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Vortex behavior near a spin vacancy in two-dimensionalXY magnets
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The dynamical behavior of anisotropic two-dimensional Heisenberg models is still a matter of controversy.
In order to contribute to this discussion we use Monte Carlo and spin dynamics simulations as well as
analytical calculations to study the behavior of vortices in the presence of nonmagnetic impurities. Our simu-
lations show that vortices are attracted and trapped by the impurities. Using this result we show that if we
suppose that vortices are not very much disturbed by the presence of the impurities, then they work as an
attractive potential to the vortices explaining the observed behavior in our simulations.
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The anisotropic Heisenberg mod@HM) in two dimen- The main task of this paper is to consider the dynamical
sions has received a lot of attention recently. This is becauseffects caused by impurities on topological defects. In this
of the fact that a large variety of models may be mapped irwork we will consider the classical two-dimensional mag-
the AHM. It is an interesting model because it can supporfetic (XY) model, which is a special case of the anisotropic
topological excitations, such as solitons and vortices, whictiHeisenberg model, described oyH=—J=,, ,(SkS;
are present in several important phenomena. Topological det S,,S}). HereJ is a coupling constan§® (a=x,y,z) are
fects are present in condensed matter systems such as supg@e components of the classical spin vecser (S%,,59),
conductors, liquid crystals, superfluids, magnetic materialsand the summation is over nearest neighbors in a square
and several others. The knowledge of how such structureattice. The spin field can be parametrized in terms of spheri-
behave is essential for technological applications and an imey| angles asS=(cosf#cose,cosdsin¢,sind), where we

portant condition fo.r the under_standlng of many phy.s'caltrook |§T=1. The continuum version of th&Y Hamiltonian
guestions. Of great importance is the dynamical behavior o

; - : . can be written as
vortices in ordered structures. Knowing how vortices are

pinned in superconductors is essential for applications such 3

as magnetic levitation, improving magnetic resonance imag- - _f d2r
ing devised for medical diagnosis, and many others. Topo- 2
logical defects can be the signature left behind by the cos- . ) _ _
mological phase transitions, which occur while the universgVhérem=siné anda is the lattice constant. The spin dy-
expands and cools. In addition to all of that, the study of thenramics is given by the equations of motian= éh/é¢, ¢
dynamics of the AHM model is interesting by itself. There = — éh/ém, whereh is the Hamiltonian density from Eq.
are several questions that have not yet been addressed ab6lt The introduction of nonmagnetic impurities modify the
the model. For example, the origin of the central peak in thédamiltonian in the following way:'°As the model considers
dynamical structure factor observed in experiments an®nly spin interactions up to nearest neighbors, to take into
simulations is the source of several controversial interpretaaccount the presence of a nonmagnetic impurity we intro-
tions. In fact, there is so far no theory that can fully explainduce a circular hole with radius of the order of the lattice
the central peaks observed in simulations and experiments. $pacing, inside of which the Hamiltonian density vanishes.
qualitative agreement is achieved by a phenomenologicalhe Hamiltonian(1) become$

vortex gas theory, but one of its assumptions, namely, ballis-

2 2
T -y v it @

tic vortex motiont is questionablé® Simulations have I, | MA(Vm)? ) N
shown that a free vortex almost never travels more than oneH=7 | 4| — = 5=+ (1=m) (V)™ —m7 U (D),
lattice spacind:® Of course, the existence of some kind of )

impurity in the system may affect the vortex motion and

possibly the dynamical correlation function. For examplewith U(F)=1 if |[F—Fo|=a andU(F)=0 if |F—Fy|<a, fora
solitons near a nonmagnetic impurity in 2D antiferromagnetsionmagnetic impurity af,. Early works''® have found a
cause observable effects in EPR experiméntsattice de-  repulsive force between the vortex and the nonmagnetic va-
fects such as impurities and dislocations play a crucial role irtancy. The principal ingredient in the calculations was to
disrupting order in solids. suppose that the spin vacancy causes a small but global de-
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FIG. 2. Configuration after 70 time steps.

FIG. 1. Atypical initial configuration. The square represents the

spinless site.
. steps. We notice that after 150 time steps the position of the
formatllon on the vortex structure. Howeyer, aIt.hough the 35{ortex center reaches the equilibrium with its center at the
sumption .Of vortex deformgtlo_n near the 'mW”W SEEMS 1A inless site. The key point here is the property of nondefor-
sonable, it needs a convincing demonstration. We dlscusnsfation of thé vortex configuration
this question by means of numeri_cql simulations, W.h'Ch.W'" The attractive potential could élso be obtained from our
be used not only to chgck the_vahdlty of the apprpx'm""t'or]stheoretical model Hamiltoniaf) by assuming that the vor-
ﬂg;‘g’ct;;t zlgoma; d2 ?#Iges';g://vzusv?/edﬁgv%n V;?;grma:dsusm%éx configuration is not deformed due to the presence of an
dvnamical simulations on B= 20 351 Lare Iatticg o observep impurity. Substituting both the nondeformed, static, and pla-
yn . ; <0 sq nar vortex solutionpy=arctanf/x) located at the origin and
the behavior of a single vortex initially located at the centera nonmagnetic impurity placed at the sitgin Hamiltonian

