
PHYSICAL REVIEW B, VOLUME 64, 094504
Spin-mass vortex in 3He-B: Order-parameter texture and NMR signature

J. Kopu and M. Krusius
Low Temperature Laboratory, Helsinki University of Technology, 02150 Espoo, Finland

~Received 22 February 2001; published 3 August 2001!

We have calculated numerically the change in the NMR signal of rotating superfluid3He-B induced by the
presence of one spin-mass vortex. The NMR line shape is determined from the equilibrium distribution of the
order-parameter axisn̂(r ). Depending on the external conditions, two textures of different symmetry and with
clearly distinguishable NMR behavior are obtained. One of these agrees with published NMR measurements;
the other has not been reported earlier. The methods are discussed by which the texture transition and the new
reflection-symmetric texture could be observed experimentally.
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The broken symmetries and the structure of the order
rameter in superfluid3He are manifest in the existence
several stable topological defects with different dimensi
alities. One of the most extraordinary examples is the co
bination of a spin-mass vortex~SMV! and a soliton sheet in
the B phase. This composite object was discovered in m
surements where a container rotating at constant angula
locity was slowly cooled from3He-A to 3He-B.1,2 Its iden-
tification was partly based on earlier theoretical work3 which
had suggested its existence. More recent measurements
demonstrated that it is also created within bulk3He-B liquid
in the presence of ionizing radiation and vortex-free coun
flow at sufficiently high velocity.4 In contrast, it is normally
not created when the counterflow velocity at the wall of t
rotating container reaches the critical value for vort
formation.5

The presence of the spin-mass vortex leads to change
the NMR spectrum when it is measured at low rf excitati
in a polarizing magnetic field which is oriented parallel
the rotation axis. These changes are small and can be e
lost in the measuring noise. The present numerical calc
tions ofB-phase order-parameter textures, which incorpor
a spin-mass vortex, are intended to provide a better un
standing of what to look for in future measurements. O
results show that the identification of the SMV ‘‘fingerprint
which was used to analyze the measurements of Ref.
quantitatively correct. However, the calculations also in
cate that interesting effects can be expected if the SMV
tures are investigated as a function of the vortex-free co
terflow velocity.

Spin-mass vortex. The degenerate equilibrium states
3He-B are labeled by a phaseF and a rotation matrix
RJ (n̂,u). Two different types of linear defects exist in the
variables: an ordinary vortex with circulating mass flow a
a disclination~or a spin vortex! with spin current around it.
Roughly speaking, while in a mass vortex the phaseF
changes by 2p, in a disclination the rotation angleu changes
by 2p with the rotation axisn̂ ~of unit length! kept constant.
Since both a mass vortex and a spin vortex have a hard
~of the size of the superfluid coherence lengthj! where the
superfluid state is strongly deformed, it is energetically
vantageous for a pair to form a common core.3 The resulting
object is called a SMV.
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Far from the core, the large-scale structure of a discli
tion is determined by the dipolar spin-orbit interactio
which tends to fixu equal tou05arccos(21/4)'104°. This
value is assumed by most of the liquid surrounding the SM
However, for topological reasons the disclination is neces
ily accompanied by a planar defect, au soliton, whereu
changes fromu0 to 180° and back, but with opposite direc
tion of n̂.6 The gradient energyFG5*d3r @lG1] iRa i] jRa j
1lG2] iRa j] iRa j # is minimized whenn̂ is perpendicular to
the plane of the soliton because then thelG1 term gives no
contribution. The order-parameter variation inside the soli
has been calculated in Ref. 7. Since the dipole energy is
minimized within the soliton, its size is determined by th
corresponding healing length, the dipole lengthjD'10 mm.
Outside the soliton onlyn̂ changes with position.

