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Superflow-stabilized nonlinear NMR in rotating *He-B
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Nonlinear spin precession has been observetHa-B in large counterflow of the normal and superfluid
fractions. The new precessing state is stabilized at a high rf excitation level and displays frequency-locked
precession over a large range of frequency shifts, with the magnitude of magnetization at its equilibrium value.
Comparison to analytical and numerical calculation indicates that in this state the orbital angular moinentum
of the Cooper pairs is oriented transverse to the external magnetic field in a “non-Leggett” configuration with
broken spin-orbit coupling. The resonance shift depends on the tipping @ngfethe magnetization as
w— wL=(Qé/2wL)(COSH—1/5). The phase diagram of the precessing modes with arbitrary orientatioisof
constructed[S0163-18209)00501-9

The study of nonlinear NMR response in superflilde  mal and superfluid components in a rotating container to
started with the discovery of the Brinkman-Sm{BS) mode  orientL along the flow direction. At high rotation velocity
in 3He-A (Ref. 1) and ®*He-B (Ref. 2 phases. These became Q, the orienting effect or. from the flow far exceeds that
the classic examples of nonlinear spin resonance in magneficom the dipole coupling. If the external magnetic field is
cally ordered superfluids. Their observation by Osheroff andriented along the rotation axi$i( ), one can then study
Corruccin? opened the road to the discovery of new reso-the unusual situation, whenl H. By measuring the tipping
nance states ifHe-B, such as space-coherent precessiorangle of the precessing magnetizatidnas a function of the
within a homogeneously precessing dorftaiHPD) or the  applied frequency shift, we identify a nonlinear resonance
newly found stable modes where the magnitude of the premode that greatly differs from the classic casé {fi. In the
cessing magnetization differs from its equilibrium vafuén linear regime the conditioh L H has been realized in earlier
example of the latter is the family of half-magnetization measurements in the parallel-plate geometry or in the pres-
modes(HM), where the precessing magnetization equals onence of counterflow.
half of the equilibrium valué. All of these are stable dy- Our cw NMR setup in the rotating nuclear demagnetiza-
namic order-parameter states and nonlinear solutions of th#n cryostat has been described in Refs. 5 and 9. e
Leggett-Takagi spin dynamic equations. In principle, suchNMR sample is contained in a quartz glass cylinder with a
states are similar t@ balls, the coherent solitonlike non- radius R=2.5 mm. The measurements are performed at
topological states of relativistic quantum field theories,fixed frequency w/27=688 kHz, using a linear field
whose frequency and stability are determined by the consesweep centered around a Larmor field value Hf
vation of the global charge, say, the baryonic chdrge. =21.2 mT, with a homogeneitgH/H=2x10"* over the
3He-B spin dynamics the role of the global charge is playedsample volume. The signal is read with a lock-in amplifier,
by the projection of the spis, in the direction of the mag- such that the component in phase with the excitation figjd
netic fieldH, which determines, in part, the NMR frequency is called dispersion€M,=M  cos¢) and the out-of-phase
shift. component absorption{M,=M, sin¢). The measuring

