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Spin-mass vortex in *He-B: Order-parameter texture and NMR signature
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We have calculated numerically the change in the NMR signal of rotating supetfigieB induced by the
presence of one spin-mass vortex. The NMR line shape is determined from the equilibrium distribution of the
order-parameter axi¥(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 pa- Far from the core, the large-scale structure of a disclina-
rameter in superflui®He are manifest in the existence of tion is determined by the dipolar spin-orbit interaction,
several stable topological defects with different dimensionWhich tends to fix¢ equal tofy= arccos(-1/4)~104°. This
alities. One of the most extraordinary examples is the comYalue is assumed by most of the liquid surrounding the SMV.

bination of a spin-mass vortd&MV) and a soliton sheet in However, for topological reasons the disclination is necessar-

the B phase. This composite object was discovered in mea'!y accompanied by a planar defect, éasoliton, whered

surements where a container rotating at constant angular wcF:hanges Eromgo to 180° and back, but with opposite direc-
. ; ion of A.° The gradient energfFg=d3[\g1iR,id; Ry
locity was slowly cooled frontHe-A to He-B.}? Its iden- d 9F o= Jd"r[Ac10iRui Ry

7 X ) ) +NG2diR,j9iR,j] is minimized whem is perpendicular to
tification was partly based on earlier theoretical woskich the plane of the soliton because then lhg term gives no

had suggested its existence. More recent measurements hahtribution. The order-parameter variation inside the soliton
demonstrated that it is also created within balke-B liquid  has been calculated in Ref. 7. Since the dipole energy is not
in the presence of ionizing radiation and vortex-free counterminimized within the soliton, its size is determined by the
flow at sufficiently high velocity. In contrast, it is normally  corresponding healing length, the dipole lengg=10 wm.

not created when the counterflow velocity at the wall of theOutside the soliton onlyi changes with position.

rotating container reaches the critical value for vortex The soliton tail of the SMV can either bind two SMV's
formation® together or terminate at the container wall. Here we concen-

The presence of the spin-mass vortex leads to changes [[f€ on the Iatt?r pOSSIbeIIty, which |sﬂpresefntﬁd in Fig. Ill Ind
the NMR spectrum when it is measured at low rf excitationt® p:ctlesfgnce 0 vorttex— Ttie clour_ltt_er OW_O ttﬁ norr?a an
in a polarizing magnetic field which is oriented parallel to supertiuid components with velocities=v, = Vs, the surtace

. . tension of the soliton is balanced by the Magnus force on the
the rotation axis. These changes are small and can be eas] . . L

: . ; ; ass vortex, which prevents the object from shrinking. The
lost in the measuring noise. The present numerical calcul

6Eomposite structure can therefore be stabilized in experi-

tions of B-phase order-pa_rameter textures, which Incorporate, o i< in a rotating container and identified on the basis of its
a spin-mass vortex, are intended to provide a better undef\'lMR signature-2?

standing of what to look for in future measurements. Our

results show that the identification of the SMV “fingerprint,” R

which was used to analyze the measurements of Ref. 4, i n

guantitatively correct. However, the calculations also indi- /

cate that interesting effects can be expected if the SMVtex ) _ __ __ ____ ___________

tures are investigated as a function of the vortex-free coun

terflow velocity. 6 soliton SMyg+ I~ &b
Spin-mass vortexThe degenerate equilibrium states of B - _ _ _ ___ ____________._ -

3He-B are labeled by a phas® and a rotation matrix

ﬁ(ﬁ,e). Two different types of linear defects exist in these l l l l \

variables: an ordinary vortex with circulating mass flow and
a disclination(or a spin vortex with spin current around it.