The soliton tail of the SMV can either bind two SMV’
together or terminate at the container wall. Here we conc
trate on the latter possibility, which is presented in Fig. 1.
the presence of vortex-free counterflow of the normal a
superfluid components with velocitiesv5vn2vs, the surface
tension of the soliton is balanced by the Magnus force on
mass vortex, which prevents the object from shrinking. T
composite structure can therefore be stabilized in exp
ments in a rotating container and identified on the basis o
NMR signature.1,2,4

FIG. 1. Schematic representation of the spin-mass vortex~black
dot! with a domain-wall-like soliton tail~gray area surrounded b
the dashed line! ending at the container wall. The thickness
the soliton is of the order of the dipole lengthjD . Outside the
soliton u5u0 and the direction ofn̂ changes as indicated by th
arrows. On crossing the soliton,u changes fromu0 to 180° and
back, with reversedn̂ @note that the rotations given by (n̂,180°) and
(2n̂,180°) are equivalent#.
©2001 The American Physical Society04-1
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NMR of n̂ textures. Our goal is to calculate theB-phase
order-parameter texture and the corresponding NMR abs
tion signal in situations which closely relate to planned m
surements. The calculation is intended to provide guideli
on how to identify the presence of the SMV from the me
sured NMR spectra and what new features one might exp
We concentrate on the conventional NMR response, with
rf excitation field oriented perpendicular to the polarizi
field. The rf excitation is continuously applied in the low
amplitude limit, so that the precession angle remains sm
and no unconventional coherentB-phase resonance mode
are excited.

If the local variation of theB-phase anisotropy axisn̂
extends over a length scale which is long compared to
dipolar healing lengthjD , then the general line shape of th
NMR absorption signal can be obtained from the spatial d
tribution of then̂ orientation. If moreover the polarizing fiel
H is oriented parallel to the symmetry axisẑ of the cylindri-
cal container and theB-phase textural magnetic healin
lengthjH is small compared to the radiusR of the cylinder,
then the highly symmetricn̂ textures of ‘‘flare-out’’ form are
created.8

The first step in our calculations is to find out how t
flare-out texture is distorted in the presence of a SMV. T
second step is to calculate the changes in the NMR
shape. The latter is done using the local oscillator mo
where the local frequency shift, measured from the Larm
frequency, is determined by the local orientation ofn̂ with
respect to the polarizing fieldH. Thus the NMR line shape o
absorption versus frequency shift is used to provide an im
of the n̂ texture.

It has been known since the measurements by Oshe9

that even at low-rf-excitation-level collective resonanc
trapped spin-wave modes can be excited. In the NMR sp
trum ~with absorption plotted versus frequency shift!, these
are observed as periodic oscillations in the absorption le
superimposed on the general texture-dependent line shap
the flare-out texture they have been extensively studied
used as a measuring tool for vortex lines.10 They exist close
to the Larmor frequency, which spatially means the reg
close to the cylindrical symmetry axis, where the polar an
b of the n̂ orientation slowly starts to open up from th
external fieldH direction. The small linear gradient inb(r )
provides the confining potential for trapping the spin-wa
resonances. In the presence of a SMV and the confin
vortex-free counterflow, which is needed for its stabilizatio
the n̂(r ) texture is more inhomogeneous and the shall
gradient ofb(r ) in the center of the vortex cluster is de
stroyed. In this situation spin-wave resonance excitations
not expected to be prominent and have so far not been
perimentally observed. In the present calculation we s
neglect them.

Theoretical model. For our calculations we use th
method described in Ref. 11. The procedure starts with
termining the equilibrium distribution ofn̂5(2 r̂ cosa

1f̂ sina)sinb1ẑcosb, wherer̂ , f̂ and ẑ are the unit vec-
tors of the cylindrical coordinate system. This is done w
the hydrostatic theory of3He-B ~see Ref. 12 for a review
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and a full list of references!. The main orienting interactions
are due to the external magnetic fieldHi ẑ, with energy
FDH52a*d3r (n̂•H)2, counterflowv produced by rotating

the cylinder,FHV52lHV*d3r (H•RJ•v)2, and the surfaces o

the container,FSH52d*d2r (H•RJ• r̂ )2. Here we restrict our-
selves to the case of an infinitely long cylinder and igno
any dependence on the coordinatez.

