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Numerical study of the transition to stripe phases in high-temperature
superconductors under a strong magnetic field
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The nature of the spin density wav®DW) and charge density wak€DW) in the mixed state of high-
superconductoréHTS) is investigated by using the self-consistent Bogoliubov—de Gennes equations and an
effective model Hamiltonian with competing SDW adedvave superconductivity interactions. We show that
there exists a critical on-site Coulomb interactldp. For optimally doped sample, two-dimensional SDW and
CDW modulations are induced faf<U. while SDW and CDW orders become antiferromagnéig) and
charge stripes fotJ>U_.. These stripe orders are stabilized and enhanced near the vortex cores. The wave-
lengths of the AF stripes and charge stripes are found respectively t@ @@ 4a, with a as the lattice
constant. We show that our results could be applied to understand several recent experiments on HTS.
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Intensive efforts have been focused on searching for anthe wavelength of the SDW stripe to ba &nd the accom-
understanding the spin-density wa&DW) and other panying CDW stripe to be & A phenomenological model
phases in the mixed state of high- superconductors Wwill be used to explain the anisotropic SDW and CDW ob-
(HTS’s) for the past several years. Experiments from neutrorserved by experiments’
scattering: ™ scanning tunneling microscogT™),*~% and Let us begin with an effective mean-field model in which
nuclear magnetic resonanCNMR) (Ref 7) provided vital interactions describing both DSC and antiferromagr(@tl?:)
information on these topics. For example, according to th@rders in a two-dimensional square lattice are considered.
neutron scattering experiment by Lakeal,” a remarkable The effective one band Hamiltonian can be written as
antiferromagnetism or spin-density wat®@DW) appears in

the optimally doped La ,Sr,CuQ, when a strong magnetic H= E —t jcfr c: +2 (Un-——,u)cT c:

field is applied. Recently, Hoffmaat al® studied the local N S v v e

density of states in the mixed states of optimally doped

Bi,Sr,CaCyOg, 5 (BSCCO using STM measurements, and +> (Ai,jCiTTCjTH' H.c), (1)
]

they found that associated with the SDW, anisotropic charge-
density wave(CDW) exists both inside and outside the vor- y ) .
tex cores. The coexistence afwave superconductivity Whereci, is the electron creation operator and is the
(DSO) and SDW and CDW orders in terms of the stripe chemllcal' potential. In the presence of a magnetic filthe
phasges1 was theoretically studied in the absence of a magnefioPPINg integral can be expressed as
field.°”

Although the competition between SDW and DSC in a t =t%ex ilfriA(rydr
magnetic field was previously examin&d!® the nature of R Do Jr
the SDW and CDW and their spatial variations have not been
addressed in such detail as to compare with the experiment‘@/.heretﬁj =t for the nearest neighboring siteisj() while the
In this paper, we shall adopt the method described in previnext-nearest-neighbor hoppim&=t’. The superconducting
ous paperé!’ to examine the possible existence of SDW flux guanta denotes aB,=h/2e. Here we choose a Landau
and accompanying CDW orders in the mixed state of HTS'sgauge A=(—ByY,0,0), withy as they component of the
and their nature in optimally doped samples. In order to simposition vector. The two possible orders in cuprates are the
plify the numerical calculation, we shall assume a squareSDW and DSC which have the following definitions respec-
vortex lattice for the mixed state and a strong magnetic fieldively: AiSDW: U<CiTTCiT_CiTLCii> and Ai,jZVDsc(CnCu
B such that\>b>¢, with A as the London penetration —c;i,¢)/2. In the above expressions, and Vs are re-
depth, ¢ the coherence length aririthe vortex lattice con-  spectively the interaction strengths for SDW and DSC or-
stant. Under this condition, the applied magnetic fidldan  ders.Vsc, which gives rise to the-wave superconductiv-
be regarded as a constant throughout the sample. Our calciy, may come from all possibilities including AF fluctuations
lation is based upon a model Hamiltonian with competingand electron phonon interactions. The mean-field Hamil-
DSC and SDW orders and realistic band-structure paramonian[Eq. (1)] can be diagonalized by solving the resulting

eters. For an optimally doped samplg=(0.15) under a Bogoliubov—de GenneBdG) equations self-consistently,
strong magnetic fiel®, we find that DSC, SDW, and CDW

i

stripe phases could be in existence, and that they are pinned Heo A un un
and enhanced by the vortex lattice. A numerical calculation > ( L" "'* )( Jﬂ) = n( 'n) 2
based upon a magnetic unit cell of 484 lattice sites shows T O\AL —H; Uj i
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where the single particle Hamiltoniah(;= —t;;+(Unj;
— ), and

nn=§ lul|2(E,), &)
nu=§ EHEEE (=]} (4)

