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Magnetic properties of the finite-length biatomic chains in the
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A simple analytical method for the investigation of the magnetic properties of the finite-length biatomic chains
proposed in the framework of the Heisenberg model with uniaxial magnetic anisotropy. The method allows
to estimate the reversal time of magnetization of ferromagnetic and antiferromagnetic biatomic chains. Three
cases have been considered: the spontaneous remagnetization, the remagnetization under the interaction with
a scanning tunneling microscope, and the remagnetization under the external magnetic field. The applicability
limits of the method have been discussed. Within its limits of applicability the method produces the results
which are in a perfect agreement with those obtained with the use of the kinetic Monte Carlo simulations. As
the examples, two physical systems have been considered: biatomic Fe chains on Cu,N/Cu(001) surface and
biatomic Co chains on Pt(997) surface. The presented method is incomparably less time-consuming than the
commonly used kinetic Monte Carlo simulations, especially in the cases of low temperatures or long chains.
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I. INTRODUCTION

The investigations of the magnetic properties of the atomic
chains are of general interest due to its possible applications
in spintronics [1], quantum communications [2—4], quantum
computing [5], and other fields [6] of research. In particu-
lar, atomic chains can be used for the creation of the next
generation mass storage devices [7-9]. For application of the
atomic chains as bits of information, their reversal time of
magnetization needs to be sufficiently long. The possibility
of engineering of such memory elements [10] appeared after
the discovery of the giant magnetic anisotropy energy (MAE)
of Co atoms on the Pt(997) surface [11,12] using x-ray mag-
netic circular dichroism and scanning tunneling microscope
(STM) [13-15]. Ferromagnetic Co chains can grow on the
step edges of Pt(997) surface at low concentrations of Co
atoms. The analogous effect was observed for Fe/Cu(111)
system [16,17]. The critical temperature 7¢ and the reversal
time of magnetization t of the atomic chains increase with
their length. According to the estimation [12] the atomic
chain consisting of 400 Co atoms can be a stable bit of
information at room temperature. In order to increase the
information recording density, it is possible to use biatomic
ferromagnetic chains [18,19]. However, an increase of the
chain width usually leads to the significant decrease of MAE
[19-21]. These observations are in a good agreement with a
well-known effect of decreasing of the average MAE of atoms
in atomic clusters with an increase of their size [22-24].

Another interesting opportunity is use of finite-sized an-
tiferromagnetic chains as bits of information [25-28]. The
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interaction between antiferromagnetic chains is much weaker
than between ferromagnetic ones. Therefore, the use of anti-
ferromagnetic chains can lead to a significant increase in the
information recording density. The possibility of creating and
remagnetization of such chains using STM was demonstrated
for Fe atomic chains on Cu,N/Cu(001) surface [29,30]. A
systematical study of atomic chains composed of the transi-
tion metals on Cu,N/Cu(001) surface has shown that they can
be either ferromagnetic or antiferromagnetic [31-35]. Very
similar results are obtained for the analogous atomic chains
on Cu;O/Cu(001) surface [36]. Biatomic antiferromagnetic
chains are known to be significantly more stable than the
single-atomic chains [30]. A special attention should be paid
to the investigations of the remagnetization of the atomic
chains with the STM tip. It has been shown that the switch-
ing of magnetization at high STM voltages is mediated by
domain-wall formation and propagation [37].

A lot of theoretical investigations have been devoted
to ferromagnetic and antiferromagnetic finite-sized chains.
Among them it is necessary to underline the studies devoted
to the influence of quantum tunneling on the reversal time
of magnetization [37-39]. Quantum tunneling is the main
switching mechanism at extremely low temperatures below
the mK range for a system consisting of six Fe atoms [38].
However, we can neglect the quantum nature of the atomic
magnetic moments at higher temperatures. In this case the
magnetic properties of atomic chains can be described in the
framework of the classical Heisenberg Hamiltonian and its
generalizations.

The parameters of the Heisenberg Hamiltonian can be
calculated from the first principles by the means of den-
sity functional theory [18,36,40] or Korringa-Kohn-Rostoker-
Green’s function method [15,41]. Further investigation of the
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magnetic properties of atomic chains can be performed with
either the solution of the Landau-Lifshitz-Gilbert equation
[40,42] or the kinetic Monte Carlo (kMC) simulations [43].
The kMC method allows to calculate the critical temperature,
the reversal time of magnetization, and the coercive field of
ferromagnetic chains [44—48]. The process of dynamical mag-
netization of rectangular lattices composed of tiny magnets
with strong perpendicular uniaxial anisotropy also studied
[49]. It was shown that the kMC method can be successfully
applied for the investigation of antiferromagnetic chains as
well [50,51].

However, the kMC method is a statistical method and
the process of obtaining of the averaged values with small
errors always needs a lot of simulations. Commonly used
kMC simulations can be very time-consuming, especially in
the cases of low temperatures or long chains. Thus, it would
be useful to find a simple analytical method to estimate the
reversal time of magnetization, which would be in a good
agreement with the results of the kMC simulations in a wide
range of parameters. Such method in the single domain-wall
approximation was developed earlier for the single-atomic
chains [52,53]. It was shown that the single domain-wall
approximation is justified in a wide range of parameters of the
Heisenberg Hamiltonian and a wide range of temperatures.
The proposed method allows to estimate the reversal time
of magnetization of ferromagnetic chains in the cases of a
spontaneous remagnetization and the remagnetization under
the external magnetic field [52]. The reversal time of magne-
tization of antiferromagnetic chains under the interaction with
the STM tip also can be correctly estimated [53].

In this article, the previously developed formalism [52,53]
is generalized to the case of biatomic chains [54]. Two lim-
iting cases will be considered: a weak and a strong coupling
between the atomic chains. It will be shown that these two
approximations cover a wide range of parameters and can
be used in a lot of practically interesting situations. The
estimation formulas for the reversal time of magnetization of
biatomic chains will be derived in the three following cases
of remagnetization: (i) spontaneous, (ii) under the interaction
with STM tip, and (iii) under the external magnetic field. It
will be shown that the proposed method allows to calculate
the magnetization curves and the coercive fields of biatomic
ferromagnetic chains. The obtained analytical results will be
compared with the results obtained with the use of the kMC
simulations.

The paper is organized as follows. In Sec. II, the theoret-
ical model is briefly discussed. In Sec. Il A, the estimation
formulas for the reversal time of magnetization in the case
of spontaneous remagnetization of both ferromagnetic and
antiferromagnetic biatomic chains are derived. Interaction of
biatomic chains with STM is discussed in Sec. III B. Re-
magnetization of ferromagnetic biatomic chains under the
external magnetic field is investigated in Sec. III C. In order to
demonstrate the ability of the method to estimate the reversal
time of magnetization some numerical results are compared
with the results of the kMC simulations in Sec. IIID. The
conclusions are presented in Sec. IV. For the reader’s con-
venience, the main results from Refs. [52,53] are summarized
in Appendix A. The estimation of thickness of a domain wall
is presented in Appendix B.