We allow for metastable rotating states, with less than
equilibrium number of mass vortex lines, which are confin
by the Magnus force into a central coaxial cluster of vort
lines. The flow velocity in the surrounding annular vorte
free counterflow region around a cluster ofNV vortex lines is
v5Vr 2kNV /(2pr ), wherek50.0662 mm2/s is the quan-
tum of circulation in 3He. The distortion of the superfluid
state within the cluster introduces an additional orienting
ergy term equal toFLH5lLH*Ld3r (H•RJ• ẑ)2, where the in-
tegration is over the region occupied by the rectilinear vor
lines. The different orienting effects are in conflict with ea
other, leading to the formation of an inhomogeneousn̂(r )
texture in the cylinder. The bending ofn̂ is opposed by the
gradient energyFG. The length scale of the resulting spati
variation is the magnetic healing lengthjH , which is deter-
mined by equatingFG with the magnetic-field energyFDH .
Typically jH;0.1–1 mm and it is inversely proportional t
the magnetic-field strengthH. Likewise, equatingFDH with
FHV defines the dipolar velocityvD ~;1 mm/s!, which
gauges the strength of the flow energy.

The top part of Fig. 2 represents the variation ofn̂ in the
flare-out configuration, where the angular variables defin
n̂ only depend on the radial coordinate,a5a(r ), b5b(r ).
In this case the texture problem is reduced to one spa
dimension. However, the presence of a single SMV in
cylinder breaks the rotational symmetry of then̂ distribution
~see the bottom part of Fig. 2!. Therefore we have to con
sider in the texture calculation a more general situation w
a5a(r ,f), b5b(r ,f). We calculate the texture on a two
dimensional lattice withN and M equidistant nodes in the
radial and azimuthal directions, respectively (NDr
5R,MDf52p). The lattices used in the calculations ha
N520, . . . ,30 andM575, . . .,100.

The frequency distribution due to the texture is given
the high-field limit by the approximate equationv(r )'v0

1(VB
2/2v0)sin2b(r ), wherev0 is the Larmor frequency and

VB is the B-phase longitudinal resonance frequency. T
main features of the line shape can be understood as follo
At low angular velocitiesV most of the absorption is accu
mulated close tov0 ~apart from a small tail caused by th
surface energyFSH), because the magnetic-field energyFDH
is minimized by havingb50. On increasing the rotation ve
locity in the absence of vortex lines, the texture begins
orient towards sin2b50.8 favored by the flow energyFHV ,
leading to a gradual formation of another peak in the sp
trum, the counterflow peak.

Modified flare-out state. Figure 2 shows the typical form
of the equilibriumn̂(r ) texture, projected onto the plane pe
pendicular to the cylinder axis, without and with a SMV. W
have fixed the position of the SMV to the edge of a clust
which consists ofNV vortex lines, corresponding to the equ
4-2
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SPIN-MASS VORTEX IN 3He-B: ORDER-PARAMETER . . . PHYSICAL REVIEW B 64 094504
librium number at the angular velocityVV,V.13 This as-
sumption is well justified, since it can be shown that t
surface tension of the soliton tail imposes only a small c
rection to the equilibrium position of the SMV.1 Because of
the small thickness;jD!jH of the soliton wall, its effect
must be treated as a boundary condition for the texture
our calculations, we fixed the direction ofn̂ to f̂ and2f̂ at
adjacent lattice sites around the soliton. As already no
this choice minimizes the gradient energy contributio
which dominates over the other weaker orienting inter
tions.

From Fig. 2 it is possible to understand qualitatively t
change in the NMR line shape induced by the presence o
defect. The soliton wall forcesn̂ to the plane perpendicula
to the cylinder axis, which corresponds to having sin2b51.

FIG. 2. Calculated equilibrium textures in a cylinder withR
52.9 mm, pressurep529.3 bars, temperatureT50.75Tc (Tc is
the superfluid transition temperature!, H520 mT, V52 rad/s, and
NV5320 vortex lines. The arrows show the projection ofn̂ in the
plane perpendicular to the cylinder axis. The flare-out texture
shown on the top, and the modified texture due to the presence
SMV and its soliton tail on the bottom. The shaded area denotes
vortex cluster.
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Therefore, some extra absorption accumulates in the inte
0.8,sin2b<1 due to the region close to the defect. T
change in the calculated NMR absorption spectrum is ill
trated in Fig. 3. To produce realistic line shapes, as clos
the actual measured ones as possible, we have taken
account line broadening due to magnetic-field inhomoge
ity and intrinsic Leggett-Takagi relaxation~for details see
Ref. 11!. We express the frequency in dimensionless units
x[(2v0 /VB

2)(v2v0), and the NMR spectra are norma
ized so that the integrated area under the absorption c
equals unity.