Roughly speaking, while in a mass vortex the phase FIG. 1. Schematic representation of the spin-mass vahiack
changes by 2, in a disclination the rotation angkechanges oy with a domain-wall-like soliton tailgray area surrounded by
by 27 with the rotation axigi (of unit length kept constant.  the dashed lineending at the container wall. The thickness of
Since both a mass vortex and a spin vortex have a hard Cofge soliton is of the order of the dipole length. Outside the
(of the size of the superfluid coherence lengthwhere the  soliton #= 6, and the direction ofi changes as indicated by the
superfluid state is strongly deformed, it is energetically ad-arrows. On crossing the solitom, changes fromd, to 180° and
vantageous for a pair to form a common cdfEhe resulting  back, with reversed [note that the rotations given by 180°) and
object is called a SMV. (—n,180°) are equivalemt
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NMR of i textures Our goal is to calculate thB-phase and a full list of referencesThe main orienting interactions
order-parameter texture and the corresponding NMR absor@re due to the external magnetic fieltl|z, with energy
tion signal in situations which closely relate to planned mea¥ = —afd3r(A-H)?, counterflowv produced by rotating
surements. The calculation is intended to provide guidelineghe cylinder,F,,, = — Ay S d3r (H- R- V)2, and the surfaces of

on how to identify the presence of the SMV from the mea- containerE o= — dfd?r(H- R-F)2. Here we restrict our-

sured NMR spectra and what new features one might eXPeClaives to the case of an infinitely long cylinder and ignore
We concentrate on the conventional NMR response, with thgme dependence on the coordinate