II. THEORETICAL MODEL

In order to estimate the reversal time of magnetization
we assume that we can neglect quantum tunneling at the
temperatures 7 > Tqr and consider the magnetic moments of
atoms as classical vectors. Temperature Tor has an order of
mK for the chains under consideration [38]. Following the
paper of Li and Liu [43] we consider the case of uniaxial
magnetic anisotropy. Thus, the Heisenberg Hamiltonian can
be written in the following form

H==) Jji-s)—K) (si-ef —pu) (si-B). (1)
i>] i i

where s; and e are the unit vectors of the magnetic moments
of atoms and the easy axis of magnetization, respectively, i
is the absolute value of magnetic moments, K is MAE, J;; =
J(8i j4+1 + 8i j—1) is the exchange energy, and §;; is Kronecker
8. For ferromagnetic chains J > 0 and for antiferromagnetic
chains J < 0. The external magnetic field B is assumed to be
applied along the easy axis of magnetization e. We assume
that all of the magnetic moments are directed either parallel
or antiparallel to the easy axis of magnetization (s; - ) = £1.
We can say that the magnetic moment is directed “up” if
(s;-e) =1 and “down” if (s; - e) = —1.

The flipping of the ith magnetic moment can occur in two
different ways [55]. If 2K > |h;| [Where h; = Zj Jij(si - s;) +
w(s; - B)], then the rate of a single magnetic moment flip is
determined as [43]

2K + h;)?
g} , (2)

4KkpT

where kg is the Boltzmann constant, T is the temperature, and
vo is the frequency prefactor. If 2K < |A;]|, then there is no
energy barrier between the states (s; - €) = £1. The rate of a
single magnetic moment flip can be calculated [56], as

exp(—2h;/ksT)
T+ exp(—2hi/kgT)’

Below we will use the function v(h;), which defined by
Egs. (2) and (3) [57]. The frequency prefactor vy = 10° Hz
[11] is chosen for the numerical estimates.

The main ideas of the proposed method are demonstrated
further on the example of a ferromagnetic chain consisting
of 10 atoms. Let us assume that all magnetic moments are
directed up in the initial moment of time (Fig. 1) and the
process of chain remagnetization is associated with the forma-
tion and propagation of a single domain wall. If J/2KN? «
1, then the thickness of the domain wall can be neglected
(see Appendix B). Dashed lines in Fig. 1 show the possible
positions i =0, ..., 10 of the domain wall. Solid lines show
its current position: (a) i = 0, (b)i = 5, (c) i = 9. The domain
wall leaves initial state i = 0, moves randomly along the
chain, and comes to final state i = 10. The reversal time
of magnetization t of the atomic chain is defined as the
average time of the random walk of the domain wall. If the
parameters of the Hamiltonian (1) are the same for all of the
atoms and B = 0, then the random walk of the domain wall is
characterized by only three rates: (i) the rate of formation of
the domain wall v; [Fig. 1(a)], (ii) the rate of the domain wall
disappearance v, [Fig. 1(c)], and (iii) the rate of motion of the

v(h;) = v exp [—

v(h;))=v

3
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FIG. 1. A schematic view of the atomic chain consisting of N =
10 magnetic moments. Dashed lines show the possible positions i =
0, ..., 10 of the domain wall. Solid lines show its current position.
The following processes are shown: (a) formation of the domain wall
with the rate of v;, (b) motion of the domain wall with the rate of vs,
and (c) the domain wall disappearance with the rate of v,. Red arrows
show the flipping magnetic moments.

domain wall along the chain v; [Fig. 1(b)]. The rate v; » 3 can
be easily calculated using Egs. (2) and (3). We assume that
two domain walls are not able to exist simultaneously if the
temperature is lower than 7j,,x < T¢. Thus, our model is valid
in the temperature range of Tor < T < Tiax.

To calculate the average time of the random walk of the
domain wall the mean rate method is employed [58,59]. At
the first step the rates v;_,; of all of the possible transitions
of the domain wall should be calculated and the transition
probability matrix should be found [60]

I;; = ‘L"lvj—m 4

J
where ‘L'jl =0, v_,-_>k)_l is the mean residence time in the
state j each time it is occupied, indexes i and j run over initial
and all of transient states of the domain wall, index k runs over
all possible states (including final states) of the domain wall.
The probability P; to find the domain wall in the state i can be
calculated from the following system of linear equations:

N,
> (8 — Tijp; = P™, )

where Pt = §y; is the probability to find the domain wall in
the state i at the initial moment of time. The average time of
the random walk of the domain wall can be obtained as

N-1
o= Y _ 7P (6)
i=0

If the remagnetization of the chain can begin from any of
its ends with the same probability, then its reversal time of
magnetization t is equal to Ty /2.

III. RESULTS AND DISCUSSIONS

Following the experimental study [30] we consider bi-
atomic chains of two types: type A and type B (see Fig. 2).
We assume that the exchange energy J characterizes the
interactions between the nearest atoms in the same atomic

type A
X “ \l \;

I L_>\ L_J 1
TTJT Tt

FIG. 2. Two types of the biatomic chains under consideration:
(a) type A and (b) type B. Exchange energies J and J' characterize
the coupling between the neighboring atoms.

type B

chain, and J’' characterizes the interactions between atoms
of the neighboring atomic chains. For simplicity, the inter-
actions between other pairs of atoms are neglected. Rates
v(h;) which will be used below can be calculated by
means of Eqs. (2) and (3). The following rates will be
necessary: v; = v(|J| + |J']), vi = v(|J| — |J']), v] = v(|J]),
vy = V(=] + W'D, v = v(=J| = ') vj = v(=1J]), 3 =
v([J'D), vy = v(=|J']), v§ =v(0)if B=0, and vix = v(J +
J' £ uB), vli—v(J J’:I:,uB) viy =v(J £ uB), vt =
v(=J +J £ uB), v, =v(—J —J £ uB), vzi—v( —J +
uB), vz = v(J' £ uB), Vi, = v(=J' £ uB), v, = v(£uB)
if B ## 0. Below, we derive equations for estimation of the
reversal time of magnetization of biatomic chains in two
limiting cases: (i) a weak coupling between the atomic chains
(JJ'] < |J]) and (ii) a strong coupling between the chains
(}J'] Z |J1). The parameters of the Heisenberg Hamiltonian
are assumed to be the same for all of the atoms. Edge effects
can be taken into account as well as in the case of single-
atomic chains (see Ref. [53] and Eqgs. (A6) and (A7) in
Appendix A).

A. Spontaneous remagnetization

First the case of spontaneous remagnetization of biatomic
chains in the absence of external fields (no interaction with the
STM tip, no external magnetic field) will be investigated. How
it can be seen further, all of the equations for the reversal times
of magnetization include the absolute values of the exchange
energies |J| and |J’|. Thus, all of the results obtained in this
section are valid for both ferromagnetic and antiferromagnetic
chains.

1. Weak-coupling approximation

Let us consider weakly interacting atomic chains (|J'| <
|[/]). This case is directly related to the experimental study
[30], because the ratio between the exchange energies of the
Fe atoms on Cu;N/Cu(001) surface is J/J' ~ 40. We assume
that the atomic chains flip one by one (see Fig. 3). So the
atomic chain is flipping at the current moment under the
effective magnetic field which is created by another chain.
The initial state, two transient states, and the final state of a
biatomic chain are denoted as 0, 1, 2, and 3, respectively. Then

Vo1 = Vo2 = V3| = V3o = Vg, (7
Vi = V20 = Vi3 = V3 = V_, ¢))
Vo3 = V30 = 0. 9
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3

FIG. 3. A schematic view of remagnetization of a biatomic chain
in a weak-coupling approximation: O is the initial state, 1 and 2 are
the transient states, and 3 is the final state. Red arrows represent
flipping magnetic moments.