of the system, in the presence of a spin vacancy located tw&) we obtain
sites away from the center of the system. In order to intro-
duce a single vortex into the system, we have imposed di-

agonally antiperiodic boundary conditidhs 3
H.zéf (Vo) °U(F)d?x

§L+1,y: - é1,L7y+11 §Oy: 7§L,L7y+1-

N - N . J N

SiL+1™ ~SLox+1,10 Sx0= ~SL-x+1L (3 _Z[J (V po)?d?x— J'A(,»)(quO)sz(rO)}’ (6)

0.

for all 1=<x,y<L. The discrete equation of motion for each

spin is?

P whereA(r,) is the area of the hole with radiasaround the
point fy that represents the spinless site. The integrals are

dS, - - _ )
d—Stm =SnXHet, (4)  easily calculated leading to
where wf 7 7 7
PVl //////’——_._._,\\\\\\\
N <A ya //////////—'————\\\\\\\
Her=—32 (St Stey) ® N N Sttt NN
-~ NN N
77777522222 TIIINNY
A A . . . . ~ P g .
and &, and &, are unit vectors in the andy directions, VA A fj«', ,_,:::::\ NN
respectively. The equations of motion were integrated nu- 1’ { { ; j 1 7T m~NNN N ;‘ :‘ :
merically forward in time using a vectorized fourth-order | t t {  f f ¢t A { ."\ NV N L
Runge-Kutta scheme with a time step of Q104. The initial \\ Q \\ { \' \f \f Q Q“: ~— ) ,’ ) ) ,‘ } ,‘ ,‘
structure is shown in Fig. 1. NENE N \\:::;; AR
In contrast to the analytical results presented in Ref. 9,the | N N N N NN NN NN~ _ 7 ,f 5 5 }/ 5
. . SEN NN NN N NN N e |
simulation results show that the vortex structure does Not’[ < ~ s\~ = ~ ~~———_T ; LSS S
change appreciably near the spin vacancy. The vortex cente | ™ : : NN N S S ,‘: ,‘: ,‘; ﬁ
moves toward the spinless site, indicating an effective attrac- :: -~ :: ST T T T e
. I‘—*—”‘/I -~ S /‘
5 10 15 20

tive potential of interaction between the vortex and the va- o}
cancy, as shown in Figs. 2 and 3. In Fig. 2 we show the
configuration after 70 time steps and Fig. 3 after 150 time FIG. 3. Configuration after 150 time steps.
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FIG. 4. Pinning energ¥(0)/J for many sized_ of a square

lattice. This energy tends t6 3.54 J ad. tends to infinity. numerical results in a discrete lattice. Then, using the con-

tinuum approach, we modify E@8) to get a complete func-

J a? tion Veu(ro), introducing a small constafitas follows:
Ei=E,+—-In[ 1- >, 7)
2 rs
mJ a®
whereE,(F,) andE,=7J In(L/ay) are the vortex energies in Vei(ro)= —-In| 1— Zip2)’ 9
0

the presence and absence of the honmagnetic impurity, re-
spectively, for a system of sizé. The constarf a,
=0.24a present irE,, is some suitable short-distance cutoff
to avoid spurious divergences due to the fact that the vortex 2

center is a singularity in the continuum Iimit. Its appro_priateq Vei(0)= 77_‘] In( 1— a_) =7JIn(0.24). (10)
value for the square lattice was determined numerically in 2 2

Ref. 13. Of course, Eq.7) is not valid in the limitry—0,

where the continuum approximation breaks down. In thisThis artifact leads to an expression valid in all space that
limit there will have an intersection between the circular holereproduces correctly the asymptotic limits fo-1.03. The

of the impurity and the structure of the vortex core. A pointpotentiallEq. (9)] indicates that the vortex can be trapped by
of the circumference of the impurity circle would meet the & nonmagnetic impurity. The attractive potential experienced
center of the vortex core lowering the vortex energyfgs by the vortex can be written as

decreases. Then, from E() the effective potential experi-

with the condition

enced by the two defects can be written as wd a?
V(X)=—In| 1- ——, (12)
2 X2+ b?
Vei(ro) =E(ro) —E,
LI P 222727727 (i
=— - — > IS S 7

