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New modes of spin precession have been observed in superfédB with a precessing
magnetization = pM.,, wherep = 1, % and=0. These dynamic order parameter states are the
first examples of stable precession with a magnetization different from the equilibriumMalueThe

= % mode is the second example of a phase-coherent state of a spin superfluid. The new states can
be excited close t@’. in the rangel — T/T. < 0.02 where dissipation is low and the energy barriers
between the different local minima of the spin-orbit energy are small. [S0031-9007(96)01929-1]

PACS numbers: 67.57.Lm, 76.60.—k

A number of stable states of coherent spin precessiomylar) and the dimensions wei® = 3.7 mm andL =
have been observed and identified in NMR experimentd mm. The measurements were performed at pressures
in the normal and3 phases of liquidHe and in*He*He P = 0-12 bars in magnetic field¢7 = 73-284 Oe (or
solutions [1—4]. Some of these states®ie-B display Larmor frequenciesv; /27 = yH /27 =235-920 kHz),
the same features of spontaneously broken symmetry thatiented parallel to the container axis. With cw NMR we
characterize quantum coherence in superfluids. Here thmonitor the in-phase dispersion: §, = S, cos¢) and
role of the supercurrent is played by the spin current. Theut-of-phase absorption=(S, = S, sing) signals. In
main difference from a superfluid with a mass supercurMoscow pulsed NMR measurements were also performed
rent is that in general the spin is not conserved. To staand the field homogeneity was improved frat®l /H ~
bilize a steady precessing state an external radiofrequendyx 10~* in Helsinki to5 X 1073, It was then found that
(rf) field has to be applied to compensate for spin relaxa small applied field gradient did not change the results
ation. The smaller the dissipation, the smaller the rf fieldqualitatively.
can be, and the closer the system is to the ideal coherentIn a large transverse rf field,; = 0.01 Oe the cw NMR
dynamic state of a spin superfluid. line shape changes drastically at temperatires 0.98T..
In 3He-B one such state is the homogeneously precessn Fig. 1 the absorption and dispersion signals are shown,
ing domain (HPD) [1]. The spin-superfluid properties of measured at fixed excitation frequenoy; during a slow
the HPD are well known: its spin current displays thesweep ofH. The signals display discontinuities, which
Josephson effect and it supports topological spin-currenndicate transitions between different states of spin pre-
vortices and collective modes, which result from the spincession. The new states appear when the field is swept
rigidity of this coherent state [5,6]. In the HPD mode through resonance and the tipping angleof the pre-
the magnetizatioM = yS (S is the spin density ang¢g  cessing magnetization is large. A different sequence of
the gyromagnetic ratio) precesses with the thermal equistates is traversed when the sweep is towards increas-
librium magnitudeyS., = xH, wherey is the magnetic ing (Fig. 1) or decreasing field (Fig. 2). The transitions
susceptibility, andd the static magnetic field. are mostly of first order: they are hysteretic with respect
We report the observation of new precessing state® the sweep direction. In Fig. 2 the signals have been
in *He-B. As opposed to the HPD, these states mayecorded during a slow warm-up. The lowermost spec-
have a fractional value of spin density= pS., and trum is outside the temperature region of the new states
can be stabilized with continuous wave (cw) NMR closeand represents the usual NMR mode, when spin waves are
to the superfluid transition temperatufe. In particular  excited in the static texture of the order parameter. We
the half-magnetization(HM) states withp = % should call this thespin wave(SW) state [7]. At higher tem-
display the generic properties of a coherently precessingeratures new states appear. To identify these we per-
spin state if they will be stabilized well belo#. form a combination of cw and pulsed NMR measurement
Experiments—NMR measurements were carried outto determine the value of the precessing magnetization.
with nuclear demagnetization cryostats both in HelsinkiBy measuring the cw absorption and dispersion spectra
and Moscow in cylindrical sample containers. In Helsinkiwe also record the transverse component of the spin den-
the cell was from quartz with diametd? = 5 mm and sity S, = Ssing = (S? + $2)!/2 as a function of’, Hys,
length L = 7 mm while in Moscow the inside surface and the frequency shitb,y — w;. The results are com-
was covered with lavsan polyethylene foil (similar to pared with analytical solutions or numerical simulation. In
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i A = R T exist whenS =~ pS.q, wherep =~ 0 [9], 3, or 2 [10]. In
---3‘-._@.“. T Fig. 3, the stable precessing states should be located near
- : [ , , , - these attractors in th& — L space.