The nonzero elements of the transition probability matrix
calculated by Eq. (4) are equal to Ty; = 1/2, T, = 1/2, where
i =1,2. After solving the system of Egs. (5) with PNt =
{1,0,0} we find the reversal time of magnetization in the
weak-coupling approximation

Ve — ¢ 4, (10

where vy = 1/vyand 7— = 1/v_.

The reversal times of magnetization 7. and 7_ are different
for biatomic chains of type A and type B. For the chains
of type A, all of the atoms of the second atomic chain are
in the effective magnetic field B = |J'|/u created by the
atoms of the first atomic chain at the transition 0 — 1 (see
Fig. 3). Therefore, the reversal time of magnetization of the
second atomic chains can be estimated by Eq. (AS5) in which
the following replacements are made: vy = VI, vi_ — v,
vy = vy, vy — by, bY = b3, b5 —> v, ie.,

T, = f3<ﬂ>. (11)
n

All of the atoms of the first atomic chain are under the
effective magnetic field B = —|J'|/u created by the atoms of
the second atomic chain at the transition 1 — 3. Thus,

T_ = t3<—m>. (12)
%

Replacing |J'| — —|J'| is equivalent to replacing of v; — v},
v — v;in Eq. (11), where i = 1, 2, 3.

In the case of the biatomic chain of type B, one of the edge
atoms of each atomic chains does not interact with atoms of
another chain. In the other words, one of the ends of each
atomic chain is “free.” Let us consider the transition 0 — 1.
In this case remagnetization depends on the type of the end
at which it starts from. If the remagnetization begins at “free”
end, then the reversal time of magnetization can be estimated
by Eq. (A5) after the replacements v{', — v{', v;_ — vy and
multiplying by a factor of 2:

. ( |J/| N/ " " //)
T4 =273 I Vi, — V), v — vy | (13)

If remagnetization of the second atomic chain begins at
another end, then the reversal time of magnetization is the

following:
_ 2 |J/| - " " " 4
T =213 7,v17—>v1,v2+—>v2 . (14)

Then the average reversal time of magnetization of the second

chain is equal to
1 1\
r=(—+—) . (15)
T+ T+

The similar result is obtained for the transition 1 — 3:
1 1\
—=—+—] , (16)
T1— Tr—

J/
T =213 (—%;v;’+ = v,y =y, (17)

where

J/
T = 213<—u; vy v, vy — vé’). (18)
I

Finally, we find the reversal time of magnetization %3
of the biatomic chains in a weak-coupling approximation by
substituting either (11) and (12) for the chains of type A, or
(15) and (16) for the chains of type B to Eq. (10). Note that
when |J/| — 0 the value of 7% tends to 27, where 7, is the
reversal time of magnetization of a single-atomic chain in the
absence of external fields and calculated by Eq. (A1).

2. Strong-coupling approximation

In the case of a strong coupling between the atomic chains
(1’| Z |J1) the length of the domain wall should be minimal.
So, the domain wall must be perpendicular to the biatomic
chain. First we consider the case of the biatomic chain of
type A. The positions of the domain wall corresponding to the
local minima of the energy are shown in Fig. 4. To estimate
the reversal time of magnetization of a biatomic chain, it is
necessary to calculate the rates 9y, ¥y, U3, and 9} of formation,
disappearance, and motion of the domain wall, respectively.

Let us calculate the rate of motion of the domain wall Ds.
Figure 5 shows that the domain wall can transit from the initial
state 0 to one of the two equivalent final states I or II through
the transient states 1, 2, 3, and 4. The nonzero transition rates
are equal to

Voi = V3, (19)

/
Vis) = Vil = Vamll = V35 = V41 = V3, (20)

where i = 1, 2, 3, 4. The nonzero elements of the transition
probability matrix calculated by Eq. (4) are equal to Ty; =
1/2, T;p = 1/4. After solving the system of Egs. (5) with
Pt =(1,0,0,0,0} we find

1 1
5y = T Pvisr +3Pvsr 0 v 21
Tiot Vé + 213

To calculate the rate of formation of the domain wall 7,
similar procedure is used. Figure 6 shows that the domain wall
can transit from the initial state O to the final state 3 through
the transient states 1 or 2. The nonzero transition rates are

224424-4



MAGNETIC PROPERTIES OF THE FINITE-LENGTH ...

PHYSICAL REVIEW B 100, 224424 (2019)

/\,\’1
A

T

=
oo
~

K
i
'
i
i

(b)

© v

|
I

Vivivivivivivivi

FIG. 4. A schematic view of a biatomic chain of type A consist-
ing of 2N = 20 magnetic moments. Dashed lines show the stable
positions of the domain wall in a strong-coupling approximation.
Solid lines show current positions of the domain wall. The following
processes are shown: (a) formation of the domain wall with the rate

of 71, (b) motion of the domain wall with the rate of 75, and (c) the
domain wall disappearance with the rate of 9, and motion of the

e
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FIG. 5. A schematic view of the domain wall motion in a strong-
coupling approximation: O is the initial state; 1, 2, 3, and 4 are the
transient states; I and II are the final states. Red arrows represent the
flipping magnetic moments.
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FIG. 6. A schematic view of formation of the domain wall in the
chain of type A in a strong-coupling approximation: 0 is the initial
state, 1 and 2 are the transient states, and 3 is the final state. Red
arrows show the flipping magnetic moments.
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equal to

/ /
Voi = Vi, Vin3=V], Visg=V,, (22)

where i = 1, 2. The nonzero elements of the transition proba-

bility matrix are equal to To; = vy/(v] + v3), Tio = 1/2. After

solving the system of Egs. (5) with P'™ = {1, 0, 0} we find
TlPvios + T Pvy s PAVR

]’j = = . 23
! Tiot Vi + V] 4+ V) 23)

Finally, let us calculate the rate of the domain wall disap-
pearance ¥, and the rate ;. The domain wall can transit from
the initial state O to one of two nonequivalent final states I or
II through the transient states 1, 2, 3, and 4 (see Fig. 7). The
nonzero transition rates are equal to

Vo1 = V03 = V3, Vo2 = Vgg = V2, 24
!
Vim0 = V350 = Vil = V31 = V3, (25)
! /
V20 = V40 = V|,  V2oql = V4T = Vs (26)

The nonzero elements of the transition probability matrix are
equal to To; = Toz = 1/2, Too = Tog = vi/(vi +v3), Tip =
Tso = a/2, and Ty = Tyo = (1 — a)/2, where a = v3/(v2 +
v3). After solving the system of Egs. (5) with Pt =
{1,0,0,0, 0} we find

1 1
- P u+ Py

Tiot
ARV
= ’ ’ 2/ 23 / AN (27)
v3(V] +v3) + V32 + vy + 1))
o T Pvis + T Pavasg
3 Ttot
v3Vi(v) + v5)
= . (28)

v (V] vp) + 42z + ]+ vp)

Now the problem of remagnetization of a biatomic chain is
reduced to the problem of remagnetization of a single-atomic
chain. In order to estimate the reversal time of magnetization
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FIG. 7. A schematic view of the domain wall disappearance and
motion of the domain wall near the end of a chain of type A in a
strong-coupling approximation: O is the initial state; 1, 2, 3, and 4 are
the transient states; and I and II are the final states, respectively. Red
arrows represent the flipping magnetic moments.

"8 Eq. (A7) should be used with the following replace-
ments: v{' — Dy, v — ¥y, vy, Vj — D3, V] — 5. Then

pstrong _ i{i(}\]_3+2‘:}_f)[1v_ M}

2a | 27, W 1—a

+ %[N(l —a)—2(1 —za)]}, (29)
1

where @ = 9/(9, + 7}). This equation has the same structure
as Eq. (Al).

