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Superconducting Vortex with Antiferromagnetic Core
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We show that a superconducting vortex in underdoped Highsuperconductors could have an
antiferromagnetic core. This type of vortex configuration arises as a topological solution in the recently
constructed SO(5) nonlinear model and in Landau-Ginzburg theory with competing antiferromagnetic
and superconducting order parameters. Experimental detection of this type of vortex by muon spin
resonance and neutron scattering is proposed. [S0031-9007(97)04250-6]

PACS numbers: 74.20.De, 74.25.Dw, 74.25.Ha

One of the most striking properties of hi@h supercon- on the magnitude of the superspin. This theory describes
ductivity is the close proximity between the antiferromag-AF and SC order parameters in competition with each
netic (AF) and the superconducting (SC) phases. Whilether. We show that even if the SC state wins in the
there are a number of theories [1] linking the microscopidbulk, under appropriate conditions a nonvanishing AF
origin of high 7. SC to antiferromagnetic correlations, it component can occur inside a SC vortex core. The nature
is natural to ask if the close proximity between these twaof the condition leads us to conclude that a SC vortex
phases could have any macroscopic manifestations. R&dth an AF core should only be realized in underdoped
cently, a unified theory [2] of AF and-wave SC in the high T. superconductors, not in the overdoped ones. We
cuprates has been constructed based on an SO(5) sytelieve that the nature of the vortex core has nontrivial
metry. In this theory, the AF and thé-wave SC or- implications for the physics of higfi. superconductors in
der parameters are unified into a five dimensional vectoa high magnetic field. In recent experiments, Boebinger
(n1,n2,n3,n4,ns) called a superspin. The AF order pa- et al. [6] find that insulating and normal phases appear
rametersm correspond to then,,ns, ny) components, upon destruction of SC by a high magnetic field in
while the real and imaginary parts of the SC order paramednderdoped and overdoped materials, respectively. This
ter ¢ correspond to thé:;, ns) components. It was shown observation could be related to the insulating/normal
that the chemical potential induces a first order superspinsortex core in underdoped/overdoped materials which is
flop transition where the superspin abruptly changes diredound in this work. We also suggest possible neutron and
tion from AF to SC. muon spin resonanceSR) experiments to probe the AF

The SO(5) theory predicts a spin triplet of pseudo Gold-components of the vortex core.
stone bosons associated with the spontaneous breaking ofThe SO(5) theory has been constructed in its general
SO(5) symmetry in the SC phase [2,3]; these can be iderform to allow for anisotropy in the AF and SC couplings
tified with the recently observed resonant neutron scatf2,7]. However, in the underdoped regime close to
tering peaks in superconducting YBCO [4]. Physically,the AF-SC transition, most forms of anisotropies are
these modes correspond to Gaussian fluctuations of the surelevant [7]. In this work, we first study the isotropic
also admits a special class of topological solutions calledymmetry breaking term. In this limit of the SO(5)
meron configurations. In this configuration, the superspirtheory, the free energy density takes the form [8]

SC phase winds around the origin byr. As the origin _ 1 _1 21,12

is approached from the radial direction, the superspin lifts F=ar 2 X Cr) Iyl

mize the energy cost of winding the SC phase. The result + 3 p Vil = sgm® + 8L (V X A2, (1)
. . o
is a SC vortex with an AF core [5].

to nontrivial macroscopic consequences which we shallhe SC (#) and AF (n) order parameters. Because of the
explore in this paper. We first present detailed analyticonstrainty*y + m?> = 1, the two are coupled. When
study a more general Landau-Ginzburg (LG) theoryphase is superconducting;> 0 prefers the antiferromag-
obtained from the SO(5) theory by relaxing the constrainnet. Assuming a constant direction for the Néel field, we

perspin. However, it was noted [2] that the SO(5) theorylimit of coupling constants, and allow only a quadratic
lies inside the SC plane far away from the origin, and the . 2
=> e -
V+—A
up from the SC plane into the AF sphere in order to mini-
The existence of SC vortices with AF cores leadswhere v = n; + ins and m = n, X + n3§ + n42 are
and numerical solutions of the SO(5) vortex. We alsog = g — 4u’y = 4x(u2 — u?) is negative, the bulk
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havem = /1 — |¢|? #, and the equations faof are o [T T . _ I
2 > Ol % F -
d ie* - ) Vz\/l - |¢|2 5 _‘\ _ m@ \Ew:\‘ _ 7u0@

