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Planar vortex in two-dimensional XY ferromagnets with a nonmagnetic impurity potential
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Using a model of nonmagnetic impurity potential, we have examined the behavior of planar vortex solutions
in the classical two-dimensionXlY ferromagnets in the presence of a spin vacancy localized out of the vortex
core. Our results show that a spinless atom impurity gives rise to an effective potential that repels the vortex
structure.
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The easy-plane Heisenberg ferromagnet in two dimenplane ferromagnetic model. It is convenient to parametrize
sions and continuum limit supports nonlinear pseudoparticlethe spin field in terms of spherical coordinates as follows:
with a vortex structure. These excitations are of paramoun®= S(cosfcos¢,cosésin ¢,sind). By a straightforward gen-
importance in the understanding of the static and dynamicagralization of arguments used to obtain the continuum limit
properties of magnetism. For example, the vortex unbindin@f Heisenberg Hamiltonians in the case of one dimenSion,
is responsible for a phase transition known as the Kosterlitz\we can write the continuum version for the Hamiltonidn
Thouless transitioh.Besides, these may be responsible for a2S

central peak in the dynamical correlation funcfiohob- 2 2

. . . . J m-(Vm) 4
served in Monte Carlo simulatiohand experiment$.The H=< | d’r| —————+(1-m?)(V$)?+ - m?|,
simplest vortex configuration, referred as the planar vortex, 2 1-m o
occurs when the anisotropy is large, resulting in spin con- @)
finement to the lattice plare™ wherem=sin 6, a, is the lattice constant, and we have taken

The interaction of vortices with spatial inhomogeneities isS?=1. One can obtain the motion equatioms= sH/ 8¢,
of considerable importance from both the purely theoreticagb: — 8H/sm, for this field theory in the usual way using
and applied points of view. Impurities and/or defects argye pair of canonically conjugated variablesand ¢.
present even in the purest of material samples and their effect Now, consider that the system contains a nonmagnetic
on the motion or structure of nonlinear excitations must mepuriw concentration in the plane. For simplicity, we con-
co_nsidered vyhen the dynamics or configurations of such sasider only one nonmagnetic atom present. If we remove a
lutions are important in the problem at hand. Recentlygpin from the lattice, the nearest neighbors of that spin will
Zaspel, McKennan, and Snatidnvestigated, using the dis- have a coordination number of 3, instead of a bulk-spin co-
crete lattice, the instability of planar vortices and concludedydination number of 4. Therefore, such boundary spins
that these will be stable at a larger range of anisotropies iyould have larger fluctuations than the bulk spins and it is
there is a nonmagnetic impurity such as Cd or Zn at thgonceivable that the nonlinear configurations such as a vor-
center of the vortex. In this paper we study, using the contey would preferentially nucleate around this vacancy. In
tinuum approximation, the interaction between a planar vorgact, in this circumstance, the vortex energy is lowered, since
tex and a nonmagnetic impurity localized out of the vortexine nonmagnetic impurity at the vortex center will remove
center. To this end, we start defining the classK¥lferro-  the nearest-neighbor exchange bonds at the impurity in a
magnetic model, which is given by the following Hamil- ragially symmetric way without modifying the symmetric
tonian: configuration of the vortex, while its energy in the region
without the impurity remains the same. However, the vortex
_ Y energy increases logarithmically with the system sizand
H= ‘]mZn (SmSn +SnSh). D in an infinitely extended system, this energy would diverges
asL—o so that we should not expect that a single vortex
whereJ is a coupling constant, the classical spin vector hagould nucleate around the spin vacancy. In fact, vortices are
three componentsS=(S*,9’,S%), and the summation is always created in pairs of vortex-antivortex having finite en-
taken over the nearest-neighbor square lattice sites. Thisrgy and separated by a few lattice constants. Then, if one
model is one of the most studied in statistical physics and hasember of the pair nucleates around the impurity, the other
been found to describe a wide variety of systems with commember will be near it. Since a vortex pair does not have
plex scalar order parameters, including superconductingylindrical symmetry, the energy of this system does not nec-
films, Josephson junction arrays, and superfluid Hiens.  essarily decrease, although there are less nearest-neighbor
The choice of theXY model is arbitrary for our purpose, exchange bounds, because the spin vacancy may deform the
since the results can be used, without modifications, to anpair configuration, increasing its energy. Nevertheless, the
other model withXY symmetry such as the classical easy-interest of this paper is to study the behavior of a vortex in
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the system that is not nucleated at the position of the vawheresis the Dirac delta function and is the angle that the
cancy. In this case things must change considerably becausectorb, with origin at the point, and end at a point on the
the spin vacancy may also deform the single vortex configueircumference of the potential, makes with the vectarAs
ration. To take into account the nonmagnetic impurities, wawve are interested in a local impurity with atomic dimensions,
consider the following modifiedY ferromagnetic Hamil- we makeb—0 in the continuum limit(to be more precise,
tonian in the continuum limit; we should makeb—a,) indicating that the impurity is an