V E
A= ZSCE,:‘ (ui"vj"*+ui*uj”)tan>'(zkl;1 ) (5)

with f(E) as the Fermi distribution function and the electron
densityn;=n;; +n;, . The DSC order parameter is defined at

sitei asAP=(A}iex‘im:{em—Ai'?Hey—AP,i,ey)/4, where

AD—A o (2
ij=Ajjex I‘Fo . A(r)-dr|,

and e, , denotes the unit vector along th&,y) direction. ;
The main procedure of the self-consistent calculation is g,

0351

given below: For a given initial set of parameters. and 024
the Hamiltonian is numerically diagonalized and the o.1s{...

A| l y
electron wave functions obtained are used to calculate the o1
parameters for the next iteration step. The calculation is re- oos
peated until the relative difference of the order parameter °

L

034.--

between two consecutive iteration step is less tharf 18y 0055

varying the chemical potential, one obtains solutions corre- ;<

sponding to various doping concentrations.

In the following calculation, the length and energy are
measured in units of the lattice constanand the hopping
integral t, respectively. Here the next-nearest-neighboring
hopping integral is chosen to ké=—0.2 to fit the band
structure of the HTS. It needs to be pointed out that the
induction of and internal magnetic field by the supercurrent

around the vortex core is very small as compared with the, '

external magnetic field, so that the uniform magnetic field |

distribution is a valid approximation. We follow the standard oaa

procedure¥'’ to introduce magnetic unit cells, where each

unit cell accommodates two superconducting flux quanta. Ay~ -
periodic boundary condition is imposed in calculation. The | ..-F

related parameters are chosen as the following: For an opti

mal dopingx=0.15 (or the electron doping;=0.85), the  oss{.-~""

DSC coupling strength i¥psc=1.0, and the linear dimen-
sion of the unit cell of the vortex lattice is chosen ldg 24
X Ny=48X 24 sites.

First let us choosa)=2.2 such that AF order is com-
pletely suppressed at zero field. Our calculation is performec
at low temperature. The spatial variation of the DSC order
parameterAiD is plotted on a 2% 24 lattice in Fig. 1a) with
the vortex core situated at the center where the DSC order
parameter vanishes. By comparing it with the vortex struc-

0.84 3
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ture of a pure DSC, the size of the vortex core here is no- F|G. 1. Spatial variations of the DSC order parametér (a),
ticeably to be enlarged. Figureh) displays the spatial varia-  staggered magnetizatiod? (b), and electron density; () in a
tion of the induced staggered magnetization of SDW order ag4x 24 lattice. The size of a magnetic unit cell is>84, corre-
defined byM = (— 1)'AiSDW/U. There the SDW order exists sponding to a magnetic field = ®,/(24% 24). The strength of the

both inside and outside the vortex cores, and exhibits agn-site repulsion idJ=2.2, and the averaged electron density is
isotropic two-dimensional behavior with the period 8long  n=0.85.
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bothx andy directions. Its magnitude reaches the maximum

value at the vortex core center. The DSC and SDW orders ()
coexist throughout the whole sample. The appearance of the
SDW order around the vortex cores strongly affects the spa-
tial profile of the local electron density distribution, which
can be represented by a weak CDW as shown in Rig. A
remarkable enhancement of the electron derisitylepletion

of the hole densityis presented at the vortex core center.
The variation of the electron density outside the vortex core
shows a weak oscillation. Different two-dimensional SDW
and CDW structures have also been obtained for a different
set of band parametefS.

