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NMR linewidth and skyrmion localization in quantum Hall ferromagnets
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The nonmonotonic behavior of the NMR signal linewidth in the 2D quantum Hall system is explained in
terms of the interplay between skyrmions localization, due to the influence of disorder, and the nontrivial
temperature dependent skyrmion dynamics.
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I. INTRODUCTION ments is affected by the dynamics of the nudgieiotional

narrowing effect However, as thé'Ga nuclei are spatially
The ground state of the two-dimensional electron gagixed in the GaAs quantum wells, any observed dynamical
(2DEG) at filling factor one(»=1) is a spin-polarized state effect must be related to the dynamics of 2DEG. In particu-
in which all electrons completely fill the lowest Landau level |gr, if »~1, those effects should be related to the skyrmion
with spin up polarizatioiquantum Hall ferromagngtThe  gynamics. In this scenario, the behavior of the FWHM can
low lying charge_d excitation of the 2DEG is called skyrmion,_be understood as an evolution of the skyrmion dynamics

or charged spin texture, and carries an unusual SPiom the motional-narrowedto the frozen regimes, as the

d|str!but|on. P.|ctor|§1lly, this dl_strl'butlon can be viewed asa temperature decreas&3his nonmonotonic behavior of the
configuration in which the spin field points down at a given i awidth was previously observed by Kuznea al® when

position and smoothly rotates as one moves radially OUle filling factor of the 2DEG was slightly changed around

wards from that point, until all the spins are polarized as in —1/3 Later on. in order to investigate the evolution of the
the ground state. These nontrivial objects are topologicallyv_ o ' . g
pectral line shape as function Bf Sinova and coworkets

stable, with its size—the number of reversed spins—fixed b)? ; . .
the competition between the Coulomb and Zeemang'mUIa_te_OI the NMR signal of'Ga nuclei whenv=1. As at
interaction$ The existence of this many body electronic low T it is expected that the short length scale correlations

state was confirmed by Barrett and coworkevegho per- conta?n the ground state feature_s, the 2_DEG in Ref. 11 was
formed optically pumped nuclear magnetic resonancélescribed by a square skyrmion latfitethat randomly
(OPNMR) measurements of th#Ga nuclei located in an Jumps—as a whole—over an average distance. Despite the
n-doped GaAs multiple quantum well. As the nuclei of the fact that the formation of a pinned Wigner crystal has never
quantum wells are coupled to the the spins of the 2DEG videen observed in the range of temperatures where the
the isotropic Fermi contact interaction, the Knight skik)  experiment$'® have been performed, the approach used in
from the NMR signal gives information about the spin po-Ref. 11 reproduced the qualitative behavior of the FWHM
larization of the 2DEG. It was reported th&f symmetrically — near the completely frozen situation. However, as far as we
drops around’=1, showing that the charged excitation of the know, no explicit correspondence has been established be-
guantum Hall ferromagnet involves a large number oftween the temperature dependence of the skyrmion dynam-
spin-flipst in contrast with the expected behavior for nonin- ics, for the whole range of experimentally available tempera-
teracting electrons. Since then, heat capacity, magnetoalures, and the line shape of the NMR experiments. This is
sorption and magnetotransport measurenfehtsave been precisely our main goal in this paper.
performed in order to understand the main features of this Here, instead of trying a fully quantum mechanical ap-
novel state, however, valuable information can be still exproach for the Fermi contact interaction betwé&@a nuclei
tracted from the NMR experiments. and the 2DEG fow= 1 we will use a semiclassical theory, in
Recently, new OPNMR measureménté the "!Ga nuclei  which the skyrmion center of mass is treated as a true dy-
in n-doped GaAs/AJGa /As multiple quantum wells were namical variabl& to which a temperature dependent diffu-
performed at temperaturé$ = 0.3 K) lower than the ones sjon constant is associat&tThis way of facing the problem
considered in Ref. 4. In Ref. 8, Khandelwatl al. observed  will allow us to study the whole range of temperature,
that the Knight shift data around=1 consist of a “tilted namely from the complete delocalized situation to the frozen
plateau,” in contrast to the symmetrical fall at higher tem-limit.
peratures. As NMR is a local probe, it was argued that the We organize this paper as follows. In Sec. Il the model
existence of the tilted plateau is related to the localization otised to describe the skyrmion dynamics and the localization
the skyrmions. In addition, the full width at half maximum by disorder are presented and the dependence of the line-
(FWHM) of the OPNMR signal has a nonmonotonic tem-width with the temperature is calculated. Sec. Il is devoted
perature dependence a#= 1, increasing when the tempera- to analyzing the change in the energy of the skyrmions when
ture is lowered up to a critical value and then, falling down.impurities are taken into account. Finally in Sec. IV we
It is well knowr? that the linewidth of the NMR measure- present the final results and our conclusions.
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Il. THE LINEWIDTH TEMPERATURE DEPENDENCE D= 5T3 exp(- 2g/T), )