Now we consider a spontaneous remagnetization of a
biatomic chain of type B. Figure 8 shows the positions of
the domain wall corresponding to the local minima of energy.
The rate 73 of the domain wall motion obviously does not
depend on the type of a biatomic chain. The value of 75 is
determined by Eq. (21). The calculation of the rates 7;, ¥,
and ¥} is similar to the case A. Here, only the final equations
are presented:

’ /

ViV Vv
~ ” 1v3 1V3
V1=V||: + :|

/ / / ’
Vit vyt

v3 (V) —v3)

-1
vl(v// _ U/)
X |:v1+vi’+v§’+V3+ L2 ,

v+ 4 vy + 4
(30
5 = v, Vi3 (V) + v5) 4+ i (V) + v5) 31
273 (v3 +V)F + VP ’
v3ViF
~7 3V3100 (32)

vy = ,
T (i V)R + B

Vi

I

I
I

(b) = Hk E ;
%vvvjé;?ﬁﬁ

E EERENERE ?)3,:[12'_\:(’\72
SAI LY
LULLSBH S

FIG. 8. A schematic view of the biatomic chain of type B con-
sisting of 2N = 20 magnetic moments. Dashed lines show the stable
positions of the domain wall in a strong-coupling approximation.
Solid lines show its current position. The following processes are
shown: (a) Formation of the domain wall with the rate of ¥,
(b) motion of the domain wall with the rate of 75, and (c) the domain
wall disappearance with the rate of 7, and motion of the domain wall
near the end of the chain with the rate of 7. Red arrows represent the
flipping magnetic moments.

where

Fi = (1 +v) 4+ v3)(v] + vy (v5 + v5)

— v3vi (V5 4 Vi) — vy (V) 4 v3), (33)

B = (v + V) 4 v)[v3(v] + v5) + 12 (1) 4 13)]
+ (v — Vé)(%z - Vlvz) + V£V3(vi + vé)
+ vV (V) +vj). (34)

To estimate the reversal time of magnetization 75" we need
to substitute the rates (30), (31), and (32) to Eq. (29) and to
replacement N by N — 1.

B. Interaction with STM

As shown in Ref. [37], the remagnetization of antiferro-
magnetic chains occurs due to the formation of a domain
wall at high voltages between the surface and the STM tip.
This regime of remagnetization is considered in the current
section. It is assumed that the magnetic moment of the atom
located under the STM tip immediately flips and cannot return
to its initial state. Then the reversal time of magnetization of
a biatomic chain (rgy) is also the reversal time of magne-
tization of all other atoms. The STM tip is assumed to be
located over the one of the edge atoms of a biatomic chain
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FIG. 9. A schematic view of the interaction between the STM
tip and biatomic chains of types A and B. Red arrows represent the
magnetic moment which flips as a result of this interaction.

[30]. The location of the STM tip and the magnetic moments
of the atoms at the initial moment of time are shown in Fig. 9.
A single domain-wall approximation and the assumption that
the domain wall is already formed at the initial moment of
time near the STM tip are applied. So in the framework of our
model the remagnetization of a biatomic chain always begins
from one end. Further solution of the problem is different in
the cases of a weak and a strong interaction between atomic
chains.

1. Weak-coupling approximation

In the case of a weak coupling between atomic chains it is
assumed that in the beginning only the first chain which inter-
acts with the STM tip is remagnetized. The remagnetization
of the second chain starts only when the remagnetization of
the first chain is finished. Therefore, the total reversal time of
magnetization is equal to the sum of the reversal times of the
magnetization of two atomic chains.

‘Cévf&k = tJSrTM +7_, 35)

where the value of 7_ is calculated by Eq. (12) or (16), for
the chains of type A or B, respectively. The reversal time
of magnetization 73™ does not depend on the type of the
chain (see Fig. 9). Its value can be determined by comparing
Egs. (Al), (A2), (A3), and (AS), in which uB should be
replaced by |J'|:

STM __ a—
BT M —a
WN-2)A—-a )+ (a- — O‘)SN—27 (36)
v3(l —a)(1 —a-)
where a=(1—-0b)/b, Sy=0-aV)/(1—-a), a_=

vy/(vy +v5), and b = v3/(v3 + vj).

2. Strong-coupling approximation

In the case of a strong interaction between the chains, the
calculations similar to those presented in Sec. III A should
be performed. The rate of motion of the domain wall along
the chain 75 is still determined by Eq. (21). The rates 7y,
Py, and ag for the free end of a biatomic chain are also not

- - - ST™M
changed. The rates D7™, 5™, and v’ = for the end of

the biatomic chain interacting with the STM tip should be
calculated. Then Eq. (29) will be generalized to the case of
chains with nonequivalent ends.

The calculation of the rates is completely analogous to the
one presented above. For chains of type A:

pi™ — 1 (37)
~STM VaVs
D = 38
2 V3 + (38)
~ STM V3V;
v/ = . 39
3 V3 + V4 (39)
For the chains of type B:
_STM viv3 (V) + V) + vy (v +v5)
! (V) + VW5 4+ v5) + v3(vy + Vi) + v (V] + 1)
(40
v, / / / ’ ! I
pS™ — F3[UZV3(UI + V) + (Vs + vl (41)
3
- V34
™M = 3?5(”3 + V() + v}), (42)
F3 = (v +v3) (v + v3)(v3 +v3)
+ v3v5 (V] 4+ v5) + vavj (v 4 vy). (43)

Now the problem is reduced to the problem of finding of
the reversal time of magnetization of a single-atomic chain.
However, we cannot use Eq. (29) because the rates of the
magnetic moment flipping are different at the different ends

f a bi ic chain (9 SSTM = pST™ g7z STy
of a biatomic chain (9; # 97", D # D3 U3 #v'3 ). The
derivation of equation for the reversal time of magnetization
of a single-atomic chain is similar to our previous calculations
[52,53]. Below we discuss only the basic steps of the deriva-
tion. If the chain consists of N atoms, then the domain wall can
occupy N + 1 positions, as it is shown in Fig. 1. The transition
rates are equal to

~STM ~ STM ~
Vo1 =Py, Viea=V3 , w1y =71, (44)
V3 =" =VUN_2-5N-1
=Vy, == Uy_2N—3 = U3, (45)
~STM ~/ ~
Viso =15 7, Un—ionN—2 =13, vyon—1 =T (46)

The transition probability matrix is found according to Eq. (4):

0 1-a™ o0 ... 0 0 0

1 0 12 ... 0 0 0

0 o™ 0 ... 0 0 0
r=|: S A BNC)

0 0 0 ... 0 1/2 0

0 0 0 ... 1)2 0

0 0 0 ... 0 1/2 0

where a = 9/(5; + ), aS™ = 03" /(5™ 4 03, Af-
ter solving the system of Eqs. (5) with /™" = §,, the reversal
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time of magnetization is found by Eq. (6)

N -3 1
strong __
TstM  — < 205 + ‘;/gTM> |:N
n a 1 1 n 1
l—a J,?TM v, aST™MST™

x [N(l—aSTM) —2(1—285™y 4 ¢

_ 2(1 - 2a):|

1—a

Note that there is no factor 1/2 in Eq. (48) because it is
assumed that the remagnetization always begins under the
STM tip. This assumption is true if Tgpye < T8, We
should replace N by N — 1 in Eq. (48) for a biatomic chain
of type B.

