RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 62, NUMBER 14 1 OCTOBER 2000-I1

Half-quantum vortex and d-soliton in Sr,RuO,
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Assuming that the superconductivity in,BuQ, is described by a plangr-wave order parameter, we
consider possible topological defects in,BuG,. In particular, it is shown that both the:soliton and half-
guantum vortex can be created in the presence of the magnetic field parallebtd thiane. We discuss how
one can detect the-soliton and half-quantum vortex experimentally.

It has been suggested that the unconventional supercon- It is important to notice that the superconducting ground
ducting state of SRuQ, is described by the planar spin- state described by the order parameter of @j.is doubly
triplet p-wave order parameter with broken time-reversaldegenerate. We can designate these two ground states by the
symmetry in analogy to théHe A phase. As known from the - angular momenturh,= = 1, wherel is parallel to thec axis.

example of superfluidHe, one of the hallmarks of the trip- Sigrist and Agterbeftproposed recently that there will be in
let superconductivity is the presence of a manifold of topo-

; 5 : general a domain wall betwedn=1 andl,=—1 states,
logical defects:? Thus, we expect that the creation and de-~ . o 10 -
tection of topological defects in §RuO, (or spin-triplet Which we 3sha|| calll —S.O|I'[OI"P' in analogy to the case of
superconductorwill provide further insights about the na- SuPerfluid“He-A. Itis likely that such a soliton is magneti-
ture of the unconventional superconducting state of@lly active, so it may be an origin of the spontaneous mag-
SKRuQ;,. In this sense, the study of the topological defectshetization seen in muon spin-relaxation experinfeint par-
in the planap-wave superconducting state with broken time-ticular, in a magnetic fieltH||c, only one of these degenerate
reversal symmetry is of great interest. Moreover, half-states is favored'? Therefore, it is possible to control
guantum vortices can exist in different cor)densed matter SY§-solitons by a magnetic field parallel to teaxis® They
tems, such as the Bose condensates with hyperfine Fspin
=1 and the mixture of two Bose condensates.

It has been proposé&dthat the superconducting order pa-
rameter in SYRuQy, is described by the plangrwave form
written as

also proposed that thedesolitons would provide very effi-
cient barriers for the vortex motion and this effect is possibly
related to the pinning of vortices observed inRun0, below
T=30 mK.!3
The purpose of this paper is to propose an alternative
N model for the appearance of the spontaneous magnetization
A, 5(K)=d(k)- (i 1 -
ap(K) = (k) (7102) g @ 4nd another mechanism of the pinning of vorticgssoliton
with and half-quantum vortex. Thd-soliton is a domain wall
betweend|c andd||—c as in superfluidc®He-A. We believe
d(k)=Ad(k;xiky), (2)  thatd is parallel and antiparallel t@, because they are
B _ _ forced to be parallel to the angular momentlifor — 1) due
whereo, (1=1,2,3) are Pauli matrices and 8 represent 4 the spin-orbit coupling characterized by an energy scale
spint or | . Herek; (j=1,2) represent the projection of the (), 1415 Therefore, if we usey as a parameter, we can
unit wave vectok along two perpendicular directioes and  calculate the energy and shape of theoliton provided that
e, in two-dimensional space. This order parameter describeQ <A (T), whereA(T) is the superconducting gap. Unfor-
the Cooper pair state with the zero-spin projectiondoand ~ tunately we do not know the precise value(®f, but it may
with the unique projection of the pair orbital angular momen-be about;5A(T). In this picture, moving thel-soliton gen-
tum given byl =e;xe,. In SLRUO,, due to the spin-orbit €rates the local magnetization which can result in the spon-
coupling,d is forced to be parallel to- ¢ andK is the qua- taneous magnetization seen in muon spm-rﬂelaxgﬂon experi-
siparticle momentum in tha-b plane. ment. One can also generate a large numbel-sdlitons by
Indeed the spontaneous magnetization seen by muon spiaPpPlying a burst of high-frequency microwaves with fre-
relaxation experimefitand flat Knight shift seen by NMR ~quency~{q sent parallel to the-b plane:
(Ref. 7) seem to be consistent with this picture. On the other As in superfluid®He-A, eachd-soliton is terminated by a
hand, the origin of the spontaneous magnetization seen hyair of half-quantum vortice¥ We find that these pairs of
muon spin-relaxation experiment is somewhat mysteriousalf-quantum vortices are more stable than the usual single-
since we do not expect such a magnetization in a homogeguantum vortex in the superconducting state in the presence
neous system. of the magnetic field parallel to the-b plane. This means
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that the usual single-quantum vortex would split into a pair Y \\ YA i t f f Pt f /
of half-quantum vortices connected by tflesoliton®*” In VANV NYY
this case, these objects would provide an extremely efficient AL UL U UL T O [ A A
pinning mechanism of vortices in RuQ,. Also the half- AR U U U .Y SAASSLSS
guantum vortices should exhibit a clear electron-spin reso- AU N N NN e A A
nance signature. Further we believe that these objects are LU NN e A A
visible by the scanning tunneling microscof§TM) imag- \\\‘ Voo w o T e
ing and by micromagnetometry developed by Kirtktyal '8 R ARy
used in highT, cuprate compounds. N Vo oo T e //
Free energy of the conventional single vortex when the \\ Yo \ U - // g RPRp
magnetic field is parallel to the a-b planket us assume that N D iSRRI
geat . AU UL N NN A AA SN
the magnetic field is parallel to tha axis. Then the free \\ Voo \\ N YRR / Py
energy of the conventional vortex with the flux quantum NN A / /4 e s
¢o=hc/2e is obtained within the London approximations as VAANAAAY AR
VAN et
bo \? 7\) VAV Y trrtr