In these resonance modes the distinguishing factor is theange comprises counterflow velociti€iR<6.5 mm/s, rf
orientation of the orbital angular momentunof the Cooper fields up to 0.03 Oe, temperatures (0.7F1) and pressures
pairs. In the BS and HPD modek, is oriented along the 0-12 bar.
applied magnetic fieltH via the spin-orbitdipole) coupling, At low excitation amplitude I s~ 0.003 Oe), when the
i.e., L|H. In contrast, the HM modes form with oriented tipping angle is a few degrees, the NMR responsétté-B
spontaneously perpendicular kb. So far, in the nonlinear exhibits linear behavior: The line shapes of the absorption
regime the orientation df has not been controlled by exter- and dispersion signals are independent of sweep direction,
nal means. Here we use vortex-free counterflow of the norand the signal amplitudes increase linearly with excitation
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FIG. 2. Transverse magnetization componkht as a function
of field H at different counterflow velocities in vortex-free rotation
[listed in terms of) and the dimensionless variahlecalculated at
a1 o8 o5 o2 o2 0 the outer perimeter of the sample cylinder from E)). Only up-
H-ogly (Oe) ward sweeps of the field are shown, down sweeps depend less on
Q) and are similar to those in Fig. 1. The temperature increases
FIG. 1. NMR response while the applied magnetic fields  sjowly during the measurement from 0T88at the highest velocity
swept at constant ratid during continuous rf irradiation at fixed to 0.92T, at the lowest velocity. The normal-state magnetization
frequency wy; (1=2.5 rad/s, P=0 bar, andT~0.88T;). Up  y\H corresponds approximately to 200 units on the vertical scale
sweeps are marked with thicker lines and down sweeps with thinngfp— o par, H,=0.027 Oe, andi=0.017 Oe/s).
lines. Solid lines correspond td,,=0.02 Oe andd=0.017 Oels
(Exp. 1), dashed lines téi;=0.027 Oe andi=0.034 Oe/dExp.  zationM, to increase, which is observed in the experiment
2). Note that at higher excitation lower absorption is measured foduring a sweep towards the Larmor value as an increase in
compensating the relaxation. Insets: Line shapes of the signal in thihe dispersion and absorption signals. The tipping angle in-
linear regime at low excitation levekY=1.3 rad/s,P=2.0 bars, creases continuously with the field sweep as long as the rf
T=0.90T;, andH«=0.003 Oe). pumping is sufficient to compensate for relaxation, which
increases as the deviation 8ffrom its equilibrium orienta-
tion increases. Finally the mode collapses, in a first-order
from the Larmor valu& as shown by the NMR spectrum in transition .between. two different dynamic order-paramete_r
states. This behavior resembles that of an anharmonic oscil-

the inset of Fig. 1. . o 3
At high excitation levels the absorption and dispersion!ator in forced oscillation. The remarkable feature“tfe-B

signal amplitudes increase faster than the rf field, and be> that the rigidity from the_order-paramete_r coherence makes
come highly asymmetri¢Fig. 1. The nonlinear behavior the superﬂwq to beha\{e like a ;mgle oscnllator.. .
becomes most pronounced while scanning the field in the _An a_nalytlc description of spin precession with arbitrary
upward direction towards the Larmor value until finally an orientations ofS gnd L can b? const_ructeq, if we negle_ct
abrupt jump appears from the precession at large tippin agnetic relaxation and the interaction with the excitation
angled to the linear NMR regime with smal. If the exci- leld. The orientation of the orbital momentum, below de-
tation amplitude is increased, the jump usually moves tdioted by the unit vector=—L/|L|, is fixed by the balance
higher field. The field sweep in the opposite direction had’etween its interactions with the counterflow and with the
significantly different shape and the regime of large tippingPrecessing spins via the dipole coupling. The former is writ-
angles is not entered. The magnitude of the counterfloen as

plays a crucial role(Fig. 2): With decreasing() both the 1

maximum tipping angle and the range of frequency shifts Fcf:—ipa[(Vs—Vn)'T]z- (1)
quickly decrease. This means that the new state appears only

at high counterflow velocities above the textural transition inygre pa=ps.—pg IS the superfluid density anisotropy

which L is deflected into the plane transverse{®in a  c5,sed by the magnetic fieliThe relative magnitude of the

significgnt part of the cross seqtion pf the sampl'e cylirtBler. counterflow and dipole energies is conveniently expressed in
We interpret these observations in the following manneriarms of a dimensionless velocity:

For fixed orientations o5 andL, the resonance frequency

shift is determined by the dipole interaction. During the field 15p,7%(Vs—Vp)?
sweep these vectors deflect from there equilibrium positions = ‘D(T
and the frequency of the resonance absorption changes. If the B
sweep is performed in a suitable direction, it may becomeavhereQg(T,P) is the characteristi¢He-B frequency and a
possible to create a state where the resonance frequennoyeasure of the dipole energy. Spin precession is simplified
stays locked to the external excitation frequency. In this casé the high-field limit, when the dipole term is small com-
the increasing deflection & causes the transverse magneti-pared to Zeeman energy,S- yH, and can be considered as

Dispersion (arb. vnits)

level. In vortex-free counterflow at sufficiently high velocity
(Q2=0.5 rad/s) the NMR absorption maximum is shifted

