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A theoretical model based on the relaxation equation for the density matrix has been proposed to describe the
ultrafast time dynamics of magnetically ordered systems with spin crossover in an excited state under a sudden
perturbation. Oscillations of the magnetization, the population of the high-spin state, and the generation of
local vibrons at a transition of the system from the light-excited Franck—Condon low-spin state to the high-

spin ground state.
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1. A new field called ultrafast magnetism has
appeared and developed in the last decade in con-
densed matter physics [1—5]. Intense ultrashort laser
pulses can excite spin dynamics in magnetic materials,
which is of great fundamental and applied interest.
The main experimental method in this field is the
pump—probe technique [6, 7]. Depending on the
properties of a magnetic medium, the pump pulse
results in ultrafast demagnetization or magnetization
reversal of a sample or in the excitation of the preces-
sion of the magnetization. The exchange interaction
can change because of the interaction with light [8].

Systems with spin crossover [9—11], which can
exist in a crystal phase and in the form of complex-
molecular aperiodic compounds, are among nonstan-
dard systems interesting for the study of ultrafast mag-
netic switching. In particular, the authors of [ 12] stud-
ied the light induced spin state trapping (LIESST)
effect in the Fe(phen),(NCS), compound [9, 10] by
X-ray absorption near edge spectroscopy (XANES)
and time-resolved optical spectroscopy. They detected
local deformations of ligands and the excitation of var-
ious vibron modes at the transition of the Fe?" ion
from a low-spin (LS) to high-spin (HS) state. Iron
oxides with the Fe3* and Fe?" ions with the HS ground
state, where the spin crossover to the LS state occurs at
high pressures, constitute another important class of
compounds with spin crossover [13].

In this work, we consider the ultrafast quantum
relaxation dynamics of the photoexcited state with the
spin different from the spin of the ground state (which
can be called the dynamic spin crossover) in magneti-
cally ordered materials with allowance for the spin—
orbit coupling between the HS and LS states and the
electron—vibration interaction beyond the adiabatic
approximation. A feature of magnetically ordered sys-
tems is the interatomic exchange interaction, which,
together with the elastic interaction, is responsible for
cooperative phenomena near spin crossover.

2. For definiteness, we consider only the case of d°
ions (FeO and Mg, _ ,Fe O), for which Syq =85 =2
and S; g = 0. To describe the possible coexistence of
different cation terms, spin variables are inappropriate
because they act only in the subspace of spin sublevels
of a given spin. In this case, it is more adequate to use
Hubbard operators that can be constructed on the
basis of eigenstates of a cation including several terms.
In this case, Hubbard X operators are constructed in
terms of HS states with different spin projections |G),

6 =-5,-5 +1,...,+S and the singlet LS state |s). The
effective Hamiltonian for the description of the effect
of the exchange interaction between HS states includ-
ing the vibron and spin—orbit coupling can be written
in the form

A

A = A + B9 4 4, (1)
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ﬁm:% Jz(gigj_ ,a,.ﬁj)+ASZ R G)'

where J is the interatomic exchange interaction and
the spin energy gap Ag = E| g — Eys, i.€., the differ-
ence between the energies E| g and Ey4 of the electron
configurations of the LS and HS states, is determined
by the competition of the intra-atomic Hund
exchange interaction with the crystal field 10Dq. We
consider only the case of the high-spin ground state,

E\ g > Eys. The spin operators for .S = 2 in the Hub-
bard operator representation have the form [14]
St o= 2X +ex T +ex T +2x P, S =

1
X777 Nox M+ Nex )+ 2x SF =
2X7772 4+ X7+ X 42X the particle num-
+s
ber operator at the ith site is 7, = 6 ZX T+ 6X;.

and

—
The condition of the completenesscfor Hubbard X
+S
operators has the form ZX %+ X% =1, and the
o=—S
average number of electrons for a d° ion is (n) = 6.
The derivation of the effective Hamiltonian (2) from
the microscopic multiband p—d model using the pro-
jection operator technique within the multielectron

LDA + GTB method [15] can be found in [16].