_V+E_A g — €& d/+ﬁd/:0’ = wll £=050 43 3fF\ £=1.00 42 %

¢ VvI- RN S g 1o 2
v 2) £ LA 183 £3F /) 13 8
\ 4
/\2V><V><A+|¢|2A+——(¢V¢ gV =0, £ 128 52\ 1 %
& \ :N S & (Y] N :c\z 1
where ¢ = \/p/(—2) is the coherence lengthg < 0 éﬂ \\ 15 °© éﬂo N 15 ©
in the superconducting phase. As in the more familiar Jfi dvenic 30 bt mead
Ginzburg-Landau theory of SC vortices, there are two ~ © * 2 3 4 A
length scales in the problem.

Vortex solutions—In searching for vortex solutions, ARMRRARSAARSAARRARAS I NSRS
it is convenient to work in polar coordinateg, ¢) gm_\ I = gﬁ_\\ I =
and to rescale distance,= ¢ s, and vector potential, §°r ©=2.00 —_2 = 5° 4 x=4.00 —:§ =
A(F) = (¢L/2mE) s ' a(2) p, wherey, = he/e”isthe  Zof [N Jes 2 N EEE
London flux quantum. The magnetic field is thB(r) = g° \ «5 g8[ . -
(pr/2mE2) b(s) with b(s) = s 'da/ds. We demand & _f K 1°% gt o 1°F
a(0) = 0 and a(®) = m, the number of flux quanta §°°* . J8o é” ~Ju o
through the plane. Wity = f(r) explim¢), then I T T T I I TR TR T Y

dzf 1 df f df 2 4] 1 2/ 3 4 0 1 2/ 3 4
=r/¢ s=r/¢
o= L, Ldr, (_) o
ds? s ds 1= f? FIG. 1. Vortex profiles for a series of different values of

the solid lines show the SC order parameter. The AF order
parameter is related to the SC order parameter by the SO(5)
d2x 1 da (a — m) constraint.

o=S2 __da_ & Wp 3
ds? s ds K2 f (3)

where k = AL /€ is the Ginzburg-Landau parameter
We solve these equations by the shooting method,
ing the asymptotic solutiong' (s —0)~ Cys™, a(s—

_ 2 k. The dashed lines show the magnetic field distribution and
w1 - [ L) |a-rf

Wlth asymptotic solutiong (s — —) ~ C; exp(—s*/2«),
Was— =) ~s/k + Ca,  fls— ) ~1—C3 exp(—2s),
and a(s — ) ~ C4 exp(—s/k). We again solve by the

~ 2 —_ ~ — — —_ ~ . . .
0) _chs : f(S2 <) ~1 o & EXp( 22' als oot) s, Shooting method, and the results are shown in Fig. 2 for
m 4 exp(—2+/s/k), whereCy,...,C4 are constants. various values of.

The SC order parameter and magnetic field distribution
near the vortex core is shown in Fig. 1 for different values
of k. In the SO(5) theory, the AF order parameter profile

is simply given byv/1 — ¥2. As in conventional vortex o LT - - SRRk po
solutions, the SC order parameter is well approximated byz | lo@ 5 \‘ @
a tanh. The vortex line energy has also been calculateds [ 17 % = r v 17 %
and gives a value ok, separating type | and type I i 188 & [#=075 [\ 12§
behavior, in good agreement with the value predicted £ 3«,@ 2ol \ jw@
from H., for this model,kei; = 1 [9]. g 1°g g°f N 1%%

Domain walls—The Gibbs free energy density& = £ " | s°© g N1 °
F - %E H. In the bulk, the SC state is character- ok o o ks 11(‘)1‘;0
ized by ly| =1, B =0, and a free energy density of s=r/¢
Gsc = 2g = —,0/252 The AF state hagy| = 0, B = e
H, and Gar = —H?/87. Setting Gsc = Gar gives  — - - S 3F 1~
the thermodynamic critical fieldl.: H. = J4mp/é = 5 of 9@ 5 _f o @
¢L/2mENL. We now consider a domain wall separat- = : :E < :E
ing a bulk AF (x — —«) from a bulk SC(x — +«) f sf ° 8 f s 8
and compute the energy of the domain wall relative to £ 3| R e
that of either bulk state. We write = ¢s and A = S of N ~ 8
(Ac/e*€) a(s) ¥ to obtain the Ginzburg-Landau equations = °f ° = ©