To start with we recall that the FWHM in the magnetic \,1ore the Zeeman gafy=g' ugB) will be measured in
resonance experiment is proportional to the induced phaﬁ?elvin B

shift experienced by the nuclei every time they interact with In expression(3) not only the diffusion constant but also

a_flluctuating field. Moare precisely, the F\.N%M is equal to the number of free, or moving, skyrmions are temperature
T2 vyr_\ereTz is thetransversal relaxatloq t'm. FOT thg Ga dependent quantities. In fact, as it was pointed out by Ned-
nuclei in the quantum wells, the fluctuating field is given by rveen and Nazard¥,the donors situated on a layer located

';)he de\{iatioE from theTﬁomfpleteI% pola_rizedf %tgte prolvi_de t a distancel from the 2DEG(inside the potential barriers
y moving Skyrmions. fherefore, the Spins o anuclel enerate a random attractive poten¢@disordej in which the

will precess with an extra phase over its normal precessio kyrmions start to localize below some temperature. For
(in the presence of the completely polarized Qtatery time higher temperatures the number of skyrmions will be .only
a skyrmion passes near by. This change in phase can bgyermined by the deviation of the filling factor from=1.
calculated ass¢==y,n 7,° where v, is the gyromagnetic Therefore, around any additional electron or halkhose
ratio for the "Ga nuclei,n is the “fluctuating” field associ- npumber isN,) introduced in the completely polarized state, a
ated to the skyrmion magnetization amds the interaction new spin texture will be formed. In this case the number of
time. The mean square dephasidg)®) aftern rintervals of  free, or moving, skyrmiongN;) exactly coincides witiNo,
time will be n (y,n7)%. Heren=2DtN/S is the number of which is related to the electronic density of the 2DEgby
skyrmions passing by the nucleus in a timevith N¢s being  Ny=n,S|1-].

the number of free skyrmion® the diffusion constant angl As it can be seen our model assumes that as the tempera-
the quantum well surface area. As a result, ture is lowered the number of free skyrmions decreases. At
first sight if the unbinding of skyrmions from the disordered
2y — 2DNgs  — 1 centers is a thermally activated process, the number of free
(Ag%) (ya 7). (1) ) : .
S spin textures will be roughly given byNg=nyS|1

-v|lexp(-U/T), whereU is some average value of the attrac-
tive potential induced by the disorder. However, this simple
assumption implies that all particles localize at the same tem-
4 2DNg perature, in contradiction with the different patterns observed
T,'= 2(yn7)2. (2)  in the Knight shift measurements for different values/ofn

S order to be more realistic in modeling the disorder, a certain
On the other hand, the time intervatan be estimated from degree of correlation between them should be included. The

the diffusion constant assuming that the length in which thdnain effect of this correlation is nothing but a distribution of

skyrmions effectively interact with the nucleus is about ongPotentials with different depths in such a way that as the
lattice constana. In this way 7~ a2/2D and temperature decreases the skyrmions start to localize in the

deepest wells and this process continues until the “last skyr-

Now, if we defineT, as the time for a group of spins in
phase at=0 get about one radian out of sfepe find that

i at 5 mion” localizes in the shallowest well. If this distribution is
Ty = _ZSDNfs(Vnﬁj . (3 assumed to be Gaussian around some specific \@juéhe
number of potentials with deptt can be written as

Now, in order to make the temperature dependence of ex- _ 282
pression(3) explicit, we need to know how the skyrmion n(U) =N exp(= (U - Ug)7A%, ®)
diffusion constant changes with the temperature. From th@here the constany/is related to the total number of donors
semiclassical point of view the study of the skyrmion dy-|ocalized in the barriers between the GaAs quantum wells.
namics was performé#' starting from a generalized non- As all the electrons in the 2DEG arise from the donors their
linear sigma model, which has the skyrmion as the loweshumber should be equal, i.e.,

lying charged excitatioA.Within this approach the origin of
the nontrivial skyrmion dynamics can be understood in terms
of its interaction with the thermal bath of spin waves. This
kind of interaction can be correctly treated using the well
known collective coordinate methde.This technique pro- (6)
motes the center of mass of the skyrmion to a true dynamicgj here erfx) is the error integral®

variable and, as a final result, provide us with a Hamiltonian = o using expression&) and (5) the temperature de-

in which the skyrmion momentum is coupled to the ge”era"pendence of the transversal relaxation tit8gcan be gen-

ized spin wave momentum. The effective equation of motior 3jized to be a mean value over the potential distribution as
for a single skyrmion was obtained using the Feynman-