C. Ferromagnetic chains in the external magnetic field

In this section, we consider the remagnetization of bi-
atomic chains under the external magnetic field B applied
along the easy axis of magnetization e. We focus on the most
physically important case of the ferromagnetic chains (J, J' >
0). As it can be seen from Refs. [18,19], a strong-coupling
approximation (J &~ J') is more applicable for ferromagnetic
chains. Here we consider only this approximation [61].

Following Ref. [52], we assume that the magnetic moments
of all of the atoms are directed up at the initial moment of
time, and B = Be, where B run positive and negative values.
Instead of eight rates vy, vy, v{, va, V5, V5, v3, v} used above,
the following 16 rates will be necessary: vi4, vi,, Vi, Va4,
Viy, V5., V34, V5. Note that if the domain wall is in the
position i = 0 (see Fig. 1) at the initial moment of time, and
all of the magnetic moments are directed up, then the index
“+” corresponds to the motion of the domain wall to the right
(i — i+ 1), and the index “—” corresponds to the motion of
the domain wall to the lefti — i — 1.

First in a strong-coupling approximation the rates ¥4, V4,
P34, and 4, should be calculated. The rates ¥3. which do
not depend on the type of a biatomic chain will be calculated
further. The domain wall can transit from the initial state O to
the final states I or II through the transient states 1, 2, 3, and
4 (see Fig. 5). However, now the rates of the motion of the
domain wall to the right and to the left are different from each
other. Instead of Egs. (19) and (20) we find

Vo1 = Vo3 = V34, Vo2 = Vo = 13—,  (49)
I

V20 = V40 = Vi1 = V31 = V3, (50)
/

V150 = V350 = V21l = V41l = V3_. (5D

The nonzero elements of the transition probability matrix
calculated by Eq. (4) are equal to Ty; =Tozs = 1 — b, Tpp =
Toa =, Tig = Tso = b/2, Thg = Tyo = (1 — b)/2, where b =
V3 /(v34 +v3-)and b’ = v3, /(v + v;_). After solving the

system of Egs. (5) with pinit — {1,0,0,0, 0}, we find

1 1
T, Pivisr + 13 P3vig

D3 =
Ttot

B PAVERVS
Vs, + V) +2(v3y +v32)’

(52)

1 1
T, Pvan + 1, Pavan

D3 =
Tiot

/
PAVER VS

= — - . (53)
(V3 +v32) + 234 +v3-)

We note the following. First, if B is replaced by —B, then
Eq. (52) turns to (53). Second, if B — 0, then Egs. (52) and
(53) tend to (21).

The rates 714, 9,1, and D}, can be calculated in the same
way. For a biatomic chain of type A we find

- 2v1i\/
Pp=—""1— (54)
Vie + Vg TV
Vot
_ 202405, (Vi + v32)
203 (0 + V) + e+ Vi) 202 + v, + 1)
(55)
s

B 203V (Vg + v52)
232 (V] + Vo) + (Vi + V) Quag + v +v5)
(56)

For the biatomic chain of type B we find

! I
Vi V34 Vi1V
~ " 1+ 3+ /" "
Vix = V1i|: ; ; ; ; :||:Vli+v]i+1)2q:+v3i
Vig T Vi Yy t V3
" / " / -1
l)3:l:(‘)1i - V3:F) l)I:l:(‘)li - Vz:F) 57
Vi 4+l v+ vl ’ 7
1+ 3T 27 T V3t
~ " / /
Dot = vy, (V34 +V3g)
/ ! ! ’ / ’
vy V3 (VL +v30) + vor vy, (Vo + Vi) (58)
9
Quag +vi, +vioFs + (0, + v )by
iy 2u34v5, Fiy (59)
v =
3+ )
(Quss +vi, + Vi )F: + (vig +vi)bs
where

Fie = (i + iz +v32) (0] + 030 (05 +v3y)

— V3V (Vo +V5y) — vievy (Vi +v3p),  (60)

Fri = (V) — Vi) (V36V33 — Visbg)
+ (vi+ + vé/; + vz Vs (v, + vé;)
+ o (Vyr +13y)]
+ vy viz (Vg + Vi) + v vio (v +v3y). (61)

Using the found rates, we calculate the reversal time of
magnetization of a biatomic ferromagnetic chain under the
external magnetic field. Now the problem is reduced to the
estimation of the reversal time of magnetization of the single-
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atomic chain shown in Fig. 1. The transition rates are the
following:

Vo1 = D1y Vim2 = V3g, Unoion = Dot (62)
Va3 == Uy_aN—| = D3y, (63)

Vino = Do, Un—1onN—2 =D, Unon—1=Di—, (64)
Vo | == VUN_2N—3 = D3_. (65)

According to Eq. (4) we find the transition probability matrix

0 1-d, 0 ... 0 0 0

1 0 1-b ... 0 0 0

0 al, 0 ... 0 0 0
r={: o i | e

0 0 0 0 1—-b O

0 0 0 b 0 a_

0 0 0 0 b 0
where a’+=f)§+/(\72_+f)§+), a_=7,_/(Vx +7;_), and

b = V34 /(D3- + D34). After solving the system of Egs. (5)
with P/™" = §;, we find the reversal time of the magnetization
by Eq. (6)

strong 1 a (N=2)(1-d_ )+(d_ —a)Sy-
g B)=s——=15— -
20—a )| 7 (1 — )
Sy — (@_ +ad )Sy_3 +ad,a_Sy_4
1‘31+a’+
11 ,
+ | —— Jd—-)[l —(a_ —a)Sy-3]y,
Vip V34

(67)

where o = (1 — b)/b, Sy = (1 — a™)/(1 — «). Equation (67)
is valid for biatomic chains of type A. It is necessary replace
N by N — 1 for chains of type B. Equation (67) has the same
structure as Eq. (A5) and tends to Eq. (29) in the limit of
B — 0.

Equation (67) can be used to study the magnetodynamic
properties of biatomic chains at the temperatures below T .
If the magnetic field B is a function of time B = B(t), then
the rates of remagnetization of biatomic chains vy | (t) =
1/t3 " [B(t)] and v)_1(¢) = 1/t "¥[—B(t)] are also func-
tions of time. The probability to find a biatomic chain in the
state where the magnetic moments of all of the atoms are
directed up can be found from the master equation

dPy

dt

where Py + P, =1 [62]. If the magnetization of a biatomic
chain is measured in arbitrary units M € [—1, 1], then M =
Py — P,. And we find from the master equation (68) the
following equation for the magnetization of a biatomic chain:

dM(t)
dt
where %l = —v4, | — v, 4 and B =v 4 — vy . Equa-
tion (69) together with the initial condition M (0) = M, is the
Cauchy problem, which can be easily solved numerically.

