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Spin-triplet superfluids can support exotic objects, such as half-quantum vortices characterized
by the nontrivial winding of the spin structure. We present cantilever magnetometry measurements
performed on mesoscopic samples of Sr2RuO4, a spin-triplet superconductor. With micrometer-
sized annular-shaped samples, we observed transitions between integer fluxoid states as well as
a regime characterized by “half-integer transitions”—steps in the magnetization with half the
height of the ones we observed between integer fluxoid states. These half-height steps are
consistent with the existence of half-quantum vortices in superconducting Sr2RuO4.

Most known superconductors are char-
acterized by the spin-singlet pairing of
the electrons that constitute the super-

conducting flow. An exception is Sr2RuO4 (SRO),
which much like the A-phase of superfluid 3He
may exist in the equal-spin pairing (ESP) phase
(1). This phase has been proposed to host half-
quantum vortices (HQVs), which are character-
ized by the relative winding of the phase of the
spin-up and spin-down components of the super-
fluid order parameter (2, 3). In addition to being
of basic scientific interest, HQVs are expected to
give rise to zero-energy Majorana quasiparticles
(4, 5), which have been suggested as a resource
for topological quantum computation (6).

The ESP state may be thought of as compris-
ing two weakly interacting condensates, having
Cooper-pair spin configurations, j↑↑〉 and j↓↓〉,
defined with respect to a common (ESP) axis.
An HQV corresponds to the winding of the
phase of only one of these condensates around
a contour that encircles the HQV core, such as
ðDq↑;Dq↓Þ ¼ ðT2p; 0Þ or ð0; T2pÞ, producing
half of the magnetic moment of a conventional,
full-quantum vortex (FQV), for which Dq↑ ¼
Dq↓ ¼ T2p. The Meissner response of the su-
perconductor screens charge currents over the
length scale of the London penetration depth l;
however, any (charge-neutral) spin currents go
unscreened. Consequently, the kinetic energy of
an isolated HQV diverges logarithmically with
the system size, whereas the kinetic energy of a
FQV would remain finite. Hence, a single HQV
may not be energetically stable in a macroscopic
sample, whereas according to (7), a single HQV
could be stable in a mesoscopic SRO sample of
size comparable with or smaller than l.

We used cantilever magnetometry to measure
the magnetic moment of micrometer-sized SRO
samples, with the aim of distinguishing between
HQV and FQV states via changes in magnetic
moment associated with the entry of single vor-

tices. To facilitate this aim, we have fabricated
annular samples by drilling a hole in the center of
each particle with a focused ion beam. This geo-
metry yields a discrete family of equilibrium states,
in which the order parameter winds around the
annulus as it would around a vortex core, but
evades complications arising from the vortex core.

For an annular conventional superconductor,
the fluxoid F′, defined via F′ ¼ Fþ ð4p=cÞ
�∮l2

→

js ⋅d
→
s ¼ nF0, must be an integer multiple

n of the flux quantum F0 ¼ hc=2e for any path
encircling the hole (8), where h is Planck’s con-
stant, c is the speed of light, and e is the electron
charge. Here,

→

js is the supercurrent density, F ¼

∮
→

A ⋅d→
s is the magnetic flux enclosed by the path,

→

A is the vector potential, and n¼ ∮
→

∇q⋅d→
s =2p is

the order-parameter winding-number along the
path. In the regime in which the wall thickness of
the annulus becomes comparable with or smaller
than l,

→

js will not necessarily vanish in the
interior of the annulus; hence, it is the fluxoid and
not the flux that is quantized. The quantized
winding of the order parameter, however, produces
observable effects in the magnetic response of the
annulus. In the regime in which the magnetization
is piecewise linear in the magnetic field, the
supercurrents that flow around the hole produce
a magnetic moment mz ¼ Dmznþ cMHz, where
cM is the Meissner susceptibility and Hz is
the component of the magnetic field that con-
trols the flux through the hole (Fig. 1). In equil-
ibrium, changes in the fluxoid are associated with
transitions in the winding number in single units
(n → nþ 1), corresponding to the changes in the
magnetic moment in increments of Dmz.