Reflection-symmetric state. In addition to the modified
flare-out texture in Fig. 2, a second texture of different sy
metry was discovered. This texture is nearly symmetric
der a reflection with respect to the plane of the soliton an
shown in Fig. 4. A transition to this texture can be induc
by increasing the rotation velocityV. On increasingV be-
yond a threshold value, the gain in the magnetic-field ene
does not compensate for the loss in the gradient energy f
bendingn̂ parallel toẑ at the cylinder axis. To underline th
differences between the symmetric and modified flare-
textures, their distributions of sin2b are presented in Fig. 5
This reflection-symmetric texture has so far not been disc
ered in measurements, since no systematic studies of
axial-field textures with a SMV have been carried out a
function of V.14

Since sin2b(r ) is proportional to the local NMR frequenc
shift, Fig. 5 indicates that the NMR line shapes for the tw
textures differ markedly from each other. In the case of
reflection-symmetric texture, sin2b*0.6 everywhere and vir-
tually no absorption occurs at low frequencies close tov0.
Therefore, compared to the flare-out state without the s
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f a
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FIG. 3. Calculated normalized NMR spectra for the textures
Fig. 2. The dashed line corresponds to the flare-out texture and
solid line to the case with the SMV. The integrated total absorpti
of both spectra are equal. The shaded area denotes the extra ab
tion due to the soliton, obtained by subtracting the two spectra fr
each other atx>0.8. Experimentally this has been the ‘‘fingerprin
signal ~Refs. 2 and 4! from which the presence of the SMV ha
been inferred. In the above spectra the additional line broadenin
described by two parameters: the average magnetic-field inhom
neity DH/H53.431024 and the Leggett-Takagi relaxation tim
tLT50.15ms.
4-3
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J. KOPU AND M. KRUSIUS PHYSICAL REVIEW B64 094504
ton, the NMR signal has a qualitatively different form, whic
should be readily observable in experiments. A typical l
shape for the reflection-symmetric texture, along with
corresponding flare-out texture, is shown in Fig. 6.

Properties of SMV textures. We have compared the ene
gies of both SMV textures as a function of the reduced te
peratureT/Tc and the rotation velocityV. Depending on
which has the lowest energy, we have drawn a ‘‘phase
gram’’ for the two textures in Fig. 7. The critical angula
velocities of the transition are well within the reach of me
surements in a rotating cryostat. Apart from the solit
length l, which changes withV, the crucial parameter in
determining which one of the two textures has the low
energy in the calculations is the magnetic coherence len
jH , which describes the rigidity ofn̂. Roughly speaking, a
long jH implies more rigidity and prefers the reflection
symmetric texture, which has lower gradient energy. T
also explains why it was not observed in Ref. 4, because
measurements were performed very close toTc , wherejH is
small. On the other hand, experiments in low magnetic fie
and at low temperatures should be favorable to the new
ture.

Connection to experiment. Because of metastabilities
measurements of the SMV have to be carefully prepa
They are generally performed at constant pressure, using
following procedure. The first step is to accelerate3He-A to
some high rotation, from where it is slowly decelerated
VV1VAB

c , such that vortex lines are observed to annihila
This secures the equilibrium number of doubly quantiz
continuous vortices in theA phase. The next step is to co
slowly through theA→B transition at its thermodynami
equilibrium temperature at constant rotationVV1VAB

c . If
the A→B transition occurs sufficiently slowly, thenNV sin-
gly quantizedB-phase vortices will be created, correspon
ing to the equilibrium number atVV and including possibly

FIG. 4. Calculated equilibrium reflection-symmetricn̂ texture in
the presence of a soliton. All external parameters are the same
Fig. 2, except forV52.5 rad/s.
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FIG. 5. Distributions of sin2b in the cylinder with a SMV:~top!
modified flare-out texture of Fig. 2 and~bottom! reflection-
symmetric texture of Fig. 4. The dark regions (sin2b;0) contribute
to NMR absorption at low frequencies close tov0, whereas the
highest frequencies in the spectrum correspond to the white reg
(sin2b51).