el d H ok L The stable states can be pictured as a double resonance.
-ty (D) . . . )
In the frame rotating with the frequeney;s, the rf field is
FIG. 1. Inset: Free induction decay signals of the HM4constant and the total field is
state (light lines) and normalHe (dark lines), as recorded
with a digital oscilloscope. The initial ratio of amplitudes is H = 2(w, — ox)/y + KH; . ()
0.52. Main frame: Measured absorptiofi,X and dispersion
() during a sweep of increasing field. ' (a) Lavsan-coatedrhe doubly precessing states are stabilized by the dipole

cylinder, P =0, T ~ 09977, H; ~ 0.02 Oe, w;/27 = .
334 kHZ. (b) Quartz cylinder,P = 5 bars, T ~ 0.9907,, torque, which generates a resonance at the frequency

Hye = 0.038 Oe; w/27 = 380 kHz. Unidentified features @1 = yH in the rotating frame, if the condition

are marked withA. The free induction decay (FID) signal of 5 .

HM4 in the inset was measured at the valueHofmarked with S =x/v)(pws + vH), ()
the open arrow. The vertical scales are the same in Figs. 1(a)

and 2; the dashed horizontal lines mark roughly zero signais satisfied withp = 0, %, 1, or2. Magnetic relaxation

level. and spatial inhomogeneity influence the resonances, but

the latter we use a spatially homogenedlgealistic val-
ues for the experimental parameters, and as dissipation the
Leggett-Takagi relaxation [7].

Precessing states-A number of stable solutions have
been proposed to Leggett's equations’biie-B spin dy-
namics [8—12]. The relevant cases are classified in Fig. 3
in terms of the magnitude and direction®in the precess-
ing frame and the direction the orbital momentum density
L in the laboratory frame. The conventional NMR mode,
the SW state, corresponds to small oscillation§ afbout
Seq- In this statel. forms a broad spatial texture due to
the boundary conditions [7]. FIG. 3. Precessing states in the plai@Se, — S./Seq. SW

The existence of additional stable states is due to th@J) denotes conventional NMR at low rf level. TBginkman-
particular form of the spin-orbit (dipole) interaction. After Smith(BS) mode exists on the semicircle= S, (thick black
averaging over the fast Larmor precession, the dipoldn€), with L || H, whenB < 104°. The phase-coherent HPD

. . mode is the dashed continuation of this semicircle wiser
energyFD_ depe_nds on the orientations®andL. Ithasa 104°. The half-magnetizatio(HM) mode (dashed semicircle)
local minimum in the so-called resonance case, Vm_eﬂ has%Seq while nearlyzero magnetizatiofiZM) is observed in
Seq- The SW and HPD states are examples of this resohe ZM mode. The observed ZMA) and HM (O) states are

nance [13]. Additional resonances have been predicted tdose to the line ofiligned sping/AS) with S || H L L.
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do not essentially change the states except in the case of H-ogefy (Oe)
p = 0, when the magnitude of is not determined by L 02 i J
Eg. (2) but mainly by dissipation [9]. S/Seq T=0.9%0Te a)

Half-magnetization modes-We observe four NMR
signatures which we ascribe jo= % states: HM1, HM2,
and HM3 appear at positive frequency shiftgs > w;
(Fig. 2) and HM4 at negative shifte,s < w; (Fig. 1). S
Their identification ap = % states is based on a measure-
ment of the magnetization. At fixeld in the desired state
we switch off the rf pumping. Immediately after that a [ /5eq T=0.996Te ;
90° tipping pulse is applied and the FID signal is recorded I :
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(inset in Fig. 1). On comparing its amplitude with that of
the FID obtained after a singR0° tipping pulse in nor-
mal*He we find that fomll HM modes the amplitude ratio
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is 0.50 £ 0.03 and not dependent on the phase of the rf = ... o H sweep
pulse. This means that before the pulse the magnetization o5 L5000 .
is roughly alongH ands$ =~ 3S.,. Forall HM modes the o Haonty (08) °

FID duration is nearly the same as in norriide. This im- _ _ _ _

ples thiat, wherels = 0. ey all edice to the same M F18. 4, Dipersion ), sbsopion £), one o s,

state which preserves its configuration during the FID. eratures. Theeqsweep towards decreasing field was started
These features of the HM1, HM3, and HM4 states argrom yH > w,, but new states appear whe < w,. The

well reproduced in numerical simulation. It also showsSparameters are? = 0, H,; = 0.02 Oe, w,/27 = 460 kHz,

that in the presence of the rf field they share similar proper?; = 0.1 s. The same calculation gives for a sweep towards

iaee (i ; PR ; 1 increasing field, starting froyyH < w,¢, the HM4 state, when
ties: (i) They lie near the positive intersection of the= 5 vH > w,, as seen in Fig. 1. Only spatially homogeneous or-

circle with the vertical line in Fig. 3. (i) There is a degen- ger parameter states are considered in the simulation. Therefore
eracy in the orientation of the orbital momentum:L. H.  the BS mode (or its mirror state ai; > yH [12]) appears