@
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a perturbation. In zero-order perturbation theory one has pre 57 =cos 0
cession with the Larmor frequencyw, =yH. A first- 1 — _ ; L4
. . . . HPD H . Brinkman-Smith 1
order correction gives the frequency shift of the precession : \
frequencyw: w—w =—-9JFp/dS,, whereFp is the di- »

pole energy, averaged over the period of the precession. Her
we consider only the case when the precessing spin has it

equilibrium magnitudeS= ygH/+y. For arbitrary orientation

of the orbital momentum, the time-averaged dipole energy._

Fp can be written &g

2 x )
FD:E?QB(

2

1 1
sZIZ—§+ Ecos(l)(1+sz)(1+lz)

+ %(1—32)2(1—IZ)2+(1—s§)(1—|§)(1+cos®)).

)

The notations are,=S,/|§ =cos¥, |, is the projection of

the orbital momenturh on the direction of the magnetic field

H, and the angleb is a soft variable related to théHe-B
order parameter. The ener§y, is also to be stationary with
respect tob: JFy /9P =0.

Frequency shift w

s;=cos 0

FIG. 3. Left: Phase diagram of the precessing states for arbitrary
orientations oL andS. Right: Dependence of the frequency shift
on the tipping angle for a few fixed values of, (marked for each
line at its end point

and nonlinear NMR at larg® are located in Fig. 3 on the
I,=0 axis and belong to the same class of BS states. During
an up sweep the precession moves continuously from small
to large 6, until ultimately magnetic relaxation causes an
instability and a first-order transition takésback into the

Thus by varying the dipole energy with respect to the spinlinear regime. This is similar to a gas-liquid transition, where
S, (the analog of the global chargene obtains the precess- no symmetry break occurs.

ing modes as a function of the frequency shift and of the

In rapid rotationu becomes largeu~ 15) and the orbital

other global chargé ,, which is kept fixed because of or- momentum is rigidly forced into the transverse plane over

bital viscosity. Omitting the limiting case8=0 and 6=,
we get three modes of precession: mode 1,

(1-21,)(1-2s,) _3—18|Z+15|§+4w

COSC=" " Ay ¢ T w11
4
mode 2,
o1 —1+4l,+512+4w c
cosb=1, =" —pa,ramz O
and mode 3,
3(1-12)+4w
cosb=-1, s,=————— (6)
3(1_|2)2
Herew is the dimensionless frequency shift:
150 (0~ o)
(7

=T >5n2 -
W 202

most of the cross section of the sample cylinde# 0. The
HPD state does not exist in this limit, while the BS and
HPD(2) modes have the frequency shifts

Q3 1 0 g

w_wL_Z_wL cose—g ,  $>0. (8)
2

w—w =— 102_(1+cos¢9), s,<0. (9

In Eqg. (8) the linear regime of smalp corresponds tc,

~1 andw=3 orw—wL=(2/5)Q§/wL. In the nonlinear re-
gime at largef the frequency shift has a positive slope as a
function of the longitudinal magnetizatiomtw/d cosé>0.
This suggests that in free precession in a pulsed NMR mea-
surement homogeneous precession should become unstable
and break into domains. In contrast, in continuous rf excita-
tion the phase of the precession is locked to thatigfand

no instability occurs. The HPQR) shift in Eq.(9) has a nega-
tive slope,dw/d cos#<0, and, since the conventional HPD
state is unstable in counterflow, HED is thus the only

In Fig. 3 thel s, phase diagram is shown with the stable jynerently stable mode in large counterflow, with spontane-

regions for each of the three modes. In the absence of couRys phase coherence in free precession. However, the
terroAW, u=0, the dipole coupling orients the orbital momen- ypp(2) mode displays large Leggett-Takagi relaxation be-
tum | along the magnetic fieltH in modes 1 and 2 and cause of its large deviation from the Leggett configuration.
opposite to the field in mode 3. Then mode 1 becomes th@resumably in th& — 0 limit, where relaxation vanishes, the

BS state with zero frequency shift in the range <s,<1

andl,=1. Mode 2 reduces to the HPD state withl<s,

<-1

HPD(2) mode might become observable.
In Fig. 4 we plot the tipping angl® from Eg. (8) as a