) ) atom (such as Zn, Mg, or.Cd, for exampldn this caser
leﬂf azr| ™ (sz) +(1—m2)(V¢)2+i2m2 Vi, —Tg, o— @ and we rewrite Eq(8) as
2 —m ag
whereV(r) is a nonmagnetic impurity potential given by

1
) VV(r)=ag[f cod a)+ e sin(a)]d(r—ry), 9

where we can interpret cagand sinf) as anisotropic cou-
pling constants. This coupling depends on the direction one

1 if [r—rg/=b looks, if the observer center is placed on the impurity posi-
V(r)=( . ) (4)  tion.
0 if [r—rol<b Considering Eq(7) with V(r)=1 at the left side(this

fails only at the pointry, since the impurity is localand

Here, the impurity is centralized at the pomtand has the . . -
form of a circﬁe W)i/th diameter equal thpTrgre is a circu-  >uPPOSINg that the vorte_x s_tructu_re IS mod_|f|ed by the pres-
ence of the nonmagnetic impurity, we writg= ¢o+ ¢4,

lar region in the plane, around the poirg, without any - : . .
magnetic interaction. A related model was proposed to inves}[{iv:r?;gr@;oar;g;a\r/]v‘i/t/;\()itlssggr?té:a;ggzigael dsé?%l]ee \cl)?irt(ier:( scgu-
tigate the role played by vortex pinning in modifying the . gin af

predictions of the Kosterlitz—Thouless theory for thin helium'S the deformation Ca‘.ised by the splnles_s 'mp‘.””y localized
films 14 at ry. Thus, Eq.(7) with the above considerations can be

Substituting Eq(3) into the equations of motion we get written as
100 VZ(po+ 1) =—aoV (ot ¢b1)-[F cog ) + & sin(a) ] S(r
—_—_——— 2 — 1 .
7 7t cosOV(r)Vegp—2sin6V(r)Ve-V ¢ —To). (10)
+COSOVV(T)-V ¢ (5)  Using the fact thaW2¢,=0 and takingV (¢o+ ¢1)=V ¢,
’ =(1/r)§ near the pointy, Eq. (10) can then be approxi-
19 mated by
¢ . . .
35 = tanésin OV(r)V20—sinoV(r)(V 0)%+sinoV(r)
a
V2=~ —sin(a) 8(r—ro), (1)
X[ 4la3—(V $)?]—tarf 6sinOVV(r)-V . (6) o

Our interest is in planar and static solutions in the presen08r

of this nonmagnetic impurity potential. Hence, we take —2mrod

360/ dt=d¢plat=0 andm=sin#=0 in Egs.(5) and (6), ob- V2 ¢}=275(r—r0). (12
taining only one and simpler equation to be solved agsin(a)