rf excitation field oriented perpendicular to the polarizing  \yg ajlow for metastable rotating states, with less than the
field. The rf excitation is continuously applied in the low- gqyilibrium number of mass vortex lines, which are confined
amplitude limit, so that the precession angle remains smalhy the Magnus force into a central coaxial cluster of vortex
and no unconventional cohereBtphase resonance modes jines. The flow velocity in the surrounding annular vortex-
are excited. free counterflow region around a clusterf vortex lines is
If the local variation of theB-phase anisotropy axif v=0r—«Ny/(27r), wherexk=0.0662 mni/s is the quan-
extends over a length scale which is long compared to theum of circulation in *He. The distortion of the superfluid
dipolar healing lengtfgp, then the general line shape of the state within the cluster introduces an additional orienting en-
NMR absorption signal can be obtained from the spatial disgrgy term equal td, ;=\ /. d°r(H- R-2)2, where the in-
tribution of then orientation. If moreover the polarizing field tegration is over the region occupied by the rectilinear vortex
H is oriented parallel to the symmetry a®f the cylindri-  lines. The different orienting effects are in conflict with each
cal container and theéB-phase textural magnetic healing other, leading to the formation of an inhomogenedi(s)
length &y is small compared to the radil&sof the cylinder,  texture in the cylinder. The bending éfis opposed by the
then the highly symmetrié textures of “flare-out” form are  gradient energ¥ . The length scale of the resulting spatial
created? variation is the magnetic healing leng¢h, which is deter-
The first step in our calculations is to find out how the mined by equating-¢ with the magnetic-field energipy .
flare-out texture is distorted in the presence of a SMV. Thelypically £4,~0.1-1 mm and it is inversely proportional to
second step is to calculate the changes in the NMR linghe magnetic-field strengtH. Likewise, equatind=py with
shape. The latter is done using the local oscillator modeF, defines the dipolar velocitwpy (~1 mm/9, which
where the local frequency shift, measured from the Larmogauges the strength of the flow energy.
frequency, is determined by the local orientationfofvith The top part of Fig. 2 represents the variatiomidh the
respect to the polarizing field. Thus the NMR line shape of flare-out configuration, where the angular variables defining
absorption versus frequency shift is used to provide an imag@ only depend on the radial coordinates a(r), 8= 8(r).
of the fh texture. In this case the texture problem is reduced to one spatial
It has been known since the measurements by OsRerofflimension. However, the presence of a single SMV in the
that even at low-rf-excitation-level collective resonancescylinder breaks the rotational symmetry of thelistribution
trapped spin-wave modes can be excited. In the NMR spedsee the bottom part of Fig.)2Therefore we have to con-
trum (with absorption plotted versus frequency shithese sider in the texture calculation a more general situation with
are observed as periodic oscillations in the absorption levely= a(r,®), 8= B(r,¢). We calculate the texture on a two-
superimposed on the general texture-dependent line shape.dimensional lattice withN and M equidistant nodes in the
the flare-out texture they have been extensively studied anchdial and azimuthal directions, respectivelyNAr
used as a measuring tool for vortex i@ hey exist close =R,MA ¢=27). The lattices used in the calculations have
to the Larmor frequency, which spatially means the regiorN=20, ...,30 andM =75, . . .,100.
close to the cylindrical symmetry axis, where the polar angle The frequency distribution due to the texture is given in
B of the A orientation slowly starts to open up from the the high-field limit by the approximate equatiesn(r)~ wq
external fieldH direction. The small linear gradient j8(r) +(Q§/2wo)sin2,8(r), wherewy, is the Larmor frequency and
provides the confining potential for trapping the spin-wave(), is the B-phase longitudinal resonance frequency. The
resonances. In the presence of a SMV and the confininghain features of the line shape can be understood as follows:
vortex-free Counterﬂow, which is needed for its stabilization,At low angu|ar velocitied) most of the absorption is accu-
the A(r) texture is more inhomogeneous and the shallowmylated close tav, (apart from a small tail caused by the
gradient of,B(r) in the center of the vortex cluster is de- surface energFSH), because the magnetic-ﬁe|d enefgyy
stroyed. In this situation spin-wave resonance excitations ang minimized by havingd=0. On increasing the rotation ve-
not expected to be prominent and have so far not been eXocity in the absence of vortex lines, the texture begins to
perimentally observed. In the present calculation we shalhrient towards sifB=0.8 favored by the flow energ,, ,
neglect them. leading to a gradual formation of another peak in the spec-
Theoretical model For our calculations we use the trum, the counterflow peak.
method described in Ref. 11. The procedure starts with de- Modified flare-out stateFigure 2 shows the typical form
termining the equilibrium distribution offi=(—Fcosa  of the equilibriumi(r) texture, projected onto the plane per-
+ ¢ sina)sin B+2cosp, wheref, ¢ andz are the unit vec- pendicular to the cylinder axis, without and with a SMV. We
tors of the cylindrical coordinate system. This is done withhave fixed the position of the SMV to the edge of a cluster,
the hydrostatic theory ofHe-B (see Ref. 12 for a review which consists ofN,, vortex lines, corresponding to the equi-
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FIG. 3. Calculated normalized NMR spectra for the textures in
Fig. 2. The dashed line corresponds to the flare-out texture and the
solid line to the case with the SMV. The integrated total absorptions
of both spectra are equal. The shaded area denotes the extra absorp-
tion due to the soliton, obtained by subtracting the two spectra from
each other ax=0.8. Experimentally this has been the “fingerprint”
signal (Refs. 2 and % from which the presence of the SMV has
been inferred. In the above spectra the additional line broadening is
described by two parameters: the average magnetic-field inhomoge-
neity AH/H=3.4x10 4 and the Leggett-Takagi relaxation time
77=0.15us.