5 In| 1=, for ro>a, ® Y YN Y R R RN
0 PV A AV AV Vv B A L U B SN NN N
. . . . . A mmmr sV NN N
which is attractive. For large distances of separatiop ( | ~~ ~rr 7 /7 7/ / ;: ; \' \t ‘Q k\ \
>a), Etzq. (8)2can be approximated by Ve(ro) pisteteliatugetotet ot/ R IN BEUNENINRNIN
~—(mwJa“/2)(1k;). To know the behavior of the potential e ( (AN NN RS
in the region inside the core {<a), we first put the hole | :::::::::j/ CATILIDTY
exactly at the vortex center, obtainiig= wJ In(L/a), which NN e o e T e
leads to Ve4(0)=E|(0)—E,=wJIn(0.24)=—4.48 J. We NSRS R RS bt
also calculate this pinning energy numerically forthe case of | S I S~y (2202220
zero temperature and for several square lattice sizesascanl®[ N§ NN NV NN\ | /7 /S 5= o
in Fi - ' VNNNANN N N\ A S s rrr
seen in Fig. 4 I_\lofte thayeﬁ(O) Fends to—3.54 J in th(_a NS SNV NN e
thermodynamic limit. Using a different approach, Wy8in NN NNV VL NN NS S A A NS S
has found the approximated values3.178, —1.937, and oL >N \ | 5\ I /A 3 I/ 17 /15/ e '20

—5.174 J for square, hexagonal, and triangular lattices, re- °
spectively. We notice the reasonable agreement between the FIG. 6. Antivortex configuration after :210° MC steps. The
analytical result obtained using the continuum limit and theimpurity is located at sit€¢12,10.
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the equilibrium configurations was reached. Figure 6 shows a

0F ———-—— e e T S ~ N . . A . .
»»»»»» N \ : \\ :‘ \ :‘ N single antivortex equilibrium configuration aftex2.0°> MC
STTTTOETIIIIT: \\ § t 1: { § steps with the nonmagnetic impurity located at $it&,10.
sl DTSN NNNN Figure 7 shows a single vortex equilibrium configuration af-
e e L DT :* \\ ,\ } ll 5 /‘ ter 2x 10° MC steps with the nonmagnetic impurity located
pigheiateilytririrtel SN AN 4 at site(13,12. We have observed that, in both cases, in the
R A N A AN ,",f j‘; ‘// j lowest energy configurations, the antivortex and vortex cen-
b 270 s IANNST 2T o ) L
Lttt rt st s INNNS DL Ll ters are located at the nonmagnetic impurity, which is in
A O A G I NN ey agreement with Eq(11).
t Q f Q § \f AR Q \NNm—— LT Of course, thermal fluctuations increases the system en-
LA \ R AT Y N N inni ichi
NN NN b ergy, but they should not affect th_e pinning energy, which is
AN N N N N N T U N N consequence of the pure magnetic interactions. Really, they
SNNN AMNNNNNSN NN SN~ may induce favorable energetic conditions for some vortices
AN R YA Y N T N e
0 . . , . to escape from the vacancy.
0 s 1 5 2 In summary, using Monte Carlo and molecular dynamics

FIG. 7. Vortex configuration after:210° MC steps. The impu-  Simulations, we observed that a vortex structure put close to
rity is located at sitg13,12. a nonmagnetic site in a square lattice does not appreciably
change its geometry. As the system evolutes in time the vor-
, . . tex center moves toward the spinless site. By using a con-
Where_x is the dlstapc_e between vortex center and the_ SPiNGnuum approach we have modeled the interaction as an at-
less site. It has a minimum at=0 and goes to zero rapidly { active potential which has a minimum for the vortex center
for X>2a (see Fig. 5. _ _ located at spinless site, as observed in MC simulations. The
In order to observe the lowest energy configurations aky,qy of the dynamics of diluted models can help us to un-
low temperatures in a classical two-dimensional system degersiand the origin of the central peak found in early simu-
scribed by theXY model with a nonmagnetic impurity, we |5¢ions. If the vortex motion is the important contribution, the
performed Monte CarldMC) simulations. The simulations  presence of nonmagnetic sites will diminish the height of the
were done oL =20 square lattices at temperatdre 0.1in  central peak due to a trapping of vortices at that nonmagnetic
units of J/kg (kg is the Boltzmann constantusing a stan-  gjtes.

dard Metropolis algorithd? with diagonally antiperiodic
boundary condition$Eg. (3)] and random initial configura- This work was partially supported by CNPqg and

tions. Using these boundary conditions, at low temperature;APEMIG (Brazilian agencigs Numerical work was done at
the equilibrium configurations can have a single vortex or g¢he Laboratdo de Computaa e Simulgeo do Departa-

single antivortex. We have observed that aftet MC steps  mento de Rica da UFJF.
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