The second term in Eq. (1) contains the energy of
local totally symmetric vibrations of the cation—anion
complex (which we consider as a unit cell and below
will be called the SK complex, taking into account the
possibility of occupation of either the HS or the LS at
the spin crossover), electron—vibration (vibron) cou-
pling [17, 18], and elastic interaction of cations at
neighboring lattice cites, and describes the change in
the volume of the system under the variation of tem-
perature:

A2
Ao =3 [Lge 4 B
2 2M

1 A A
- EVqZ id -
(5)

(3)

+S
- Z(glq,\l + g2q,\12) _Xis’s + ZXiG,G
i o=—S

Here, g, and g, are the electron—vibration coupling
constants, k is the elastic coupling constant, g is the
normal coordinate operator corresponding to the
breather vibrational mode of ligands, p is the conju-
gate momentum operator, V, is the elastic intermolec-
ular coupling constant, and M is the effective mass of
the oscillator. Since the ionic radii of cations in the LS
and HS states are significantly different (by about
10%), not only linear terms but also terms quadratic in
g should be taken into account in the electron—vibra-
tion coupling. The elastic coupling constants in the LS
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and HS states are k; ¢ = k +2g, and kyg = k — 2g,,
respectively. Because of anharmonicity in the elec-
tron—phonon coupling, the frequencies of local vibra-
tions in the HS and LS states are different:

Oys = +(k —2g))/M and o =+/(k +2g,)/M. For
the chosen parameters presented below, g =
0.045 eV and m; g = 0.055 eV.

The third term in Eq. (1) has the form

+
A =73 Y (X + X7 “)
i o=-S
and mixes the HS and LS states because of the spin—
orbit coupling [19].

When all interactions inside the spin crossover
complex are taken into account exactly and the mean
field approximation is used for the elastic and
exchange intercell interaction, the Hamiltonian (1)
has the form

Aoy ==BY 8P+ A5 X

A2
1, ., b .
+ 2(5 kg; + ;;M} = D (& + £:47)

s ®)
X=X+ DX =V 4,
=-S5 i
+S 1 1
+J, X%+ XO) + 2 JZNS’m” + 2V, zN{(g)’.
ZZS< )+ SV @)

Here, B = zJSm is the Weiss field, where z = 6 is the

oz
number of the nearest neighbors and m = (O] is the

magnetization, and N is the number of sites of the
crystal lattice. We consider the two-sublattice anti-
ferromagnet, where the magnetization of the sublat-
tice is m.

The set of the eigenfunctions of the Hamiltonian (5)
can be represented in the form

Non

o) = z

Hph=0

+S
anph,k |2’ 0’ nDh> + Z bnph,sz,ku’ Sz nph> ’ (6)
s,=—S

Here, |0, s,,n,,) = |0, s_)|n,,) is the orthonormalized
basis of functions in the form of the direct product of
the eigenstates of spin projection operators |o,s,),
s, ==8,(=S +1),...,+S in the case of the HS state
(o0 =1)and s, = 0 for the LS state (o0 = 2) and the har-

—L_(a"y"™0.0....,0), n,, =0,
1, 2, ..., Ny, where N, is the number of phonons
beginning with which the energy of the ground state
lp,) is almost the same for n, >N, ie.,

Ey(N,, +1) = Ey(N,,) (the error of the calculation is

monic oscillator |n,,) =
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below 1%). When considering various temperature
effects, it is necessary to control the constancy of the
energies F, of the lowest excited states |@, ). In other
words, N, is the number of phonons that should be
taken into account at a given electron—vibration cou-
pling in order to form a “phonon coat” of the ground
and lowest excited states. In our calculations, N, =
300—500 depending on the used parameters and tem-
perature. Multiphonon contributions to function (6)
give Frank—Condon resonances at the excitation of
such states [20]. Then, the quantum statistical aver-

ages of the magnetization m = S° /S, displacement 4,
and population of the HS state 5,5 have the form

n = (fys) = zpk <(Pk ZXG’G (Pk>

—zz zpk| osSs kl

k npyp=0s,==§

(7)

V nph (anph kanph—l k
Z MphsSz,Kk nph—ls kj (8)

+ M Tt l(anph,kanphﬂ,k
+S

+ Zb”ph,sz,kb"ph‘*'l,sz,k

5,=—S

m = (m) = ZPk(@kaPk)