Next we performed the calculation at very low tempera-
ture for U=2.4; the obtained results are fundamentally dif-
ferent from those fotJ =2.2, and they are presented in Fig.
2. In Fig. 2a) we plot the spatial variation of DSC order
parameter. It is clear thagtaxis-oriented stripelike structures
appear imP with a weak modulation period ofa4 The size
of the vortex core is further enlarged and elongated along the
y axis than in Fig. {a). The SDW and CDW orders are
displayed in Figs. @) and Zc), respectively. The SDW or-
der behaves like almost uniform AF stripes oscillating with a
wavelength of &. The vortex core is always pinned at one
of the ridges of AF stripes where the AF order is stronger
than those at other sites. The spatial modulation of the CDW
order also exhibits a quasi-one-dimensional charge stripe be- |
havior with a wavelength &, exactly half of that of the
SDW along thex direction. The above numerical results are
checked by three different set of initial parametars and
A, and the iteration processes have been carried out for
more than 500 steps to achieve the required accuracy. The
above results for finitd indicate that there exists a critical
point U~ 2.25 betweerd =2.2 and 2.4, such that isotropic
two-dimensional spin-and charge-density waves may be in-
duced whenU<U, and they become stripe like structures
whenU>U.. As we shall show below that the AF stripes
and charge stripes obtained here could be very relevant to .-
experiments performed on the optimally doped BSCCO. Itis |
likely that some of the optimally doped and underdoped
HTS’s could be close to this critical region. =0 we
found no two-dimensional SDW and CDW regardless of the
value ofU.

Before comparing with experiments, we would like to
point out that the stripe phases oriented algrandy direc-
tions are degenerate in energy. In order to compare with the
experiments, we shall assume that in certain domains of the
sample the stripes are further pinned by some defects which
makes their orientation along thedirection more energeti-
cally favorable than those along tlkedirection. Setting the
energy difference between tleandy-oriented stripe phases
to be SE>0, and definingn=exp(—dE/T) with T as the
temperature, the statistical probabilities jerand x-oriented
stripes to appear at temperatufe are respectively 1/(1
+7) and »/(1+ n). The measured order parameter shoul
be O=[O(y)+ 7»O(x)]/(1+ n), with O(X)[O(y)] repre-
senting the order parameter for one of the(y-) oriented  3(a). Here the SDWsee Fig. 8)] and CDW([see Fig. &)]
DSC, AF, and charge stripes. The combined results arbave anisotropic two-dimensional structures, and, with peri-
shown in Fig. 3 forp=0.5. The spatial variation of the com- odicities & and 4a respectively, are in good agreement with
bined superconductivity order parameter is presented in Fighe observations of Laket al? and Hoffmanet al® Our re-

FIG. 2. Spatial variations of the order parametaf$ (a), M?
d(b), andn; (c). The strength of the on-site repulsidh=2.4. The
other parameter values are the same as in Fig. 1.
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FIG. 3. Spatial profiles of the combinedandy-oriented stripes
with the order parameterA:iD (@, M; (b), andn; (c). Only the 20
X 20 lattice with the vortex core at the center is plotteddn The
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sults also predict that asapproaches zero oj=0, AF and
charge stripes should show up, and at higher » close to

1, the observed SDW and CDW should become more isotro-
pic. It is useful to point out that the way to explain these
experiments may not be unique. As suggested by Howald
et al,*®if x- andy-oriented stripes are pinned in two nearest-
neighboring domains, the proximity effect may cause these
two different oriented stripes to permeate each other and
make their spatial distribution look more two-dimensional-
like. So far we are not able to numerically simulate this
situation.

The features exhibited in Figs. 2 and 3 are very robust
whenU>U_. We believe that the optimally doped BSCCO
sample should haved>U,.. While the STM experiments
were performed aB=7 T, our numerical results based upon
the (48x24)-site calculation corresponding to a magnetic
field B=27 T. For a realistic comparison with experiments,
one needs to do a (946)-site calculation, that is beyond
our current computing capability. In a weaker fiell
=7 T, we expect that the SDW and CDW structures with
periods & and 4a should still exist in the neighborhood of a
vortex core. Away form the vortex core, the situation should
be corresponding to thB=0 case.