V>4 —PTV¢—>¢’ (68)

=AM @) + B(@), (69)

D. Numerical estimates

In order to demonstrate the applicability of our method,
let us consider the numerical estimates for two physical
systems. The first system is the antiferromagnetic Fe chains
on Cu;N/Cu(001) surface. According to the experimental
study [30], the exchange energies of Fe atoms are J = 1.3 &+
0.1 meV and J' = 0.03 = 0.02 meV. In three-atomic chain
MAE varies from 2.1 £0.1 meV for the edge atoms to
3.6 0.1 meV for the central atom [29]. For the numeri-
cal estimates the following parameters of the Hamiltonian
J=13meV,J =0.03 meV, K =3 meV are chosen. Short
chains consisting of 2N = 20 atoms are considered. Note that
with this choice of parameters J/J' &~ 43 and J/(NJ') ~ 4.3.
Thus, a weak-coupling approximation should work well. The
critical temperature 7¢ for a single-atomic chain is estimated
by the means of the kMC method [43]. We found that T¢
decreases monotonically with increasing of the chain length
from 101 KatN =10to 6 = 1 K at N = 100. Obviously,
the critical temperature of a biatomic chain is higher than 7¢ of
a single-atomic chain. The most of numerical estimations will
be performed at the temperature 7 = 4 K. The Fe biatomic
chains are definitely in the antiferromagnetic state at this
temperature. By varying the parameters of the Hamiltonian
(1), the applicability limits of the method will be found.

Figure 10 shows the dependencies of the reversal time of
magnetization in the cases of spontaneous remagnetization
7 and remagnetization under the interaction with the STM
tip tstm- Solid and dashed lines correspond to a weak and
a strong approximation, respectively. The points show the
results of the kMC simulations [63]. The upper and the
lower plots correspond to the biatomic chains of types A
and B, respectively. The estimates of t%* and T3 are
in excellent agreement with the results of the kMC simu-
lation at low exchange energies J' < J. A weak-coupling
approximation works well up to the value of J' ~ J/N =
0.13 meV. A strong-coupling approximation works well at
J' =~ J. Figure 10 shows that a strong-coupling approximation
remains valid as J’ decreases down to the value of J/InN =
0.56 meV. Both of the approximations are not very accurate in
the intermediate range of J/N < J' < J/InN. However, the

function min [7$5y;, r(sstrTO]\];[g)] can be used as the upper limit

of the reversal time of magnetization tstym). Note that the
reversal time of magnetization in the case of spontaneous
remagnetization is a monotonically increasing function of J’
and it is slightly different for the chains of types A and B.
At the same time, the reversal time of magnetization Tsmv
is a nonmonotonic function. The functions tspv(J') differ
significantly from each other, especially at large J'. In the
case of a biatomic chain of type B, the dependence tstm(J")
has one local minimum. In the case of a biatomic chain of

type A, it has two local minima and one local maximum.

It is important to note that the function min [r(vsvfﬁ\lj[), I(SS"TO;,Ig)

qualitatively describes the behavior of the function tgrm(J’)
at all values of J' [64].

The dependence of the reversal times of the magnetization
7 and sty on the MAE in the range of K € [1, 10] meV is
shown in Fig. 11. The upper plot corresponds to the case of a
weak coupling between the atomic chains J = 1.3 meV and
J' =0.03 meV, and the lower plot corresponds to the case
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FIG. 10. Dependencies of the reversal time of magnetization on
the exchange energy J' € [0.01, 1.5] meV. The other parameters of
the Heisenberg Hamiltonian are the following: J = 1.3 meV, K =
3meV, T = 4K, and 2N = 20. The reversal times of magnetization
averaged over 10000 kMC simulations are shown with points. Solid
(dashed) lines correspond to the approximation of a weak (strong)
coupling between the chains.

of a strong coupling J = J' = 1.3 meV. These dependencies
have a very simple form In 7(stm) ~ K. The reversal times of
magnetization of biatomic chains of different types are similar
in the case of a weak coupling between atomic chains. But the
reversal times of magnetization gty differ by three orders of
magnitude in the case of a strong coupling between atomic
chains. As it can be seen from Fig. 11, the reversal times
of magnetization calculated by analytical formulas perfectly
agree with the results of the kMC simulations. Note that the
conditions of applicability of the single-domain approxima-
tion K(2N) — 2(J +J') 2 kgT (for the chain of type A) and
K(Q2N) —2max(J,J") 2 kgT (for the chain of type B) are
satisfied at K > 1 meV.

The dependencies of the reversal times of magnetization
T and tsTMm on the length of a biatomic chain N are shown
in Fig. 12. The total number of atoms in a biatomic chain is
2N. The upper and the lower plots correspond to the biatomic
chains of types A and B, respectively. The results obtained in
the framework of a weak-coupling approximation agree well
with the results of the kMC simulations at N < J/J' =~ 43.
With a further increase of N, a weak-coupling approxima-
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210"
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o lOmi'
E :r
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r
210k
r
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2 F
107 |
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10-5=|.|.|.|.|.|.|.|.
1 2 3 4 5 6 7 8 9 10

Magnetic anisotropy energy, meV

FIG. 11. Dependencies of the reversal time of magnetization on
the MAE K € [1, 10] meV. The other parameters of the Heisenberg
Hamiltonian are the following: J = 1.3 meV, J’ = 0.03 meV (upper
plot), J' = 1.3 meV (lower plot), T = 4 K, and 2N = 20. The rever-
sal times of magnetization averaged over 10000 kMC simulations
are shown with points. Solid and dashed lines correspond to the
approximation of a weak (upper plot) and a strong (lower plot)
coupling between the chains.

tion leads to a high overestimation of the reversal times of
magnetization. Indeed, t(‘g%ﬁ) ~ eV when N > J/J', while the
kMC simulations lead to a linear relationship tstm) ~ N.
A strong-coupling approximation also does not work in this
range of the parameters because the condition J'InN 2 J is

obviously not satisfied. However, r:S"To;,lg) ~ N ~ tstw). Thus,
the estimation 7 gr\& can be used as the upper limit on the

. st ..
value of 7(srm). For example, the estimate of g7y, " is in a good

agreement with the results of the kMC simulations already at
N ~ 100 in the case of a biatomic chain of type A.

Let us consider a hypothetical biatomic chain with a strong
coupling between atomic chains J =J' = 1.3 meV. The de-
pendencies of the reversal times of magnetization 7 and tgmv
on the length of the chain N are presented in Fig. 13. The
dependencies tstm) (V) are close to the linear [tstm) ~ N]
for N ~ 100. The times t are almost the same for biatomic
chains of types A and B. At the same time, the values of
TsTvm in the case of chains of type A are several orders lower
than those in the case of chains of type B. This is due to
the fact that the atom interacting with the STM tip is more
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FIG. 12. Dependencies of the reversal time of magnetization on
the number of atoms in each of the atomic chains N € [5, 100]. The
total number of atoms in a biatomic chain is 2N. The other parame-
ters of the Heisenberg Hamiltonian are the following: / = 1.3 meV,
J' =0.03 meV, K =3 meV, and T =4 K. The reversal times of
magnetization averaged over 10000 kMC simulations are shown
with points. Solid (dashed) lines correspond to the approximation
of a weak (strong) coupling between chains.

strongly coupled with a chain in the case A than in the case
B. The reversal times of magnetization calculated in a strong-
coupling approximation are in excellent agreement with the
results of the kMC simulations.