[,=1, and a frequency shift vs tipping angle depen-function of the frequency shifty, along with the two mea-

dence aw=—2-8s,, while mode 3 transforms to the so- sured NMR responses from Fig. 1. The frequency shift, at

called HPO2) which has not been seen experimenté?lyn
the generalized phase diagram of Fig. 3 with nonzerwve

which the new mode collapses in the experiment, is deter-
mined by the relaxation processes. At the pressure of 12 bars,

retain these names for the regions in which their respectiveelaxation is less and the new state is often stable during the

u=0 modes lie. In large counterflow linear NMR at small

upward sweep until above the Larmor field value, i.e., to
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tion of the line shape during the field sweep. The heating is

less important with a faster rat¢ of sweep. All data in this
paper were measured at large rates so that the responses for
up and down sweeps agree in their overlap region at small
tipping angles, indicating that the temperature is approxi-
mately constant during the field cycling. The overall uncer-
tainty in temperature we estimate to abduf = +0.02T,.

This is sufficient to explain the difference between measure-
ment and Eq(8) in Fig. 4.

We have supplemented the analytic description with di-
rect numerical solution of the Leggett-Takagi equations by
o ) . calculating the response of the spin-dynamic variables in the

FIG. 4. Tipping angley as a function of the normalized fre- ;6 qomain for the spatially homogeneous case during con-
quency shiftw. Comparison of Eq(8) to the measurements of Fig. 0,5 rf excitation. Counterflow gives rise to the orienta-
1. A numerical solution is also shown with parameter vaIue; as i onal energy equatiofi) and to an additional torque, which

the experiment, except forH;=0.014 Oe, T=0.95T, contributes to Leggett-Takagi relaxationT = 6F /56,
=0.02 Oels, and spatially homogeneous counterflow at 0.70 cm/ here 660 is an infinitesimal three-dimensional rotation in
Upward sweeps of the field are plotted with thick lines and down- ] .

ward sweeps with thin lines. spin space. The experimental parametdrg?(H,H,H;,Q)

are adjusted to match the experimental conditions. A typical

negative frequency shifts, in agreement with the right panefesult is shown in Fig. 4. It agrees surprisingly closely with
of Fig. 3. Overall, we regard the agreement in Fig. 4 asEq. (8), demonstrating that the effects from relaxation and rf
satisfactory, if we allow for two experimental difficulties. irradiation to the frequency shift are small. It also reproduces

One uncertainty arises from assigning the proper value tthe shape of the measured NMR response, showing that the
temperature. Temperature is measured in the linear NMRnain difficulty in the comparison is the shift of the measured
regime at low rf level, using the fact that the counterflowdata to a higher temperature. In general, the simulation result
absorption maximum is then centeredwat 3 (inset of Fig.  is found to move closer to Eq8), whenT, H,, or Q are
1). This frequency shift determines the Leggett frequencyincreased. These are all changes, which help to boost either
Qg(T,P) in Eq. (7) and, once calibratetican be used as a the value ofu or improve the compensation for relaxation,
thermometer with a sensitivity better than 0.091 In the  and thus enhance the stability of the new mode towards
NMR response at high rf level the only feature, which quali-larger fields during the field sweep.
fies for thermometry, is the maximum of absorption during In conclusion, we have observed a highly nonlinear NMR
the down sweeFig. 1). Its location is not exactliw=3. In  response ofHe-B when the direction of the orbital momen-
fact, our numerical simulations suggest that itnis:3. This  tum is fixed by large counterflow. This new state of preces-
means that we ascribe a higher temperature and snfaer sion has been identified as a Brinkman-Smith mode in a
to our data than actually would be the case, which explaingeneral classification scheme of states with fixed direction of
why the measurements are shifted to the right in Fig. 4. L. Nonlinear resonances originating from inhomogendous

Another factor is the heating of the sample by the ab-exture have recently been observed at very low temperature
sorbed rf power. The sample cylinder is connected with an Ref. 14. Other branches of the phase diagram can perhaps
narrow channel to the refrigerafoio prevent vortices from be found in experiments where the direction Lofis fixed
leaking into the NMR volume. The thermal resistance of thewith solid walls or by tilting the magnetic field towards the
channel can lead to unaccounted temperature rise and distdtew direction.
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