fo (477)\) In &’ ® FIG. 1. The spatial configuration of tlievector in theb-c plane

where¢ is the coherence length andis the magnetic pen-
etration depth. The magnetic penetration depth related to
the superfluid densitypg(T) by A\ ~?=(4me?/mc®)p(T).
When the magnetic field is parallel to tleaxis, in an an-
isotropic system like SRuQ,, N\ and ¢ should be reinter-
preted as\ = Aph. and é= €. Herehy, . and &, . are
the magnetic penetration depth and coherence length ib the
andc directions, respectively.

d-soliton and a pair of half-quantum vorticeShere ex-

ists huge anisotropy in the in-plane and out-of-plane trans-

port properties in SRuQ,. Thus SsRuG, may be regarded

given by Eq.(6). The thick line denotes the domain wall with the
length R, which is parallel to the axis.

half-quantum vortices to the end points of tlesoliton of
length R in the y-z plane. In the case of an isolated half-
guantum vortex, we havee@™= —1 factor in the order pa-

rameter due to phase winding around the half-quantum vor-
tex. Therefore, an isolated half-quantum vortex cannot occur.
On the other hand, if the half-quantum vortex is attached to

the end points of thel-soliton, the disgyration ird at the
same point compensates the phaseo that there is no net

change in the overall phase of the order parameter.

as an effectively two-dimensional system. The large anisot-
ropy or the effective two-dimensionality of the system forces .~ ) A
the angular momentum of the Cooper pair to be parallel ofh€ d-soliton is a lower energy excitation compared to a

antiparallel to thee axis. In thep-wave superconducting state Single conventional vortex, we have to compare the free en-
described by the order parameter described by Bgsand ~ €rgies of the two cases. The free energy required to create the

(2), thed vector is oriented along:1 in the presence of the d-soliton is obtained from
spin-orbit coupling. Here we consider the case that the angu-