Figure 14 shows temperature dependence of the reversal
times of magnetization T and tspv. The upper plot corre-
sponds to a biatomic chain with a weak coupling between
the atomic chains J/J' ~ 43. The lower plot corresponds to
a hypothetical biatomic chain with a strong coupling J' = J.
We see that in the both cases the values of (st calculated by
analytical formulas are in excellent agreement with the results
of the kMC simulations. Here it is necessary to make two
important notes. First, let us discuss the value of the maximum
temperature T, till which a single-domain approximation
remains valid. The average time of formation of the domain
wall 7, and the average time of random walk of the domain
wall 7y, can be estimated [52]. The temperature Ty« can be
found as a solution of the equation 7, = 7y,. This equation
can be written in the form (A4). However, in the case of short
atomic chains N < 100 the simultaneous appearance of two or
more domain walls actually means transition to paramagnetic

3
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FIG. 13. Dependencies of the reversal time of magnetization on
the number of atoms in each of the atomic chains N € [5, 100].
The total number of atoms in the biatomic chain is 2N. The other
parameters of the Heisenberg Hamiltonian are the following: J =
J =13 meV, K =3 meV, and T =4 K. The reversal times of
the magnetization averaged over 10 000 kMC simulations are shown
with points. Solid and dashed lines correspond to the approximation
of a strong coupling between the chains.

phase. Thus, the proposed method for estimating of the rever-
sal time of magnetization of biatomic chains leads to adequate
results almost up to critical temperature T, ~ T¢. Second,
the calculation time needed for the kMC simulations grows
exponentially with the decrease of temperature. Therefore, the
calculation of the values of gy and t at low temperatures by
the means of the kMC method is almost impossible. In this
case, the proposed method seems to be the only possible op-
portunity for estimating of the reversal time of magnetization.

The second system under the consideration is Co biatomic
chains on Pt (997) surface. According to Refs [11,19] the
exchange energies are J ~ J' ~ 7.5 meV, the MAE is K =
0.33 +0.04 meV for biatomic Co chain. The magnetic mo-
ment of Co atom p is the sum of the spin magnetic moment
s ~ 2.08up and the orbital magnetic moment p; =~ 0.37ug,
where 1 is the Bohr magneton. For the numerical estimates,
we choose the following parameters of the Hamiltonian: J =
J'=7.5 meV, K =0.34 meV, and u = 2.4up. In order to
prevent the simultaneous flipping of magnetic moments of the
atoms (the superparamagnetic regime) the following inequal-
ities must be satisfied: KN — 2J 2 kgT for a single-atomic
chain, K(2N) — 2(J +J’) 2 kgT for a biatomic chain of type
A, and K(2N) — 2max(J, J') 2 kgT for a biatomic chain of
type B. For single-atomic chains at the temperature range of
30-70 K, this condition is satisfied for chains longer than
70 atoms. Further, we consider biatomic chains consisting of
2N = 200 atoms, which are definitely ferromagnetic. We will
see later that the critical temperature of such biatomic chains
is approximately 70 K.

Equation (67) for the reversal time of magnetization of
a chain 7, under the external magnetic field will not
be discussed separately. Instead, we proceed to calculation
of magnetization curves M(B). We need to solve Eq. (69)
numerically. It is obvious that the obtained magnetization
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FIG. 14. Dependencies of the reversal time of magnetization on
temperature 7' € [0, 10] K. The other parameters of the Heisenberg
Hamiltonian are the following: J = 1.3 meV, J’ = 0.03 meV (upper
plot), J/ = 1.3 meV (lower plot), K =3 meV, and 2N = 20. The
reversal times of magnetization averaged over 10000 kMC simula-
tions are shown with points. Solid and dashed lines correspond to
the approximation of a weak (upper plot) and strong a (lower plot)
coupling between chains.

curves will agree with the results of the kMC simulations only
if Eq. (67) gives a correct estimate of 7z under any external
magnetic field B. Following Ref. [45] we start from a strong
field By = —5 T. The field strength increases by an increment
0.001 T gradually to 5 T. Then the field decreases back to By,
so that a sweeping cycle is complete. We consider that the
magnitude of the sweeping rate of the external magnetic field
|dB/dt| is 130 T/s. The results of the kMC simulations are
averaged over 1000 cycles.

Figure 15 shows the magnetization curves of biatomic Co
chain of type A at three different temperatures: 40 K, 60 K,
and 80 K. If temperature increases from 40 K to 60 K, then
the coercive field B¢ of the chain drops almost to zero, but
the chain remains ferromagnetic. It is clearly seen from the
almost constant slope of the hysteresis loop obtained by the
means of the kMC method. If the temperature increases to
80 K, then the angle of the slope decreases significantly, which
corresponds to the transition of the chain to paramagnetic
state. Thus, we can roughly estimate the critical tempera-
ture of a biatomic chain as 7o = 70 & 10 K [65]. The solid

1.0 H

o
n

Magnetization, a.u.
o
(e

-1.0 -0.5 0.0 0.5 1.0

External magnetic field, T

FIG. 15. Magnetization response to the external magnetic field
for a biatomic chain of type A consisting of 2N = 200 atoms at
three temperatures: 40 K, 60 K, and 80 K. The parameters of the
Heisenberg Hamiltonian are the following: / =J' = 7.5 meV, K =
0.34 meV, and u = 2.4 . Magnetization curves averaged over 1000
cycles of the kMC simulations are shown with points. Solid lines
correspond to the solutions of Eq. (69).

curves in Figure 15 show the magnetization curves obtained
by solving Eq. (69). We see that the agreement with the
results of the kMC simulations is very good at 40 K. But the
magnetization curve is slightly different from the results of
the kMC simulations at 60 K. In our opinion, such agreement
is quite satisfactory. The magnetization curves obtained in
the single-domain approximation become more narrow, but
do not change their slope with increasing temperature. A
single-domain approximation gives inadequate results if the
temperature approaches to the critical one.

Figure 16 shows the temperature dependence of the coer-
cive field of a biatomic chain at T < T¢. The coercive field
of biatomic chains of types A and B slightly differ from each
other (the difference is less than 10%) because the chains are
quite long (2N = 200). A single-domain approximation leads
to the overestimation of the coercive fields: less than 5% at
the temperatures of 7 < 40 K, 16% at 50 K, 76% at 60 K,
more than twice at T > 65 K. If the agreement within 20%
is considered to be satisfactory, then we can conclude that a
single-domain approximation agrees well with the results of
the KMC simulations at T < Tax &~ 0.7T¢. This conclusion is
in good agreement with the estimation of 7Tj,,x obtained using
Eq. (A4) [52].

Let us discuss the applicability limits of a strong-coupling
approximation. Figure 17 shows the dependence of the co-
ercive field on the exchange energy J'. The condition of
applicability of a strong-coupling approximation remains the
same as in the case of B =0 (J' 2 J/In N) because up|Bo| =
0.29 meV and up|By| < J,J'. We see that the coercive field
obtained in the framework of a strong-coupling approximation
differs from the results of the kMC simulations by less than
5% atJ > 4.5meV ~25)/InN.IfJ'=2meV ~ J'/InN,
then the results differ by about 20%. Thus, we can conclude
that a strong-coupling approximation can be used to obtain
qualitative results at J* = J/In N, as well as in the absence of
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Coercive field, T

30 35 40 45 50 55 60 65 70
Temperature, K

FIG. 16. Temperature dependence of the coercive field B¢ for bi-
atomic chains of 2N = 200 atoms. The parameters of the Heisenberg
Hamiltonian are the following: J =J' = 7.5 meV, K = 0.34 meV,
= 2.4up. Results of the kMC simulations averaged over 1000
cycles are shown with points. Solid and dashed lines correspond to
the solutions of Eq. (69) for the chains of types A and B, respectively.

an external magnetic field. Note that the estimation obtained
in a strong-coupling approximation is the upper limit of the
value of the coercive field at any J'.