noS:Nf du g (U -Uoa% = V?W/\/A(l +erfUyA)),
0

Vernon functional approaéh (by tracing out the magnons’ o1 eI U &V~ U2 urr @
degrees of freedojrand corresponds to a Brownian particle 2 T3 ) :

with temperature dependent damping and diffusion con- min

stants. The explicit temperature dependence of the skyrmioHere, the value olU,,, is related to the total number of
diffusion coefficient$* is given by skyrmions in the 2DEG through
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” 1 — e '
nol1 - V|5:Nf du eV~ v V(m) =1 ps (Vm)? = g ppug M B+ — f dr'ZM} '
Upnin € Ir—r’|
3T [ - o Yo=Y © 12
2 A ' In the kinetic term(10) p denotes the electronic density and

A[m] corresponds to the vector potential of a unit monopole,
i.e., €9 Ak=m. On the other hand in the potential energy
density(12), ps is the spin stiffnessy” is the effective Landé
factor, p=1/(271?) is the uniform electronic background
density ande is the dielectric constant of the background
semiconductor. The deviation of the physical density from

Notice that as the number of skyrmions increases \ith
-1/, the value ofU,,;, should decrease in order to accommo-
date all skyrmions in the localization centers.

Finally, integrating Eq(7) and using the expressioi6)
and(8), it is possible to show that

2/ THAP-4TUg)/4T? A the uniform valuep determines the skyrmion densitygr),
Tt~ SR [1 - er(<2—_|_ + ¢>] , (90 which can be explicitly written as
1
where ¢ is given by q(r) = grf'w] m(r) - (d,m(r) X d,m(r)), (13
b= erf‘1<1 -1- v|{1 + er(ﬂ))b , and whose spatial integral is the topological charge.
A Instead of directly trying to solvgl0)~(12), Sondhiet al?
and erf(x) is the inverse function of ). considered the soliton solution of the nonlineamodel ob-

As it can be checked expressigf) is a nonmonotonic _tained by Belavin an.dl Polyaké¥with a fixed sizex, which
function of the temperature. In fact in the high temperaturdS S€t by the competition between the Coulomb and Zeeman
limit, where the localization effects are negligible, the NMR Interactions included in(12). Therefore, within this ap-
linewidth (T,) goes to zero in agreement with the motional proach, the static solution ¢i.0) can be written as
narrowed effect observed in the experiments. If we look in o _ANrcosé(sing) o rZ-4\?
the opposite directior{low temperatureswhere the slow mx(y)_r2+—4)\2’ mz_r2+—4}\2v (14)
motion of the skyrmions tends to increase the linewidth, the
exponentially small number of free skyrmions cancels ouwhich describes a skyrmion of unit topological charge local-
this effect and the linewidth decreases again. This is preized at the origin. The skyrmion size is given by
cisely the frozen limit found in the NMR measurements.=0.558,(g|Ing|)~>/3, wherel, stands for the magnetic length

Therefore the interplay between skyrmion dynamics and loandg=gugBe/€?. In this approximation the skyrmion den-
calization induced by disorder in the system reproducesity is given byq(r)=4\2/ m(4\2+r2)2,

some of the major features of the transversal relaxation time As pointed out earlier, the disorder effect in the 2DEG is
near »=1. It is worth pointing out that depending on the rg|ated to the donors situated in a layer whose distance from
disorder strength the 2DEG, away from¥ 1, can evolve to  the 2DEG isd. In order to include those effects in the skyr-
different phase$ which in principle can influence the line- mion dynamics, we add an extra term to the the Lagrangian
width measurements. However, these physics were not ingensity(10). If we consider that the skyrmion densigyr) is

cluded in our very simple model. coupled to the disorder potential via Coulomb interaction,
our model for the skyrmion-impurity system is given by the
IIl. SKYRMION IN THE PRESENCE OF DISORDER Lagrangian density,
At this point nothing is left but to estimate the valueldyf L=Ly+ % (15)
due to the impurities localized outside the quantum well. €ld®+(r —rg)?

This can be done computing the change in energy of al
isolated skyrmion due to the presence of a positive charge

ion. In order to do that the skyrmions will be described by ansimple model to describe the system, we will not consider

effgctwe geperahzed nonlmear sigma mddel te.rms.of an  the fact that the disorder potential can be screened by the
unit vector fieldm(r) associated to the electronic spin orien- 2DEG as pointed out by Efroat al2!

tation. The Lagrangian density which describes these objects .4, expressiong10)12) and (15), the energy func-
in the presence of an external magnetic fiéldan be written 54 for a single static skyrmion can ’be written as
as

heree is the electron charge ang denotes the donor co-
rdinate at the 2DEG plane. Once we are assuming a very

eq(r)
Lo=T(m) = V(m), (10) E= J {V[m]_e|d2+?r—ro)2| dr?, (19
where V(m) is the interacting potential related to the La-
fip grangian density10—(12) and the integral of the second
T(m):TA(m) -gm, (1) term is performed over the whole plane containing the
2DEG. If we assume that the presence of the disorder does
and not modify the skyrmion form and size, the energy of the

where
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FIG. 1. Effective potential inK as a function ofry (the

skyrmion-donors distance in the 2DEQ he continuous line corre-
sponds tad=900 and the dashed line tb=1800.