We have also done a numerical study f+0 with U
=2.4 andx=0.15, and our calculation indicates that both the
stripe phase and the uniform DSC phas® SDW and
CDW) could show up depending on the initial input param-
eters. SinceU=2.4 is quite close tdJ., the free-energy
difference between the stripe phase and the uniform DSC
phase is estimated to be very small, which suggests that the
experimental observed phase at finite temperature should
come from a superposition of these two configurations. This
consideration would dramatically reduce the amplitudes of
the SDW and CDW stripes measured by experiments. But
when a magnetic field is applied, the stripe phase is the
only solution regardless of the initial parameters. This result
implies that the SDW and CDW orders are stabilized and
enhanced near the vortex core within a distance of several
coherence lengths. Away from the vortex core they are some-
what suppressed. Of course, the stripe phase ordBr=dl
could be stabilized by the presence of defects, and also be
strengthened by a largés. The enhancement of AF order
near the vortex core in a strong magnetic field is consistent
with neutron-scattering experimertt3.Here the manifesta-
tion of stripe phases in optimally doped sample seems to be
against common consensus. But our stripes are small one-
dimensional SDW and CDW modulations irdavave super-
conducting background. This is different from what was pro-
posed originally by Emery and Kivels®for an underdoped
sample where the AF phases are insulatashole regions
and charge stripes are conduct@rish hole regions There
is no physical reason to forbid our stripe like modulations
appearing in optimum doped HTS'’s. The observation of
charge stripes in very recent STM experiméhtat B=0
seems to suggest that stripe phases may indeed be present in
optimally doped BSCCO samples.

For the purpose of having a better understanding of the

mixing factor is chosen ag=0.5. The other parameter values are doping effect, the underdoped case=(0.10) is examined.

the same as in Fig. 2.

We found that the spatial distributions of spin- and charge-
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density waves still exhibit stripelike behavior, as shown incalculation tends to overestimate the stability of the static AF
Fig. 2, and the periods of spin- and charge-density wavesrder. In order to partially overcome this deficiency, we
now change, respectively, tod2nd 6. We expect that the choose the on-site Coulomb interaction=2.4 to be some-
periods could even become d@nd 8, when the doping what smaller than that for the standard Hubbard model. The
level is further reduced. These results are in qualitativesffect due to the dynamic SDW has not been included in this
agreement with the observations of Lakeal,’ where a  study. Any attempt to do the present type of calculation by
magnetic-field-induced AF order was observed in an underncluding this effect is quite difficult and has to be confined
doped sample. A detailed study of the doping dependencg, mych smaller magnetic unit cell. This would make the
will be reported elsewhere. o . comparison with experiments difficult. Whether a static AF

Finally, we would like to point out that Zhet af'® did  order could exist in an optimally doped sample is still a
almost the same calculation using slightly larger2.5 and  gypject for debate. The coexistence of charge stripes with
x=0.16; their results yield isotropic two-dimensional spin- pgc atB=0, observed by very recent STM experiméhts
and charge-density waves, which are very different from theyt gptimal doping, may indicate that static AF stripes are also
AF and charge stripes obtained by us. We have Carefu"ﬁbresent. For a pure DSC, the local density of Stét&0S)
checked their calculations and found that if they increasedyt the vortex center is well known to have a broad peak
the number of iteration steps sufficiently to achieve highery,qunde=0.16 However, the vanishing LDOS &=0 near
accuracy, their two-dimensional SDW and CDW checkeryne vortex core observed by STM experiméfitsfor
board patterns would have evolved into our stripe- like StrUCYBaZCu307,5 and BSCCO has been understood in terms of
tures as shown in Fig. 2. the presence of SDW in &wave superconductdf,indirect

In summary, the stabilization and the enhancement of ARy idence of the existence of the static AF order in optimally
and charge stripes in@&wave superconductor near a vortex doped HTS samples. In view of all these and the favorable

core are numerically studied by a mean-field Hamiltonian ¢omparison with experiments, the qualitative feature of our
We found the wavelength of the AF stripes to led@hd that  egyts should still remain even in a more refined theory.

of charge stripes to bea4 Assuming that the degeneracy of

thex- andy-oriented stripe phases is broken by some defects, We wish to thank Professor S. H. Pan and Dr. J. X. Zhu
we show that the observed spatial variations of the SDW anfbr useful discussion. This work was supported by a grant
CDW are anisotropic and two dimensional, with wavelengthsrom the Robert A. Welch Foundation and by the Texas Cen-
in good agreement with experiments. We also would like toter for Superconductivity at the University of Houston
emphasize that our self-consistent mean-field BdG equatiothrough the State of Texas.
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