The MAE of Co atoms on Pt(997) surface varies from
0.13 meV/atom for a monolayer to 2.0 meV for a single
adatom [11]. We found that the coercive field of the biatomic
chain remains almost constant (1.14 T and 1.11 T for the
chains of types A and B, respectively) if the MAE varies
in this range. These results are in a good agreement with
the kMC simulations. Finally, the size effect in the range
of N € [60, 200] atoms was investigated. We found that the
coercive field increases by about 2% with an increase in the

25
—— B_(A), ® KMC,
(L7 Be®), w ke
S
s |
s |
=
(] L
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2
Q i [
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1 2 3 04 5 6780910

Exchange energy J', meV

FIG. 17. Dependencies of the coercive field B¢ on the exchange
energy J' € [1, 10] meV. The other parameters of the Heisenberg
Hamiltonian are the following: J = 7.5 meV, K = 0.34 meV, u =
2.4up, and 2N = 200. Results of the kMC simulations averaged over
1000 cycles are shown with points. Solid and dashed lines correspond
to the solutions of Eq. (69) for chains of types A and B, respectively.

length of a biatomic chain in this range. These results are also
in a good agreement with the results of the kMC simulations.

IV. CONCLUSION

We have considered the remagnetization of the biatomic
chains in the framework of the Heisenberg model with uni-
axial magnetic anisotropy and a single domain-wall approx-
imation. In a general case a calculation of the reversal time
of magnetization of biatomic chains is quite a difficult task.
Therefore, we considered two limiting cases: a weak and a
strong coupling between atomic chains. In the both cases,
the problem of remagnetization of biatomic chains is reduced
to the problem of remagnetization of single-atomic chains.
Equations for estimation the reversal times of magnetization
of biatomic chains in three different cases have been derived:
(i) the spontaneous remagnetization, (ii) the remagnetization
under the interaction with the STM tip, and (iii) the remag-
netization under the external magnetic field parallel to the
easy axis of magnetization. The first two cases relate to both
ferromagnetic and antiferromagnetic chains. The third case
relates to ferromagnetic chains. For these chains, we also
developed a method for calculation of magnetization curves
and the coercive field.

Let us summarize the applicability limits of the method.
The thickness of the domain wall can be neglected if
J/2KN? « 1. A single domain-wall approximation is valid
in a wide range of temperatures from the very low quan-
tum tunneling temperature 7ot to the maximal temperature
Tax < Tc. The numerical estimations show that in practically
important cases the maximal temperature Tp,,x is higher than
0.7T¢. In order to eliminate the superparamagnetic regime, the
following conditions must be satisfied: K(2N) —2(J +J') 2=
kgT for chains of type A and K(2N) —2max(J,J") 2 kgT
for chains of type B. The approximation of a weak coupling
between atomic chains is valid if J'N <J, and a strong-
coupling approximation is valid if J'In N 2= J. In the middle
range J'InN < J < J'N, both approximations do not give

quantitative agreement with the results of the kMC simulation.

. . ; st . .
However, the function min [t ¢ r:SrTo;,ﬁ] can be used in this

(STM)>
range both to estimate the upper value of 7(stm) and for a
qualitative explanation of the behavior of the t(stm)(J’) and
7(st™) (V) dependencies.

It is necessary to underline that the presented analytical
method is incomparably less time-consuming than the usual
kMC simulations, especially in the cases of low temperatures
or long chains. Therefore, the proposed method can be a
useful tool for analyzing of magnetic properties of a wide
class of biatomic chains.
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APPENDIX A: REMAGNETIZATION OF
SINGLE-ATOMIC CHAINS

Here we summarize the main results of the previous inves-
tigations [52,53]. We use the same notations of the rates as in
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the Sec. III. Note that these notations differ from the original
ones. If B =0, then the reversal time of magnetization of
ferromagnetic or antiferromagnetic single-atomic chain can
be obtained as (see also Fig. 1)

1 a(N—l)
r=—{—(— )|~
2a | vf 2

1
+ 7[N(1 —a)—2(1 - 2a)]},
1
where a = v5 /(v] + v5).

If the first atom of the chain interacts with the STM tip,
then the reversal time of magnetization is equal to

1 (N—l>|: 2(1—2a)]
TSTMZT _— N——|.
vy 2 1—a

The values of T and tg7) are related as follows:

r = l{rsm + L”[N(l —a)—2(1 - 2a)]}- (A3)
2 av;

The obtained equation is applicable under the conditions: (i)
KN —2J 2 kgT and (ii) T < Tiax, Where temperature Tiax
can be found from the equation
" " " " " 2
O+ vy v +v3) (]EV B 1) . (Ad)
If B # 0, then the reversal time of magnetization of ferro-
magnetic chain (J > 0) is equal to

2 —2a):|

1—a

(A)

(A2)

1
B)y=——
75(B) 21—a)
|:a_ N=2)d—a_)+ (a_ —a)Sy_»
" + "
vy vy (1 —a)
Sy—2 —(a- + OlaJ;)SN—s + Ola+6151v4]’ (AS)
Vi d+
where o =((1—-b)/b, Sy=0-0)/0—-0a), ay=
vy /(v 4y, as =i /vy + i), and b=

Vi /(i 4 i),
If the MAE K’ and the exchange energy J' of the edge
atoms are different from K and J of all other atoms, then

[ Noo o b (Lo D) Iv- 2| e
Toy=|—+——+— - ,
ST™ 2vf 1=b\v; 1—a

U, 1 b ,
7= — TsTM"‘Em[N(I_a)_ZC] ’ (AT)

2

where a’ = vi/(V; +V]),b=v/(va + V), c =3 — % —2d.

APPENDIX B: ESTIMATION OF THE THICKNESS OF
A DOMAIN WALL

Let the atoms placed along the x axis, z axis is the easy axis
of magnetization, and 6; = 6(x;) is the angle between s; and
the z axis. Then the components of s; are (s;), =0, (s;), =
s;sin 6;, (s;); = s; cos 6;. For simplicity we consider the case
of B = 0. Then the magnetic energy of infinite single-atomic
chain is the following:

E=—> Jjcos(t —0;)—KY cos’6.  (Bl)

i>j i

To get a rough estimation of the thickness of the domain
wall, the index i should be replaced with a dimensionless
variable ¥ = x;/a, where a is the nearest-neighbor distance.
Then 6,11 ~ 6; + [dO(X)/dX]. And we can present the energy
(B2) in the following form:

© | J/do\> N
E[0]1~ Ey + (=) +Ksin®0 |dx, (B2)
oo | 2\ dX

where Ej = const. Varying this functional we get the follow-
ing equation:

d>o )

J| — ) — 2K sinfOcosf = 0. (B3)
dx?

The solution of this equation with boundary conditions

0(—o0) =m, 6(o0) =0, (df/dx)(£o0) =0 is well known

[67],
6 = arccos |:tanh (,/ 27K~>:| (B4)

So the thickness of the domain wall is 6N ~ /J/2K
atoms.

The thickness of the domain wall can be neglected if
SN <« N. This inequality can be written as J/2KN? <« 1. Let
us check this inequality for the physical systems discussed in
Sec. III D. The first system is antiferromagnetic Fe chains on
Cu,N/Cu(001) surface. The parameters of the Hamiltonian
are J = 1.3 meV, K =3 meV, and N = 10. Thus, J/2KN2 x
0.002 « 1. The second system is ferromagnetic Co chains
on Pt (997) surface. The parameters of the Hamiltonian are
J =7.5meV,K = 0.34meV, and N = 100. Thus, J/2KN? ~
0.001 « 1. We see that in both cases the thickness of the
domain wall can be neglected.
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