Npn
1 zz Zpksl nphszkl

npp=0s,==5

(©))

Here, P = €xp (— ij 7! , where Z =
kgT

Z exp (— ij is the partition function.
k kT

The metal—ligand bond length can be represented
in the form / = [, + g, where /, is the regular compo-
nent caused by the anharmonicity of vibrations of the
lattice and the anomalous contribution g caused by the
vibronic interaction. In the absence of spin—orbit cou-
pling, the equilibrium positions of ligands corre-
sponding to minima of the potential energy in the LS

and HS states are given by the expressions qgs = —l;g—l
LS
and qgs = &L For the chosen parameters presented

HS
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s =—009 A, ¢ps=0.13 A, and

Aqo = qgs — qES =0.22 A. Since the bond length I, at

T =0 is about 2 A, A¢” is about 10% of this value in
agreement with the known difference between the
ionic radii in the LS and HS states. It is seen that

below,

qES(HS) =0 in the absence of the electron—vibration
coupling and temperature-induced change in the vol-
ume of the system is possible only because of anhar-
monicity.

3. We consider the relaxation of the spin crossover
complex placed in an equilibrium medium (thermo-
stat) at a sudden light-induced excitation of the HS
state to the LS state. The Hamiltonian of the total sys-
tem can be written in the form

H=H,+H,+V. (10)

Here, H, = Zk E o ){@,| is the Hamiltonian of the

cell (5); H R = Z hcoqbqT b, is the Hamiltonian of the
q

thermostat, where qu (b,) are the creation (annihila-
tion) operators of phonons with the wave vector ¢ in

the and V = V_ ph v, —ph X
t T
Zq (gv—ph,qbqa + g;k—ph,qbqa ) + Z (gs —ph, q TS +

gs*_ph’qbqﬁ*) is the interaction operator between the

thermostat;

spin crossover complex and thermostat, where aT(a)
are the creation (annihilation) operators of quanta of

local vibrations (vibrons) introduced above and g,_,,
and g, are the vibron—phonon and spin—phonon
coupling constants, respectively.

We consider the dynamics of the system in terms of

the reduced density matrix p(#) using the generalized
master equation [21]

d .
gpgl = —iaypy + 6klzp2nu//n ~ YuPir
n#l

+ - + -
Here, W), =Ty, + Ty, and vy, = Zn(rknnk + D) =
.
Dk

1)

— ') » where

i = 3 [df XD i, TV OV, O 20D, (12)
0

Dot = 1 [ XD, TroV OV, (0P 0D (13)
0

Here, V,,,(¢) are the matrix elements in the interaction

E —E

representation and m,, = If QO is the operator

acting on the variables of only the subsystem of interest
(in our case, QO are the operators m, s, and ), then
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the average value of a certain observable defined by
this operator is written in the form (Q0> = TrQA0 ﬁo(t).

The standard calculations of the coefficients I
appearing in Eq. (11) give

+ (v—ph)+ (s—ph)+
r,,=T +T ,

nlin nlin nlln

(14)

l—-(v—ph)+ v—ph

nlln = Yo [aﬁlnBE(O)zn) + alzn(nBE((Dn[) +1] (15)

I‘S//;,]Dhyr = ’Yéiph[srzzlnBE(O)ln) + S;(”BE((%) +1]  (16)

where a; = (@,ldQ;), s; = ((pi|$’+|(pj>, and ngp () is the
Bose—Einstein distribution function. In our case,
ry, =T, and T, =T, =0. The coefficients
vy " and ¥, ™" in Egs. (15) and (16) are determined by
the constants g, , and g,_;, respectively. As typical

. . —ph
values of these coefficients, we used T, " ~ leh

0

1ps and ™" ~ }ph

~1 ps corresponding to the

0
experiments reported in [22, 23].

