. (15) and (14). Variation of the
radiation intensity was modeled by changing 7,,. In
this approach, n,,, = 0 in the absence of radiation. The
best agreement of the theoretical calculations of the
modification of %, (7) under irradiation with the
experimental results (Fig. 5) was achieved with the fol-
lowing parameters of the model:

J = 15K J,=30K: N =78

These values agree well with the known experimental
data on the system [20, 16]

J=20K; g,372; N~

H = 100 Oe;

100; H =100 Oe. (19)

One of'the reasons for y,,,(7) weakening under irra-
diation is the emergence of paramagnetic centers in
the chains. The solid line in Fig. 6 shows the radiation-
intensity dependence of the probability of appearance
of such complexes found by calculating the correlation
function (h,_ (1 — hph,, ) with the use of Egs. (14)
and (16) and subsequent averaging over the Poisson
distribution. The analysis of the character of the sus-
ceptibility modification under a change in »,, showed
that the strongest modification of the dependence
x(T) occurs in the intensity region (n,, < 0.3), where
the probability of appearance of paramagnetic centers
increases most quickly. Thus, it should be concluded
that, in the present model, the effects of photoinduced
formation of paramagnetic complexes play an impor-
tant role in the modification of the temperature
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dependence of the magnetic susceptibility of SCM-
catena under irradiation. The dotted line in Fig. 7
shows the dependence of the correlation function
(X;_1Z;X;, 1) on ny,. It is noteworthy that the behavior
of (Y,_h.Y,, ) is similar to that of (X;_,Z.X, ) and,
for this reason, is not shown. These quantities deter-
mine the probability of the formation of complexes
when two iron ions in photoinduced spin states are not
situated in the neighboring sites. As is seen in the
shown dependence, such states also contribute to the
low-temperature susceptibility.

6. CONCLUSIONS

In this work, the excitation spectrum of an aniso-
tropic four-sublattice ferrimagnet, the unit cell of
which contains two high-spin and two low-spin iron
ions, has been calculated with the use of the diagram-
matic technique for Hubbard operators. The orienta-
tions of the easy planes of high-spin ions are orthogo-
nal to each other. According to the microscopic calcu-
lation of the spectrum of this system, the
characteristics of the spectrum are similar to the spec-
trum of an easy-axis magnet with the effective anisot-
ropy on the order of the exchange parameter. More-
over, it turned out that the properties of the magnet
with the parameters of the system known from the
experiment are close to those described by the gener-
alized Ising model. The validity of this analogy has also
been demonstrated by comparing the results of exact
numerical calculations of the temperature depen-
dence of the magnetization for the initial anisotropic
Heisenberg model and for the generalized Ising
model.

This has allowed us to perform calculations in the
generalized Ising model with the use of the transfer-
matrix method for the investigation of the thermody-
namic properties in a wide temperature range. Gener-
alization of this approach to the case where defects
appear in the system both at the growth stage and dur-
ing irradiation allowed describing the experimentally
observed variation of the magnetic susceptibility.
Therein, to describe the ensemble of chains of differ-
ent lengths, we have used the Poisson distribution and
have taken into account the possibility of redistribu-
tion of electrons among the ions in the chains that
occurs as a result of photoinduced processes under
irradiation. To take into account the specificity of the
magnetic structure and radiation-induced changes in
the spin states of iron ions, we have introduced non-
magnetic intersite Coulomb repulsive interactions.
For convenience of calculations, we have imple-
mented atomic representation, which provides a cor-
rect description of multilevel single-ion systems with a
nonequidistant energy spectrum.

In conclusion, it is worth mentioning that the
approach used in this work is not restricted to the com-
pound under consideration. It can also be applied to
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the description of the experimentally observed radia-
tion-induced modification of the temperature depen-
dence of the magnetic susceptibility of other single-
chain magnets [9—11].

This work was supported by the Russian Founda-
tion for Basic Research, project nos. 12-02-31130, 13-
02-00523, and 13-02-98013.
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