Therefore, some extra absorption accumulates in the interval
0.8<sir?B=<1 due to the region close to the defect. The
change in the calculated NMR absorption spectrum is illus-
trated in Fig. 3. To produce realistic line shapes, as close to
the actual measured ones as possible, we have taken into
account line broadening due to magnetic-field inhomogene-
ity and intrinsic Leggett-Takagi relaxatioffor details see
Ref. 11. We express the frequency in dimensionless units of
FIG. 2. Calculated equilibrium textures in a cylinder with XE(Zwolﬂé)(w—wo), and the NMR spectra are normal-
=2.9 mm, pressurg@=29.3 bars, temperaturé=0.75T. (T, is ized so that the integrated area under the absorption curve
the superfluid transition temperatyréi =20 mT, Q=2 rad/s, and  equals unity.
Ny =320 vortex lines. The arrows show the projectionficiin the Reflection-symmetric statén addition to the modified
plane perpendicular to the cylinder axis. The flare-out texture iflare-out texture in Fig. 2, a second texture of different sym-
shown on the top, and the modified texture due to the presence Ofmetry was discovered. This texture is near|y Symmetric un-
SMV and its soliton tail on the bottom. The shaded area denotes thger g reflection with respect to the plane of the soliton and is
vortex cluster. shown in Fig. 4. A transition to this texture can be induced
by increasing the rotation velocit2. On increasing) be-
librium number at the angular velocit2,<Q.** This as-  yond a threshold value, the gain in the magnetic-field energy
sumption is well justified, since it can be shown that theqoes not compensate for the loss in the gradient energy from
surface tension of the soliton tail imposes only a small corpending parallel toz at the cylinder axis. To underline the
rection to the equilibrium position of the SM\VBecause of  gifferences between the symmetric and modified flare-out
the small thickness-£p<¢y of the soliton wall, its effect  textures, their distributions of §i8 are presented in Fig. 5.
must be treated as a boundary condition for the texture. Imhjs reflection-symmetric texture has so far not been discov-
our calculations, we fixed the direction bfto ¢ and— ¢ at  ered in measurements, since no systematic studies of the
adjacent lattice sites around the soliton. As already notedaxial-field textures with a SMV have been carried out as a
this choice minimizes the gradient energy contribution,function of Q.4
which dominates over the other weaker orienting interac- Since siRB(r) is proportional to the local NMR frequency
tions. shift, Fig. 5 indicates that the NMR line shapes for the two
From Fig. 2 it is possible to understand qualitatively thetextures differ markedly from each other. In the case of the
change in the NMR line shape induced by the presence of theeflection-symmetric texture, $i8=0.6 everywhere and vir-
defect. The soliton wall forces to the plane perpendicular tually no absorption occurs at low frequencies closevto
to the cylinder axis, which corresponds to having’ginl.  Therefore, compared to the flare-out state without the soli-
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FIG. 4. Calculated equilibrium reflection-symmetfi¢exture in
the presence of a soliton. All external parameters are the same as i
Fig. 2, except fo)=2.5 rad/s.

ton, the NMR signal has a qualitatively different form, which
should be readily observable in experiments. A typical line
shape for the reflection-symmetric texture, along with the
corresponding flare-out texture, is shown in Fig. 6.

Properties of SMV texture§Ve have compared the ener-
gies of both SMV textures as a function of the reduced tem-
peratureT/T. and the rotation velocitf). Depending on
which has the lowest energy, we have drawn a “phase dia-
gram” for the two textures in Fig. 7. The critical angular
velocities of the transition are well within the reach of mea-
surements in a rotating cryostat. Apart from the soliton
length I, which changes with}, the crucial parameter in
determining which one of the two textures has the lowes{®
energy in the calculations is the magnetic coherence lengt
&4, which describes the rigidity aofi. Roughly speaking, a
long &4 implies more rigidity and prefers the reflection-
symmetric texture, which has lower gradient energy. This
also explains why it was not observed in Ref. 4, because the
measurements were performed very clos& tpwhere&, is
small. On the other hand, experiments in low magnetic fields
and at low temperatures should be favorable to the new tex-
ture.

Connection to experimentBecause of metastabilities,
measurements of the SMV have to be carefully prepared.
They are generally performed at constant pressure, using the
following procedure. The first step is to accelerdke-A to
some high rotation, from where it is slowly decelerated to
Qy+Q3g, such that vortex lines are observed to annihilate.
This secures the equilibrium number of doubly quantized
continuous vortices in thé phase. The next step is to cool
slowly through theA— B transition at its thermodynamic
equilibrium temperature at constant rotatioh,+Q%g. If
the A— B transition occurs sufficiently slowly, thed,, sin-
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FIG. 5. Distributions of sif3 in the cylinder with a SMV{top)

modified flare-out texture of Fig. 2 andbottom reflection-
symmetric texture of Fig. 4. The dark regions @#r-0) contribute