In order to show that a pair of half-quantum vortices with

lar momentuml is uniform in the entire system. We can 1

. ) P . A -2 2
assume, without loss of generality, tH4c. We are inter- fd=§XNC2J daf[; |gidj|?+ £52(1=d9)|, (4
ested in the deformation of tlieconfiguration from the uni-
form case; for exampleg|c. Any deviatiqn from_the uni- _ AR APRP PR / ‘4
form state would cost the energy associated with the spin- ’ /’ /‘ P '/4 / ’/4 // ’ J
orbit coupling characterized by an energy scélg.**® b /7 /, : // /4 ? /; 7 ; o
However, we will show that the so-callattsoliton (a par- oo /‘ L4 LSS S /, y
i A i i i i _ /f / / / /‘ / ‘ /( A /( /l /)’ // / /o
ticular form of thed configuration with a pair of half N AP AP . .
guantum vortices can have lower energy than the conven- A /, /( A /f I
tional single vortex. Thus it is easier to excite a pair of half- I ; At et "/ /; ; po
quantum vortices with ad-soliton compared to single T , f e e T f f
conventional vortex. In particular, a magnetic field parallel to N \ Wy
the a-b plane generates very likely pairs of half-quantum K s 5 LT haN \\ k\ 3
vortices rather than usual vortices when the former are ~\ AR AN N R \
stable. N : A T N N N R \ S

. ~ . . . LR ‘

We consider thel-soliton that is a topological planar de- AN :\ : t i ‘\ t\, N \ |
fect in thed configuration. The orientation af changes by \ \\ AENERERIN {\ N O \\ E N \
7 across the planardefectwhﬁievectors at far distances are ;\ NN ;\ \ RN NN ' ;\

A
Vo SN VoV A VoA

still along thec axis. Typical configurations of the-soliton
in they-z plane can be found in Figs. 1 and 2, which we will  FIG. 2. The spatial configuration of thievector in theb-c plane
explain later. We takg andz as the coordinates along the given by Eq.(7). The thick line denotes the domain wall with the
axis andc axis, respectively. Now let us attach a pair of lengthR, which is parallel to thés axis.
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where yy is the spin susceptibility £4(T) = C(T)/Qq4(T) %
where C(T) is the spin-wave velocity, an€4(T) is the
longitudinal spin-resonance frequenty. 1.6
On the other hand, thd vector of thed-soliton can be
parametrized by the following expression: 1.4
d=cosyz+sinyy, (5) -
where
1
1 z+R/2 z—R/2
z//(y,z)—z arctanT—arctanT , (6) -
where we put two half-quantum vortices at,£) =(0,R/2) o
and (0;-R/2). '
In the past, a similar form ofy was also discussed in a 0.7 0.5 0.8 0.85 0.5 0.95 t

different context in regard t8He.'® As one can see, there is FIG. 3. The parametéf as a function of the reduced tempera-
a discontinuity ing across the line defined by R2<z i—7/7.
<R/2 andy=0. The spatial configuration of the correspond- ¢

ing d around a pair of half-quantum vortices is shown in Fig. are the contributions from the second and third terms in the
1. As one can see from the figure, the planar defect is parallgirst line of Eq.(8). These contributions come from the dis-
to thez direction orc axis. One can also consider the planar cjination of thed-vector.

defect lying along the axis given by Using the form ofiy(y,z) discussed above, E(f), |, and

I, can be obtained as follows:
1 y+R/2 y—R/2
Y= > arctanT — arctanT , (7)

1 R?

_ Ilzzfdydz 5 P S-=min—,
where two half-quantum vortices are located at,zj [y +(z+R/2) ][y +(z—R/2)7] ¢
=(R/2,0) and - R/2,0). The configuration of thd vector
using the above is shown in Fig. 2. One can easily see that 1 y?+27z2—R?/4
the free energied, associated with two possibteconfigu- '2_2_5(2J dydz 1- V2 + 2= R4+ y°R?
rations are the same.

The total free energy of the-soliton and a pair of half- [ R 2| 48y
quantum vortices is given by ~ T 2¢g, R

(10

1 - P where &, is the length scale associated with the spin-orbit
__ 2 2 312 2 d
Foair=5XnC fdydz{"(vq’) 20 |00+ &4 sir? ‘4 coupling defined byy(T) = C(T)/Qu(T).