FIG. 6. NMR absorption spectra for the reflection-symmet
texture of Fig. 4~solid line! and the flare-out texture~dashed line!
with the same external parameters. The shaded area is their po
difference. The line broadening parameters are those of Fig. 3.
4-4
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SPIN-MASS VORTEX IN 3He-B: ORDER-PARAMETER . . . PHYSICAL REVIEW B 64 094504
one SMV in the configuration of Fig. 1.15 This state can then
be examined in theB-phase temperature region at rotati
velocities which exceed the original value. The second p
sibility for creating the SMV is to irradiate3He-B with ther-
mal neutrons, starting with a state in vortex-free rotat
above some threshold value of counterflow velocity, as
scribed in Ref. 4.

The rotation velocity of a state with a SMV can be i
creased to higher valuesV.VV , since the number of vortex
lines can generally be maintained constant atNV over a large
V interval, owing to a much higher critical velocity of vorte
formation in theB phase.5 IncreasingV compresses the ex
isting vortex lines into a cluster with a radiusRV

5RAVV /V. Whether or not a SMV is present in this clust
can be deduced by slowing down rotation toVV ~which
causes the cluster to expand to the wall and the SMV an
soliton tail to annihilate!, accelerating back toV, and com-
paring the NMR line shapes before and after this proced
Here the excess absorption at high NMR frequency sh
~the shaded area in Fig. 3! becomes the crucial quantity i
identifying the presence of a SMV. This signal has been
tracted from measured NMR spectra on flare-out textu
which have been accumulated after a slowA→B transition2

or after neutron irradiation.4

To learn more about the properties of the frequen
shifted excess absorption, we have calculated it~relative to
the total area under the absorption curve! as a function ofV.
When V is increased, the soliton grows in length asl

FIG. 7. Stability regions of the modified flare-out and reflectio
symmetric textures, calculated withR52.9 mm, p529.3 bars,H
535.4 mT, andNV5320 vortex lines.
.
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'R(12AVV /V),1 and one would expect this to increase t
shifted absorption. Interestingly, in the calculations t
shifted absorption was found to decrease with increasingV
in both textures~Fig. 8!. The reason for this is the simulta
neous decrease in the transverse dimension;jH(vD /v) of
the region wheren̂ differs from the minimum of the coun
terflow energy. In the case of the reflection-symmetric te
ture the latter effect is more important, since its distributi
of n̂ orientations depends only weakly on the length of t
soliton sheet~see Fig. 5!.

Conclusion. The experimental NMR signatures have be
calculated which identify the presence of theB-phase SMV
in axial-magnetic-field order-parameter textures. Two diff
ent textures have been found to be stable with the SMV:~a!
a distorted flare-out texture at short magnetic textural leng
jH ~which corresponds to low rotation and high temperatu!
and ~b! a reflection-symmetric texture at large magne
lengths.

We thank Erkki Thuneberg for useful discussions.

-
FIG. 8. The integratedextra absorption, as defined in Figs.

and 6, divided by the integratedtotal absorption, plotted as a
function of the rotation velocity, forR52.9 mm, p529.3 bars,
H520 mT, andNV5320 vortex lines. The additional line broaden
ing parameters are the same as in Fig. 3. The curve on the
corresponds to the modified flare-out texture atT50.8Tc and the
one on the right to the reflection-symmetric texture atT50.5Tc

~note the five times larger shifted absorption on the right!. Within
this V range the calculated excess absorptions agree with
following approximate V dependences:~1! modified flare-out
texture }(12AVV /V)/V and ~2! reflection-symmetric texture
}1/V.
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15VAB
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