For Uy equal to the potential depth estimated from the
isolated impurity case, the peak position—indicating the
echange in the dynamical regime—is around 1.7 K which is
very close to the reported experimental dalisis possible to
show that ifUy changes from 4 K to 8 K, the peak position
varies from 1 K to 2.2 K remaining within the reported
results® As it can be seen in Fig. 2, the peak position is
almost constant as the filling factor changes, which is in
contradiction with the experimental results fer 18 but in

greement with the/~1/3 casé? This discrepancy could

system will be given by Eq(16) with m(r)=m®(r). There-
fore, the change in energy of a single skyrmion due to th
disorder potential is given byJq:(ro)=E-E,, where E,

= V(mO(r ,\))dr?,

The specific form ofUg; as a function ofrg (the
skyrmion-donor distance in the plane of the 2DES&illus-
trated in Fig. 1 fon=1.2, (the skyrmion size aB=7 T, see
the Appendiy. As it can be seen, the minimum in energy

corresponds to the case where the impurity position in th ; . ) . . .
2DEG plane exactly coincides with the skyrmion center. e possibly associated with the noninteracting skyrmions ap-

Therefore, the parametéf, in Eq. (9) can be estimated as Proach we have employed, that is more appropriate for the
the value ofUy at r,=0. If we use a typical value of the smalllskyrmu.)n neav:1/3.Th.|s qonjecture can be tested by
distance from the donors to the 2DEG ds- 1.8001° we  @pplying an in-plane magnetic field, which does not change
conclude thatU,~7 K. It is interesting to notice that the the filling factor but increase the Zeeman energy making the
value of the estimatet), is of the same order of the disor- Skyrmion smaller.
dered localizing potential reported in Ref. 17 for the case in Itis worth pointing out that our model for the linewidth of
which v=1. the NMR signal is in agreement with the scenario suggested
for the observed tilted plateau in the Knight shift measure-
IV. RESULTS AND DISCUSSION ments for the 2DEG when= 1. In this case, the existence of
the tilted plateau is also related to the localization of the
guasiparticles introduced in the 2DEG as the filling factor
eviates fromy=128
Summarizing, we have developed a very simple theory
which describes the evolution of the NMR line profile of the

At this point we can turn our attention to the linewidth
behavior as a function of the temperature. Figure 2 shows
plot of Eqg. (9) as a function of temperature for different
values of|1-v| with Uy=7 K, A=2 K andg=2 K (the Zee-

man gap aB=7 T). One can see that,* has the nonmono- B ; - .
tonic behavior observed in the OPNMR experimé&iigo- 'Ga nuclei coupled to the 2DE@earr=1) as a function of

ing from the motional-narrowedregime at relative high the whole available temperature range which seems to be in

temperatures to thizozen limitas the temperature decreases.fairly good agreement with the experimental data.
The agreement between the theory and the experimental data
reported in Ref. 8 suggests that the relevant gapless mode
that induce short nuclear relaxation timég nearv=1 is
precisely the translational mod&!* On the other hand, it

can be seen that a%-v| increases the maximum value of
1/T, also increases. On physical grounds this can be ex- A.V.F. would like to thank A. R. Pereira and M. O. Goer-
pected, because as the number of skyrmions grows, the poBig for helpful discussions. The authors kindly acknowledge
sibility of finding free skyrmions which effectively induce financial support from Fundac¢éo de Amparo & Pesquisa do
nuclei dephasing, increases. Although for the=1  Estado de Séo PaulAPESH and A.O.C. the partial sup-
measurementghis kind of behavior is almost unclear, in the port from Conselho Nacional de Desenvolvimento Cientifico
v=~1/3 situation it can be neatedly obser/&d. e Tecnolgico(CNPQ.
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TABLE |. Energy scales.

Energy scales (K)
€c eZ/ Elo 5040\,E
g g 1eB 0.338
Ps ec! (16\2m) 1.25/B
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APPENDIX

In Table I, we show the energy scales for the quantum
Hall system atv=1 in Kelvin. In all expressions, the mag-
netic field is measured in Tesla. For GaAs quantum wells
e~13. Therefore the skyrmion size&=0.558,g|Ing|) /3
calculated as described in the text can be written\as
=3.04\B|In(5.95x 103B))"¥3,  where  l,=1hc/eB
=256/\B.
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