) This is easily solved using the fact that in two dimensions,
V(r)V2¢=—-VV(r)-V¢. () V2In(r)=27&r). We get
One point to note in this equation is its dependence on the agsin(a) [[r—rl
spin field around the position of the impurity. If the vacancy d(r)=— 02 ; 2 o1 (13
o 0

is localized in a region where the spin configuration consists
of aligned spins, like a domain with all spins aligned alongyyriting the anisotropic coupling constant along thalirec-
the same direction|¥ ¢|~0), the spin field practically does tjon in terms ofr ande, the vortex structure with its center at

not feel the presence of the impurity. However, an impuritythe origin in the presence of a nonmagnetic impurity local-
placed in a region where the spin directions vary considerizeq atr,, is given by

ably (|V ¢|>1/a,) may have a strong coupling with the spin

figld and may modify the initial spin configuration for large ap rsine—egp)  [|r—ryl
distances. ¢p=arctarty/x) — 2mrg  [T—rol In 2
In polar coordinates, the vectorsandr, are written as (14)

(r,e) and (g,¢p), respectively. To solve Eq7), we note ] ) . ) o
first that the gradient of the impurity potential can be ex-The configuration of this deformed vortex is shown in Figs. 1

pressed as and 2. Although the continuum theory cannot be applied near
the vortex core, in Fig. 1 we have considered the impurity
VV(r)=ag[f coda—|¢—¢o|) one lattice spacing from the vortex center just to emphasize

A the vortex deformation as the vortex core approaches the
+@sina—|e—@g|)]18(r—ry—b), (8) impurity. We notice that if  is large(the vortex center is far
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‘ ‘ seen partially in Fig. Lthat a large domain with all spins
100 | 4ammm TN N \\ AR aligned along the direction perpendicular tg will be
e N W AR : ) formed in a region located after the impurity positign
USSR S ™ N ‘\\ ; Q \ ; § ; In order to calculate the energy of this planar solution we
o TN ‘C Ny h K \ § consider the Hamiltonian(3) with m=0, obtaining E;
50 ///,//«‘*‘\\Q LR EER =[(V¢)2V(r)d?r. As we have seen, the fieltldescribes a
R . N Q S A single vortex at the origin in the presence of one impurity at
/ e \ | distancer, away. The effective potential experienced be-
R LAt ! : R
Ay N B F tween the two _defectéjne (_:iefect. in the spin field and the
L N N R F 4 { other in the lattice structuyes defined as
\ [N
ARARANES A TINREE Uit <E—E,. @
\\\ i\ R i:::)/// FAEE whereE,= wJ In(L/ay) is the energy of a single vortex in the
-50 A \\i‘ 1\‘\,4//// ALY absence of impurities. Making suitable approximations, we
\:\\\:\\+’/'/// A0S /j I find that such an effective potential results in a repulsive
Y S AAAEL central interaction with a dominant term given by
R AR
N
-100 \\»_,a”//,//////l / / f f f Uu(ro)= aSEi 1 (16)
-100 -50 0 50 100 O 24m%3% 1

FIG. 1. Structure of a single vortex with center(@t0) in the
presence of a nonmagnetic impurity located at the (4if®). Since

We see, therefore, that the presence of a nonmagnetic impu-
rity increases the vortex energy as the distance between the

the nonmagnetic impurity is near the vortex center, the vortex eximpurity and the vortex decreases. In a ferromagnet with a
periences a strong effect of the spinless atom impurity.