2 % o 2 4 °Ti 2 0 2z 4 °
R T R (af ) =/t s/t
9s — 2\ s (4) FIG. 2. Domain wall profiles for a series of different values
0% B 1 of k. The dashed lines show the magnetic field distribution,

- 2
0 Tos2 k2 afs, and the solid lines show the SC order parameter.
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The domain wall free energy per unit length is the solution to
2 2
p [~ da f af d’f 1 df 1 3
E =S _ = — — _ 4 — == 4 —_ — — =
7 2¢ [mds{(;c s 1) (1 - f2 85) } ©) ds? s ds ! 52 f=r=0 ©)

Note that the integrand of Eg. (5) is a difference of twosubject tof(0) = 0 and f () = 1. The linearized equa-
positive quantities. When > 0 the domain wall energy tion for m(s) is then

is positive. This is type | behavior. Whem < 0 the om ((d2m 1 dm w o
domain wall energy is negative, and we have type Il —— (F + — d_> + — fHs)ym = —m. (10)
behavior. & = 0 corresponds tokci; = 0.30, which Py \ a8 5 das v B

differs from that determined byi., or the vortex line This defines an eigenvalue problem, perhaps conveniently
energy because of the gradients which appear in the fourttonsidered as a radially symmetric Schrédinger equation
order terms due to the SO(5) constraint [9]. for a particle of mass = ﬁzp.zb/2pm in an attractive
In the above calculations, the SO(5) constraint forcepotential V(s) = —(w/v)[1 — f(s)]; the energy eigen-
the vortex core to be antiferromagnetic. A normal core isvalue isE = (a/B — w/v). Bound states, for which
describable within a soft superspin model. To explore then(~) = 0, satisfy E < 0, in agreement with the afore-
competition between AF and normal cores, we wiite=  mentioned conditions. Antiferromagnetic cores will exist
ncosd e'® and m = nsindm with ¢ =tan'(y/x). for E> —Y, where—Y is the lowest bound state en-
We further assume that is constant, and we work in the ergy; clearlyY (p,/pm, w/v) is an increasing function of
extreme type-II limit where the magnetic field is ignored. w/v which vanishes whew /v = 0. Thus, we arrive at
The free energy density is then the conditionw/v — Y(py/pm,w/v) < a/B < w/v.
> > To compare with our earlier variational calculation, set
F = 1p[(Vn)* + n2(V6)* + % n?cog 6] /B i 2/aandpy/pn — wio — 1
+ %anz + %g(cosze - Dn? + %bn“, (6) The SC vortex with an AF core has important conse-
quences for the high magnetic field physics in underdoped
high 7. superconductors. Within SO(5) theory, both
the thermodynamic critical fieldd, = ¢ /27m&éAL and
the upper critical fieldH., = ¢ /27 £ describe phase
transitions between SC and AF phasgdixed chemical
potential x [10]. A schematic zero temperature phase
diagram in the(H, u) plane is shown in Fig. 3. Ap-
plying a uniform magnetic field to the AF causes
the Neel vector to flop into the plane perpendicular
to the applied field, while the total magnetization
vector is aligned in the field direction. The bulk
AF-to-normal transition occurs at a critical field
Hn = aJ/hup (about 50 tesla ifa = 1), whereJ is
the AF exchange constant and is a dimensionless
constant. Since doping (increasing) significantly
&/eakensJ , We expectHy to decrease with increasing
. On the overdoped SC side, we also expHgt to
romagnetic and normal cores. We find AF cores Stabléje_c_rease with increas_ir_lg doping because of the_ loss in
pairing energy. Surprisingly, on the underdoped side, the

for 4x(u? — u?) < 0.0941(T. — T), hence, AF cores . > P :
should be observable in underdoped materials at low temoC(®) theory givedie, = dy$r(u” = uc)/2mp which

peratures. Increasing doping or temperature will eventu- Increases .W'tm' 'These three C”.tlcal lines meet at a com-
ally result in normal cores mon tricritical pointH,. Several important features are to