For an ESP superconductor, the two con-
densates bring the two integer-valued winding
numbers: n↑ and n↓. Then, the role of n is played
by the half-sum n ¼ ðn↑ þ n↓Þ=2. The integer-
fluxoid (IF) state of the annulus—the coreless
analog of the FQV state—corresponds to the
common winding of the condensates (n↑ ¼ n↓),
whereas the half-fluxoid (HF) state—the coreless
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Fig. 1. Image of cantilever with attached annular SRO particle. (A) The 80 mmby 3 mmby 100 nm single-
crystal silicon cantilever has natural frequency w0/2p = 16 kHz, spring constant k = 3.6 × 10−4 N/m, and
quality factor Q = 65,000 and exhibits a thermal-limited force sensitivity of SF

1/2≈ 1.0 × 10−18 N/
ffiffiffiffiffi

Hz
p

at
T = 0.5 K. (Inset) Scanning electron microscopy of the 1.5 mm by 1.8 mm by 0.35 mm annular SRO
sample attached to the cantilever. The orientation of the ab planes is clearly visible from the layering
observed near the edges of the SRO particle. (B) Anisotropic component of the susceptibility
Dc = cc − cab as a function of temperature. Here, ccand cab are the c axis and in-plane susceptibilities,
respectively. (C) Field-cooled data was measured at T = 0.45 K for Hx = 0.
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analog of the HQV state—corresponds to wind-
ing numbers that differ by unity (n↑ ¼ n↓ T 1).
Thus, equilibrium transitions between the IF and
HF states would change n by half a unit (n→ n T
1=2), and this would produce a change Dmz/2 of
the magnetic moment—half of that produced for
an equilibrium transition between two IF states
(insofar as the corrections produced by nonzero
spin polarization are negligible).

To measure the magnetic response of the su-
perconductor, we used a recently developed phase-
locked cantilever magnetometry technique (9)
operating inside a 3He refrigerator with a base
temperature of 300 mK (Fig. 1A). In our setup, the
displacement of the cantilever was measured by
using a fiber optic interferometer operating at a
wavelength of 1510 nm. The optical power was
maintained at 5 nW in order to minimize heating of
the sample from optical absorption. To exclude the
potential fortuitous effects of geometry, we present
data for three annular SRO particles, of different
sizes, fabricated from a high-quality SRO single
crystal with a bulk transition temperature Tc =
1.43 K, grown using the floating-zone method (10).

We start with the particle shown in Fig. 1A.
To characterize its equilibrium fluxoid state, the
particle is heated above Tc by momentarily in-
creasing the laser power and then cooled below

Tc in the presence of a static magnetic field (field
cooling). The field-cooled data (Fig. 1C) exhibits
periodic steps in the magnetic moment of nearly
constant magnitude Dmz = (4.4 T 0.1) × 10−14

electromagnetic units (emu), period DHz =
(16.1 T 0.1) Oe, and susceptibility cM ¼
−6:0� 10−15cm3. The measured period DHz is
in reasonable agreement with theoretical es-
timates for the equilibrium fluxoid transitions of
a hollow superconducting cylinder having the
dimensions of the SRO sample (estimated value
of DHz ≈ 20 Oe) (11). Thus, we conclude that the
periodic events observed in Fig. 1C correspond
to equilibrium transitions between IF states of the
annular SRO particle.

The presence of an in-plane magnetic fieldHx

brings two new features: (i) For Hz = 0, the in-
plane magnetic response of the sample exhibits a
Meissner behavior forHx < 250 Oe. AtHx = 250
Oe, we observed a step in the in-plane magnetic
moment with magnitude Dmx ≈ 2 × 10−14 emu;
both the magnitude of the step and the value of
Hx at which it occurs are consistent with those
expected for the critical fieldHc1 || ab andDmab of
an in-plane vortex for our micrometer-sized sam-
ple (fig. S3). (ii) For Hx < Hc1 || ab, where no in-
plane vortices are expected to penetrate the sample,
and in the presence of Hz, we observed the ap-

pearance of half-integer (HI) states, for which the
change in the magnetic moment of the particle is
half that of the IF states.