away from the spin vacangyhe vortex practically keeps the
same original form, but for smatl, the vortex configuration

size of the order oE ~1C® a, (a few centimeteds a spinless
atom impurity situated aboutad from the vortex core would
increase the vortex energy by about 36%. Note that the ef-
fective potential barrier becomes infinity ag—0 and it is

suffers a severe modification, mainly in the region in which€nergetically favorable that vortices and impurities become
the impurity is located. This is due to the fact that the gradi-far apart. But, if the calculations were taken considering that

ent of the spin field is small in the region of the impurity if it

the spin vacancy is localized at the vortex center, we would

is far way from the vortex center and large in the region of@ve VV(r)=aod(r)f and near the vortex coreV¢

the impurity if it is near the vortex center. When an impurity ~(1/a0) ¢,
is near the vortex core, Eq14) implies (as it can also be

leading toV(r)V2¢=0. As a consequence, in
the region without the spinless impurity, whéfd¢ =0, one

gets the same typical solutions and the vortex structure does
not suffer any alteration. Hence, the only effect of a central

100 SRS SN N N \ j nonmagnetic impurity, i§ to make the vortex energy decrease,
i NN N N N because of the nonexistence of nearest-neighbor exchange
R N Y bonds at the impurity. Nevertheless, as we suggested earlier,
5 ///‘/‘/‘/;_\\\\ LN U a single vortex with infinite energy may not nucleate by itself

. s ///‘::(‘H\\\ oY around the impurity, since these are created in pairs. Besides,
> | /// S P N NN Eg. (16) shows that an infinite potential barrier has to be
s '//'/’ P N N oA exceeded by the vortex core in order that it might reach the
Vo/ '/ /i '/'///‘/\ \\ ‘} VA ; ! nonmagnetic impurity and the minimum of energy. Then,
T // /, '//,’,, ; /\ E \f IR i one should not expect to find a single vortex with a spin
0 * 'y rror s ! ' t ff it ; c vacancy localized in its center.
! § &‘ 1 x\ i ii\i/’// % ; t a In summary, vortices prefer to stay far way from nonmag-
\ \ \ NN \\»/'// //; P / C /f netic impurities and hence, the spin dynamics must be af-
Q \ Q i N \\\—///// . / 4 fected by these lattice defects. Our calculations could also be
-50 ARV \\\\\M// A taken for two-dimensional easy-plane antiferromagnets. It
X x \\\\-"’//i;/ A would be carried out in essentially the same way, leading to
SO R T similar results. The structure and motion of vortices in two-
. S O P ; ; . :
UV N S e A A A dimensional magnets may be driven by the presence of spin-
100 \ SR A AT T less impurities due to the repulsive effective potential. Since
2100 50 0 50 100 the dynamical structure factor is the Fourier transform of the

vortex spatial and temporal configuration, we expect that

FIG. 2. Here, the impurity is located &6,0. Note that the nonme;gnetic impurities may cause changes in the central
vortex structure is almost perfect, indicating that a vacancy pupealg_ alf13d al_so in the electron_ paramagnetic resonance
away from the vortex core has small influence on the vortex struclinewidth,” which must be seen in neutron scattering and

ture. resonance experiments. However, much work has to be done
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in order to see these effects. Moreover, since the vortex erdoping. The effect of impurities on superconductors has been
ergy is modified, the Kosterlitz—Thoule$KT) temperature  of theoretical and experimental interest even in its own right
may also be affected by the presence of impurities. In factfor a long time. Recent nuclear-magneUc-resonance mea-
this theory holds also for temperatures below the KosterlitzSurements have shown that when & Cin the Cu-O plane

Thouless temperatur@,;, Where vortices are bound in 'S zs+ubst|tuted by a strong nonmagnetic impurity, such as
pairs. However, the problem of vortex pairs interacting withZn™ . an effective magnetic mo_?g?(rgt can be 'F‘duce.d on the
nonmagnetic impurities and its influence iy will be U Sites around the impurity sité-"The physical picture

treated in a future paper. We also suggest tLat the abo implied by these experiments is that antiferromagnetic corre-

. M&tions are enhanced, not destroyed, around impurities in
calculations may have some relevance to highsupercon-

. .. _these cuprates.
ductors, because a common feature of all high-transition- P

temperature cuprates is the proximity between antiferromag- This work was partially supported by CNPq and
netic andd-wave superconducting phases controlled by thecFAPEMIG (Brazil).
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