Figure 1 shows the calculated relaxation dynamics
of (red line) the magnetization m, (blue line) the pop-
ulation of the HS state #, and (black line) the displace-
ment ¢ for the spin—orbit coupling parameters J, =
(upper panels) 0.01 and (lower panels) 0.05 eV. The
calculations were performed taking into account the
triple orbital degeneracy of the HS state at 7 =100 K
with the parameters J = 28 K (for Fe Mg, _ ,O) [24]
and k=7.5 eV/A, =0.05 eV, g =0.8 eV/A?
g =0.75eV/A%, and V, = 0.2 eV/A [25]. The time in
the left and middle panels is given in units of
T, = 1072 s. The right panels show the Fourier spec-
tral analyses of the magnetization m, the population of
the HS state n, and (black line) the displacement g for
the determination of the intensity and frequency of
the spectral components of the solutions of Eq. (11).
As the initial photoexcited state |y,), we specified
the state obtained from the ground state

N +S
00 =20 [ 20+ 27 by lseor)

by switching the quantum numbers o and s,.
In particular, if the magnetic HS state is the

ground state, the excited state |y,) =

Non +S .
> (G 20+ D by 2.0, | is Tow-

spin and the elastic (phonon) system remains
unchanged, i.e., holds in the initial state correspond-
ing to the HS electron configuration of the d ion. In
other words, such switching of the states implements
the dynamic crossover of the cation, leaving
unchanged the state of ligands. This switching is justi-
fied because the photoexcitation of the system from

the ground, e.g., LS IALg state in the experiment occurs
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first to a certain intermediate szg, lTlg, or charge-
transfer state from which the system can rapidly return
back to the ground state or transit through a cascade to
the excited vibron HS state and, then, relaxes much
more slowly to the ground state because of the phonon

damping. In the case of the HS 5T2g ground state, the

intermediate state is the SEg term, from which the sys-
tem transfers quite rapidly through a cascade to the
excited vibron LS state and, then, relaxes much more
slowly to the HS ground state because of the phonon
damping [22, 23]. The characteristic time of cascade
transition is less than 100 fs, whereas relaxation
through a phonon ladder occurs in about 3 ps [22, 23].
For this reason, we do not consider primary cascade
processes in the system and take the nonmagnetic
vibron LS state as the initial state at # = 0 in Eq. (11).
The photoexcited state can be expanded in the basis of
the eigenstates of the Hamiltonian of the isolated sub-

system |y) = Zk Corli), where Co = (@ [W,); con-
sequently, the initial density matrix has the form

0 %k
Pk (0) = CorCop--
At finite temperatures, the subsystem is in the state
|p,) with the probability p,; therefore, the initial den-

sity operator has the form f)O(O) = Zk PV, =

Zk zii.pkcikcﬁk|(pi><(pi'|’ where |y, ) = Zi Crilo:) »

Ci =(@fw,).
To determine the characteristic time of relaxation
of photoexcited states, we used the exponential

approximation y; = y, +n,-e_§"r of the time depen-
dences of the magnetization (i = m), the population of
the HS state (i = n), and the displacement (i = ¢q),
where 1, and &; are the fitting parameters and the
equilibrium values y,; were found from the static self-
consistent solution of the mean-field equations (7)—
(9). Figure 2 shows these approximations for the spin—
orbit coupling parameters J, = (upper panels) 0.01 and
(lower panels) 0.05 eV.

As seen in Figs. 1 and 2, the relaxation times for n
and g are almost the same, 1, = T,. This is not surpris-
ing because change in the bond length g is propor-
tional to the ionic radius of the cation. The relaxation
times are summarized in Table 1.

According to Figs. 1 and 2, it is possible to separate
several time scales of the complex dynamics of the sys-
tem: the period of oscillations of the magnetization m,
the population of the HS state #, and the displacement
g and the characteristic time of relaxation of the sys-
tem to the ground state. Moreover, the time dynamics
of the system are significantly different in the cases of
weak and strong spin—orbit coupling. In particular,
the dependences m(r) and »(¢) at the spin—orbit cou-

pling parameter J, = 0.05 eV exhibit a number of per-
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Fig. 1. (Color online) Quantum relaxation dynamics of initially low-spin photoexcited Franck—Condon states at 7 = 100 K for
the spin—orbit coupling parameters J,, = (upper panels) 0.01 and (lower panels) 0.05 eV. The time in the left and middle panels is

given in units of 1 = 107" s. The right panels show the Fourier spectral analyses of (red line) the magnetization m , (blue line)
the population of the HS state n, and (black line) the displacement g.
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Fig. 2. (Color online) Exponential approximation y = y, + ne_E-’t of the time dependences of the magnetization m, (blue line) the
population of the HS state n, and (black line) the displacement g for the spin—orbit coupling parameters J,, = (upper panels) 0.01

and (lower panels) 0.05 eV.