Figure 2A shows data taken at T = 0.6 K for
in-plane fields Hx ranging from –200 to 200 Oe.
The data in Fig. 2Awere obtained by cooling the
sample through Tc in zero field and performing a
cyclic field sweep starting at Hz = 0 (zero-field
cooling). At this temperature, the zero-field
cooled and field cooled data are nearly identical,
indicating that the equilibrium response is well-
described by the zero-field cooled data. Figure
2B shows the data after subtracting the Meissner
response; Fig. 2C shows a histogram of the data
in Fig. 2B. The steps, which remain, indicate that
the change in magnetic moment associated with
HI→ IF transitions is half of that associated with
transitions between two IF states (Table 1). Shown
in fig. S4 are zero-field cooled data taken at T =
0.5 K for a direction of the in-plane field having
been rotated by 35° in the ab plane of the sample.
The half-step features remain, and furthermore,
the range of Hz values for which the HI state is
the equilibrium state is influenced by the mag-
nitude but not the direction of the in-plane field.

To verify that the HI features we observed
correspond to fluxoid states and not tilted or
kinked vortex lines that pierced the sample walls,
we performed an additional series of measure-
ments on a particular SRO annulus in order to
determine the dependence of the HI state on the
sample geometry. Before each of these measure-
ments, we cut away more of the annulus, using
the focused ion beam. The motivation for this
study was the following: The location and sta-
bility of a vortex line passing through the bulk of
the sample should be sensitive to the sample
geometry (such as the thickness of the walls of the
annulus or the location of pinning sites). In con-
trast, if the currents responsible for the half-step
features are generated by a HI fluxoid—and thus

Fig. 2. Evolution of the
HI state with in-plane
magnetic field. (A) Zero-
field cooled data ob-
tained at T = 0.6 K. (B)
Data shown in (A) after
subtracting the linear
Meissner response; curves
have been offset for clar-
ity. (C) Histogram of the
Meissner-subtracted data.
The red points show the
mean value of each clus-
ter in the histogram, cor-
responding to the mean
value of a given plateau;
the horizontal error bars
represent the SD of a
given cluster. The change
in moment correspond-
ing to the ith transition is
labeled Di.
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Table 1. The calculated fractional step heights for the data shown in Fig. 2C. The average value of
a given fractional step is indicated by the quantity 〈:::〉.

Hx (Oe) D1/(D1 + D2) D3/(D3 + D4)

200 0.46 T 0.06 0.46 T 0.06
140 0.47 T 0.05 0.47 T 0.05
80 0.48 T 0.06 0.51 T 0.04
–80 0.45 T 0.06 0.53 T 0.09
–140 0.52 T 0.07 0.51 T 0.06
–200 0.46 T 0.07 0.43 T 0.07

〈D1=(D1 þ D2)〉 〈D3=ðD3 þ D4Þ〉
0.47 T 0.03 0.48 T 0.03
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only circulate the hole—the observed fractions
should not be affected by the sample dimensions.
Measurements on a second SRO annulus are
shown in fig. S7; the in-plane magnetic field stabi-
lizes an HI state in which the observed fraction is
very nearly a half (0.50 T 0.02). Shown in fig. S8B
is the image of the sample presented in fig. S7
(black outline) as well as the outline after reshaping
(purple outline). After reshaping, the sample vol-
ume was reduced to 44% of the original volume;
however, the HI fraction was not affected (0.50 T
0.01). Half-height step features observed in these
samples are robust and not sensitive to the wall
thickness or the shape of the boundary.

We have also studied annular samples for
which the HI state is not expected to occur: (i) an
SRO particle whose dimensions are considerably
larger than l (fig. S9) and (ii) a micrometer-sized
particle fabricated from NbSe2—a spin-singlet,
layered superconductor (fig. S10). For both of
these samples, as the applied field is increased a
complicated set of fractional steps in the mag-
netic moment emerges; their fraction need not be
one-half, and it changes with field. Furthermore,
the pattern of fractional steps depends on the
direction of the in-plane field (changes when Hx →
–Hx). The irregular pattern of fractional steps found
for these particles is consistent with the presence of
vortices in the bulk of the sample.