NMR absorption at low frequencies close dg, whereas the

ighest frequencies in the spectrum correspond to the white regions

SirB=1).
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FIG. 6. NMR absorption spectra for the reflection-symmetric

texture of Fig. 4(solid line) and the flare-out textur@dashed ling

gly quantizedB-phase vortices will be created, correspond-with the same external parameters. The shaded area is their positive
ing to the equilibrium number &, and including possibly difference. The line broadening parameters are those of Fig. 3.
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FIG. 8. The integrateaxtra absorption, as defined in Figs. 3
and 6, divided by the integratetbtal absorption, plotted as a
function of the rotation velocity, foR=2.9 mm, p=29.3 bars,
H=20 mT, andN,,=320 vortex lines. The additional line broaden-
ing parameters are the same as in Fig. 3. The curve on the left
corresponds to the modified flare-out textureTat0.8T, and the
one on the right to the reflection-symmetric textureTat0.5T.

FIG. 7. Stability regions of the modified flare-out and reflection-
symmetric textures, calculated witR=2.9 mm, p=29.3 bars,H
=35.4 mT, and\y = 320 vortex lines.

one SMV in the configuration of Fig. *f.This state can then
be examined in thé-phase temperature region at rotation
v_el_o_C|t|es Wh'ch exceed the_orlgl_nal V_a“ée' The _second pos('note the five times larger shifted absorption on the pigitithin
sibility for creating the SM_V IS to Irradl_at He-B with ther- . this Q range the calculated excess absorptions agree with the
mal neutrons, starting with a state in vortex-free rotationg|iowing approximate 0 dependences(l) modified flare-out

abc_nve some threshold value of counterflow velocity, as degaytyre %(1—Qy7Q)/IQ and (2) reflection-symmetric texture
scribed in Ref. 4. o« 1/Q).

The rotation velocity of a state with a SMV can be in-
creased to higher valu€s>(},,, since the number of vortex
lines can generally be maintained constarifi@tover a large
Q) interval, owing to a much higher critical velocity of vortex
formation in theB phase” Increasing() compresses the ex- in hoth texturegFig. 8). The reason for this is the simulta-
isting_vortex lines into a cluster with a radiuRy  neous decrease in the transverse dimensigi(vp/v) of
=RyQy/Q. Whether or not a SMV is present in this cluster the region wheréh differs from the minimum of the coun-
can be deduced by slowing down rotation &, (which  terflow energy. In the case of the reflection-symmetric tex-
causes the cluster to expand to the wall and the SMV and itgjre the latter effect is more important, since its distribution

soliton tail to annihilatg accelerating back t6), and com-  of A orientations depends only weakly on the length of the
paring the NMR line shapes before and after this proceduresgliton sheetsee Fig. 5.

Here the excess absorption at high NMR frequency shifts Conclusion The experimental NMR signatures have been
(the shaded area in Fig) Becomes the crucial quantity in calculated which identify the presence of thephase SMV
identifying the presence of a SMV. This signal has been eXin axial-magnetic-field order-parameter textures. Two differ-
tracted from measured NMR spectra on flare-out texturegnt textures have been found to be stable with the StV
which have been accumulated after a slaw:B transitio a distorted flare-out texture at short magnetic textural lengths
or after neutron irradiatiof’. &4 (which corresponds to low rotation and high temperature

To learn more about the properties of the frequencyand (b) a reflection-symmetric texture at large magnetic
shifted excess absorption, we have calculate@eitative to  |engths.

the total area under the absorption cyras a function of}.
When () is increased, the soliton grows in length ks We thank Erkki Thuneberg for useful discussions.

~R(1-Q,/Q),! and one would expect this to increase the
shifted absorption. Interestingly, in the calculations the
shifted absorption was found to decrease with increasing
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