By minimizing f i, with respect taR, we obtain the op-
timal R, for the lowest free energy configuration of a pair of
half-quantum vortices and thé-soliton. The optimalR, is
ﬂiven by

, 8

1 ) A
:EXNC 7K |n§+|1+|2

where® represents the phase of the order parameter whic
couples to the external electromagnetic field. The parameter

- - _ 2
K is defined by Rg—w> 0. (11

" In(4&q/\eRy)

9 Here we have assumed th&§>\eR,/4. Notice that the

half-quantum vortices with d-soliton is possible only when
where ps and pg, are the superfluid density and the spin K>1 in order to haveR,>0. Although we have no infor-
superfluid density respectivelfz; and F§ are the Landau mation aboutF$, it is most likely thatFi~0. The ratio
parameters anﬂg [=1-Y(T) andY(T) is the Yosida func- between the effective mass and the bare masgm, is
tion] is the superfluid density without the Fermi-liquid about 4, which means th&t;~9. Therefore K>1 in the
correction® Notice thatk(T,)=1 atT=T, andK(0)=(1  superconducting state, as one can see from(®qgThus this
+1/3F,)/(1+1/3F%) at T=0. The temperature dependence condition is always satisfied beloW,. However, the exis-
of the parameteK is shown in Fig. 3 assuming th&t, =9 tence of the solution foR, depends on the value &. We
andF2=0. This choice of the parameters will be explainedfind that the solution exists only ifXK<1.5. For example,
later. for K=1.5, £4/R=0.85. Since the parametirdepends on

The first term in the first and second lines of E8).is the ~ temperature as shown in Fig. 3, we find that a pair of half-

contribution from two half-quantum vortices and representsjuantum vortices with thel-soliton exist only for 0.78
the fact that these half-quantum vortices repel each other. <T/T.<1.

(P _ 1+ 1/3F, 1+ 1/3F3(1—p?)
Psp  1+1/3F2 1+1/3F(1—p2)
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Now the free energy of a pair of half-quantum vorticeswhich is appropriate for SRuQ,. One can also see that the

and thed-soliton at the optimaR, can be obtained as stability of a pair of half-quantum vortices with tiiesoliton
is determined by the value &f which depends on tempera-

1 N (K-1 A2 K-1 o
o= = G K I ( )In & _+ ' tures as shown in Fig. 3. ) )
2 & 2 2(K=1)&; 2 Now let us discuss the relation betwelerandd-solitons.
(12 It is difficult to estimate the energy of tHesoliton in terms

where A =In(4&4/\/eRy). In order to examine the stability of the texture free energy given by E@). Precise compari-

of the half-quantum vortices, we have to compégg, and  son between thd-soliton and the -soliton requires the com-
the free energy of single vortex, . The difference is given plete solution of the Euler-Lagrange equations derived from
by the Ginzburg-Landau funtional. This is beyond the scope of
1 the present paper and the subject of future study.
fv—fpairzzﬂ-XNCZ In summary, assuming that the superconducting state of
Sr,RuQy is characterized by the spin-triplet order parameter
with broken time-reversal symmetry, we investigated the ex-
istence of half-quantum vortices and the associated topologi-
cal defect: thed-soliton. We showed that a pair of half-
(13 guantum vortices attached taiasoliton can be created in the
If f,—foar>0 for some values oK>1, a pair of half- Presence of the magngtic field parallel to ﬁné)'plane..lt
quantum vortices are more stable than the conventiong¥@s found that a pair of half-quantum vortices with a
single vortex. This condition can be rewritten as d-soliton is more stable than the conventional single vortex
: for certain temperatures beloW. As in superfluid®He-A,
N ( d

o the presence of the-soliton may be detected as the deficit in
LN the intensity of electron-spin-resonance signakat Q) 4.°
) . o There should be a clear electron-spin-resonance signature

Recalling that the solution of Eql1) exists if 1<K §ye to the half-quantum vortices. Detection of the half-
=<1.5, one can investigate the stability condition given byquantum vortices by STM would also provide a convincing
Eq.(14). One can see from Eqel1) and(14) that, aslong as g jgence for the spin-triplet pairing state with time-reversal
K>1, a pair of half-quantum vortices can be stabilized oversymmetry breaking.
a single vortex under certain conditions for the ratio between
&4 and\. For example, foK=1.1 andK=1.5, the condi- We thank Manfred Sigrist, Ying Liu, and Steven Kivelson
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N, (K-1) 2(K-1)& (K-1)
n — .

In—+ e 5

X : 5

K-1 e(K=1)/27 (K-1)/2

(14

>2(K—l)/2(K_ 1)(K—l)/2'

a single vortex are given by
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