(i) The spin precesses witta,; while the order parameter here outside the region of the HM and ZM states.

axisi precesses Witlé w,s (@pplies to aligned HM states in

g%}grsa?; E);:r;(l?wr;%m_g (th d_lpca))lef)znd_sgegr:}i?ogg en'caIIy in Fig. 4(a), but the two ranges of frequency shift
1 02 T Z x44r ’

; L . . are different. Such inconsistency may be due to spatial
Zrlal\),/\;[rl;;jeeffg]ptlon can be derived for HM4 withy; < inhomogeneity which is not included in the simulation.
' For instance the field inhomogeneit$ # ~ 0.02 Oe in
Fo(s., 1) = (x/10y2)Q2 Fig. 2) becomes especially important whén— w,¢/y ~
o 6H. In this case the sign of the frequency shift may vary
X [1+22s7 + (1= 12)(1 = s2) = (2/3)  within the sample and the precessing state may be spatially

X1+ L)1+ s)V(1 = 2 (1 - s2)]. @nhor_n_ogeneous. This may 6_1|S(.) be_ responsible for the un-
3) identified featur.es marked within Fl'gs. 1 and 2.
Zero-magnetization mode-The signature of the =

Here s, = S./S, I, = L./L, and 2 || H. Qj is the 0 state at positive frequency shif;y > w; is shown in

Leggett frequency ofHe-B [7]. At relatively large nega- Fig. 2. The identification of this state is_, again based on
tive frequency shift the two local minima from Ref. [10] pulsed NMR measurement of the magnitudeSof From
merge into one with the ratio of the initial FID amplitudes one can conclude

that in the ZM state the spin decreases frem.3S., at
sing = (1 + w2/8) 72w = 150 (wg — wL)/zQ%, small frequency shifts down to the noise leve).02S.
at larger shifts. At large frequency shifts the transverse

For T/T. > 0.995 and H — w./y > 0.05 Oe one has spinis found to be&s, « T. — T and it does not depend
B < 1, in agreement with our observation. Well below on H;¢. Also the FID amplitude is found to vary with time
T. this state should have similar coherent spin-superfluiduch that we estimatg@ =~ 20°-30°. All these features
properties as the HPD. are reproduced in the numerical simulation. It furthermore

At positive frequency shifts the HM3 state appears ashows that the relaxation of the magnitude Sfafter
a saddle point of" in a narrow range of the field sweep switching off the rf pumping is sufficiently slow so that
where the phase of precession= 7 andS, < 0(Fig. 2). pulsed NMR can be used for estimati§gand that the
Numerically HM1 and HM3 are readily identified while ZM state remains stable at small negative frequency shifts
HM2 is not. The small dispersion of HM1 in a wide [H — w,/y =< 0.1 Oe for the conditions of Fig. 4(b)].
region of field sweep is similar to that found numeri- Thus the region marked by in Fig. 1(a) might also
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correspond to the ZM state. In Ref. [9] a state with= 0  conditions they might be stabilized. It is now clear that
has been discussed analytically. Thkrgvas assumed to they appear after crossing the resonance at= «; at
be|l H, but the simulation shows thhtpreferstobel. H.  a high rf level so thaS is deflected by a large amount

Brinkman-Smith mode-In the HPD mode spin cur- (8 ~ 180°). Simultaneously the HPD mode with || H
rents maintain phase coherence of the spin precession asbould be unstable towards a reorientationItal H.
B = 0., wheref; =~ 104° is the Leggett angle [7]. The Well below T, this instability is difficult to reach due to
precursor of the HPD, thBrinkman-Smittstate (BS) [8], the dipole torque and Leggett-Takagi dissipation, which
with 8 < 0, was actually the first of the extraodinary pre- rapidly grow with increasing8 above 6,. Numerical
cessing states which was observed in early pulsed NMRimulation of the resonance conditions from Leggett’s spin
experiments [14]. Here we find for the first time that dynamic equations also confirms that the new states can be
the BS mode can be stabilized in cw NMR [Fig. 1(b)]. reached in the vicinity of . whereFp « T, — T is small
In this caseS is oriented alondd in the rotating frame and the more conventional modes wih= S., become
[11,12],S = S.qH/H and sin8 = H,;/H. Experimen- unstable already with tipping angl@s< 180° and, in fact,
tally the BS mode is identified by its transverse spin densityvith 8 as small as-140°.
S| = SeqsinB, which was found to be in perfect agree-
ment with the prediction.
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