JETP LETTERS  Vol. 112 No.4 2020



ULTRAFAST QUANTUM RELAXATION DYNAMICS

Table 1. Characteristic relaxation times of the magnetiza-
tion (t,,), population of the HS state (t,), and metal—
ligand bond length (t,) for two values of the spin—orbit cou-
pling J,,

J, (meV) T (DS) T, (PS) T, (Ps)
10 1.18 1.06 1.06
50 0.40 0.18 0.18

turbations with intervals between them (wave packet
or train of high-frequency waves with a vibrational
energy of ~1 eV). Narrow peaks in the Fourier spec-
trum of this train of high-frequency waves in the lower
right panel of Fig. 1 are separated by a frequency inter-
val of A®w = 58 meV, which almost coincides with the
lattice vibration energy ;¢ = 55 meV. This allows
treating the train of high-frequency waves as Franck—
Condon resonances correlating with the minima and
maxima of oscillations of ¢(f). These perturbations
relax in a time of ~7,; after that, the magnetization
undergoes long-lived periodic oscillations with a
period of 140 fs and an energy of 35 meV. The same
frequencies are also revealed in the Fourier analysis for

J, =0.01 eV (Fig. 1, the upper right panel), but the
amplitudes of oscillations are much smaller than those
for the case J, =0.05 eV (Fig. 1, the lower right
panel). Such low-frequency oscillations of the magne-
tization were detected experimentally in FeBO; canted
antiferromagnet subjected to a femtosecond pumping
[26, 27]. In [26, 27], the initial HS (S = 5/2) state of
the Fe** ion was excited to the intermediate spin state
of the Fe** ion with the spin .S = 3/2, and in about 4 ps
after the excitation, oscillations of the magnetization
with a period of about 2 ps were observed. In our cal-
culations, oscillations of the magnetization were
established after the return of the electron and elastic
systems to the equilibrium HS values in a time of about
2 ps and had a period of 0.14 ps. Since we do not con-
sider in this work a model that corresponds to the
scheme of the levels of the Fe3* ion and is adequate to
FeBO;, it is impossible to expect quantitative coinci-
dence with the experimental data. At the same time,
the qualitative picture of long-lived magnetic oscilla-
tions revealed in our work is consistent with the data
[26, 27].

4. To conclude, we have revealed for the first time
oscillations of the magnetization and a complex mul-
tiscale time dynamics of relaxation of the magnetiza-
tion, population of the HS state, and the cation—anion
bond length in strongly correlated systems with spin
crossover and long-range magnetic order. We hope
that this work will stimulate further experimental stud-
ies of the ultrafast time dynamics of magnetically
ordered systems with spin crossover.

JETP LETTERS Vol. 112

No.4 2020

255

FUNDING

This work was supported by the Russian Science Foun-
dation (project no. 18-12-00022).

REFERENCES

1. A. M. Kalashnikova, A. V. Kimel, and R. V. Pisarev,
Phys. Usp. 58, 969 (2015).

2. A. P. Pyatakov, A. S. Sergeev, E. P. Nikolaeva,
T. B. Kosykh, A. V. Nikolaev, K. A. Zvezdin, and
A. K. Zvezdin, Phys. Usp. 58, 981 (2015).

3. A. A. Mukhin, A. M. Kuzmenko, V. Yu. Ivanov,
A. G. Pimenov, A. M. Shuvaev, and V. E. Dem, Phys.
Usp. 58, 993 (2015).

4. S. A. Nikitov, D. V. Kalyabin, 1. V. Lisenkov, A. N. Sla-
vin, Yu. N. Barabanenkov, S. A. Osokin, A. V. Sa-
dovnikov, E. N. Beginin, M. A. Morozova, Yu. P. Sha-
raevskii, Yu. A. Filimonov, Yu. V. Khivintsev, S. L. Vy-
sotskii, V. K. Sakharov, and E. S. Pavlov, Phys. Usp. 58,
1002 (2015).