The temperature dependence of the fractional
steps measured for the large SRO (Fig. 3A) and
NbSe2 (Fig. 3B) samples show qualitatively
different behavior from that of the HI steps ob-
served for the smaller SRO sample, shown in Fig.
1 (Fig. 3C). As the temperature is raised toward
Tc, the fractional steps observed in Fig. 3, A and
B, become less pronounced, and most eventually
disappear, leaving only the periodic fluxoid tran-
sitions. Numerical simulations for thin supercon-

ducting discs containing a circular hole (12) show
that as l and the coherence length x become
comparable with or larger than the wall thickness
of the ring, the fluxoid states become favored
energetically over bulk vortices (vortices pen-
etrating the walls of the superconductor). Thus, at
higher temperatures bulk vortices should be less
stable—in part because near Tc, x and l will
increase and eventually become large (relative to
the wall thickness) and also because of increased
thermal fluctuations. This behavior is consistent
with the temperature dependence observed for
the large SRO and NbSe2 samples. In contrast,
the HI transitions persist at higher temperature,
and the relative contribution to the magnetic mo-
ment from each HI transition does not change
appreciably with temperature. The HI transitions
measuredfor theSROsampleshowninFig.1exhibit
a qualitatively similar temperature dependence to
the fluxoid transitions: Near Tc, the HI transitions
become reversible and broaden (Fig. 3C), indi-
cating that x is comparable with the wall thick-
ness in a portion of the ring. The HI transitions
are clearly identified by the two double peaks in
the derivative signal.

The HI states observed in magnetometry
measurements performed on mesoscopic rings
of SRO are consistent with the existence of half-
quantum fluxoid states in this system. Our key
findings—the reproducibility of the half-height
steps in the c axis magnetic moment in multiple
samples and their evolution with the appliedmag-
netic field—demonstrate that the HI states are
intrinsic to the small SRO annuli. These findings
can be understood qualitatively on the basis of
existing theoretical models of HQVs [supporting
online material (SOM) text]. In addition to the
magnetic response, further studies will probe char-
acteristics that are particular to the HQV state,

such as spin currents or vortices obeying non-
abelian statistics (13, 14).
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Fig.3.Temperature evo-
lution of the fractional
and HI states. The data
were acquired at the val-
ue of the in-plane field
indicated on the top left-
hand corner of each pan-
el; all dataweremeasured
by field-cooling the sam-
ples.TheMeissnerresponse
hasbeensubtracted from
alldata; curveshavebeen
offset for clarity. (A) Data
obtained for the NbSe2
sample (fig. S10). The
data are scaled by 4.5 K,
1.0×; 6.0 K, 1.7×; and
7.0 K, 10×. (B) Data
obtained for the large
SRO sample (fig. S9).
The data are scaled by
0.63 K, 1.0×; 0.72 K,
1.5×; 0.76 K, 2.3×; and
0.80 K, 6.0×. (C) Data obtained for the SRO sample in Fig. 1. The T = 0.55 K
data are a plot of the c axis moment acquired by applying the phase-locked
modulation of dHx = 1.0 Oe perpendicular to the c axis. For the T≥0.80Kdata, we

measureddmz/dHz by applying the phase-lockedmodulation (dHz = 0.25Oe) parallel
to the c axis (9). The magnetic moment curves are calculated by integrating the
measured derivative signal.

A B C

dµ
z 

/ d
H

z 
(1

0-
16

 c
m

3 )

0.55 K

0.80 K

0.85 K

0.90 K

Hz (Oe)

Hx = 0 Oe

Hx = 0 Oe
Hx = 200 Oe

4.5 K

6.0 K

7.0 K

4.5 K

6.0 K

7.0 K

4.5 K

6.0 K

7.0 K

Hz (Oe)

Hx = 100 Oe

Hx = 20 Oe

µ z
 -

 χ
M

 H
z 

 (
10

-1
2  

em
u)

µ z
 -

 χ
M

 H
z 

 (
10

-1
5  

em
u)

µ z
 -

 χ
M

 H
z 

 (
10

-1
2  

em
u)

0.63 K

0.72 K

0.76 K

0.80 K

Hz (Oe)

14 JANUARY 2011 VOL 331 SCIENCE www.sciencemag.org188

REPORTS

 o
n 

Ja
nu

ar
y 

14
, 2

01
1

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/