: e noted about our proposed phase diagram. First of all, if
h al—ht? egﬁ”&?&;ﬂ%ﬁﬂ;fge e>r<1 e(;gg)de?ss ity when SO(5 e assume that the London penetration depthlremains
s¢ AF finite at w., then H. will exceed H., sufficiently close

F = 3pslVyl> + 3p1 IVl + 3alml? + 38 1yl? to u., since €2 behaves au? — u2. Therefore, the
1 -4 I | 4 SC-to-AF transition will change from second order to first

T oaulml® A wlmlE g+ vyl (8) order in the vicinity of u., where these two phases are
where we again work in the extreme type-ll limit. We separated by the thermodynamic figtl « ./u — .
take B8 <0 and u,v,w > 0. Bulk SC is stable if Second, all our discussions are carried out for a short
a/B < w/v; this also precludes a mixed(|,m # 0) ranged model at fixedu; Coulomb interactions may
phase. Ifa <0 and a/B > u/w we must impose lead to a significant modification of the phase diagram.
B2/v > a?/u for global SC stability. We writey(7) =  However, we believe the most salient feature of our phase
VIBI/2v f(s) e'® with s = (I81/py)'/? r; f is given by  diagram, namely, the transition from a SC state to an
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where a(T)=d/(T —T.) in the vicinity of T..
We now consider two trial vortex profiles:
@) n(r) = notanh(r/€), 6(r) =0 (normal core),
and (i) n(r) = no, 8(r) = 5 exp(—r/€) (antiferromag-
netic core). Here¢ and ¢ are variational parameters,
while ng = /(—a)/b is the superspin magnitude far
from the vortex core. We find? = 3.385p/(—a) and
€2 = 0.9865p/(—g). The difference in free energy per
unit length is themFar — Fromal = 7p 1 [X(A) — Xc],
whereA = 1.852y/g/a, X. = 0.3214, and

X(A) = fow %[tanﬂu —cos(ze M)].  (7)

We find that the AF core is preferred far< 0.5683, i.e.,
g/a < 0.0941.

The consequence of this analysis is that there is
line in the (T, u) plane separating regions with antifer-
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random sign and hence generate double or multiple steps
in the absence of other broadening mechanisms. In a
longitudinal field experiment, the fluctuating transverse
fields due to the AF vortex cores could give rise to a
substantial amount of relaxation. The magnitude of the
relaxation depends on the amount of spectral density of
transverse spin fluctuations at the Larmor frequency of
the muon. The temperature dependence of this relaxation
is a probe of the spin fluctuations within the vortex cores.
The authors are indebted to E. Demler for numerous
valuable discussions and to N. Andersen, J. Brewer,
P. Hedegard, B. Keimer, R. Kiefl, and T. Mason for
very useful discussions and correspondence regarding
possible experiments. D.P.A. is grateful to H. Levine
for discussions on shooting. The financial support of NSF

FIG. 3. Schemati@ = 0 phase diagram.

insulating state with applied field, will still remain valid
in the underdoped regime.

Next we consider possible experimental methods for
observing AF vortex cores. The AF vortex core size is
on the order of the SC coherence length (four to five [2]
lattice constants). The density of vortices is proportional [3]
to the field. The local electron magnetic dipolar fields in 4]
the cores are hundreds of gauss, as they are in the purE
AF [11], but because these AF regions are at best one
dimensional (along the field direction), the local fields
may not be static, except perhaps at low temperatures.
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step at the high field end of theSR spectrum. For
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In the cuprates, the chemical potential, reflects the
equilibrium between the Cu(planes and the intervening
charge reservoir layers. F@r = H = 0, the critical value
M. corresponds to a range of hole densitiess n;, < ne,

in which AF and SC phases coexist, presumably with
some kind of striped microstructure. FQr > u. the
SC phase is homogeneous. We assume that,Hfor

0, the chemical potential of the combined SC, vortex
core, charge reservoir system varies weakly withand
hence thatH and u may be treated approximately as
independent variables.
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