5. D. Bossini, V. I. Belotelov, A. K. Zvezdin, A. N. Kalish,
and A. V. Kimel, ACS Photon. 3, 1385 (2016).

6. A.V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev,
A. M. Balbashov, and Th. Rasing, Nature (London,
U.K.) 435, 655 (2005).

7. T. Satoh, Y. Terui, R. Moriya, B. A. Ivanov, K. Ando,
E. Saitoh, T. Shimura, and K. Kuroda, Nat. Photon. 6,
662 (2012).

8. S. O. Demokritov, N. M. Kreines, and V. I. Kudinov,
JETP Lett. 41, 46 (1985).

9. Spin Crossover in Transition Metal Compounds I—II1,
Ed. by P. Giitlich and H. A. Goodwin (Springer, Ber-
lin, Heidelberg, 2004).

10. Spin-Crossover Materials: Properties and Applications,
Ed. by M. A. Halcrow (Wiley, Oxford, UK, 2013).

11. S. Maekava, T. Tohyama, S. E. Barnes, S. Ishihara,
W. Koshibae, and G. Khaliullin, Physics of Transition
Metal Oxides (Springer, Berlin, 2004).

12. M. Cammarata, R. Bertoni, M. Lorenc, H. Cailleau,
S. Di Matteo, C. Mauriac, S. F. Matar, H. Lemke,
M. Chollet, S. Ravy, C. Laulhe, J.-F. Létard, and
E. Collet, Phys. Rev. Lett. 113, 227402 (2014).

13. 1. S. Luibutin and A. G. Gavrilyuk, Phys. Usp. 52, 989
(2009).

14. V. V. Val’kov and S. G. Ovchinnikov, Sov. J. Theor.
Math. Phys. 50, 306 (1982).

15. M. M. Korshunov, S. G. Ovchinnikov, E. I. Shneyder,
V. A. Gavrichkov, Yu. S. Orlov, I. A. Nekrasov, and
Z. V. Pchelkina, Mod. Phys. Lett. B 26, 1230016 (2012).

16. A. I. Nesterov, Yu. S. Orlov, S. G. Ovchinnikov, and
S. V. Nikolaev, Phys. Rev. B 96, 134103 (2017).

17. N. O. Lipari, C. B. Duke, and L. Pietronero, J. Chem.
Phys. 65, 1165 (1976).

18. A. Painelli and A. Girlando, J. Chem. Phys. 84, 5655
(1986).

19. J. S. Griffith, The Theory of Transition-Metal Ilons
(Cambridge Univ. Press, Cambridge, 1961).



256 ORLOV et al.

20. G. A. Sawatzky, Nature (London, U.K.) 342, 480 25. G. D’Avino, A. Painelli, and K. Boukheddaden, Phys.

(1989). Rev. B 84, 104119 (2011).

21. K. Blum, Density Matrix Theory and Applications, 26. A. M. Kalashnikova, A. V. Kimel, R. V. Pisarev,
3rd ed., Springer Series on Atomic, Optical, and Plasma V. N. Gridnev, A. Kirilyuk, and Th. Rasing, Phys. Rev.
Physics (Springer, Berlin, Heidelberg, 2012). Lett. 99, 167205 (2007).

22. G. Aubock and M. Chergui, Nat. Chem. 7, 629 (2015).  27. R.V. Mikhaylovskiy, E. Hendry, A. Secchi, J. H. Men-

23. A. Cannizzo, C. J. Milne, C. Consani, W. Gawelda, tink, M. Eckstein, A. Wu, R. V. Pisarev, V. V. Kruglyak,
Ch. Bressler, F. van Mourik, and M. Chergui, Coord. M. L. Katsnelson, Th. Rasing, and A. V. Kimel, Nat.
Chem. Rev. 254, 2677 (2010). Commun. 6, 8190 (2015).

24. 1. S. Lyubutin and S. G. Ovchinnikov, J. Magn. Magn.

Mater. 324, 3538 (2012). Translated by R. Tyapaev

JETP LETTERS  Vol. 112 No.4 2020



	REFERENCES

