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EFFECT OF ORDER-PARAMETER COLLECTIVE MODES ON NMR AND ULTRASOUND ATTENUATION IN 3 He-A 

L. Tewordt and N. Schopohl 

Abteilung filv THeoretische Festkorperphysik, Universit&t Hamburg, D-2000 Hamburg 13, Germany 

Résumé.- Les largeurs de bande du mode clapping (spin) dues à la rupture des paires se trouvent être 
plus étroites que celles du mode flapping (orbital). Un champ magnétique provoque un éclatement des 
fréquences de tous les modes. Les modes orbitaux ont un effet appréciable sur les largeurs de bande 
et les glissements de bande du NMR lorsque T est très bas et T très près de T . L'atténuation des 
ultrasons est apprêciablement augmentée par les modes flapping même pour q ||X. 

Abstract.- The line widths of the clapping (spin) modes due to pair-breaking are found to be much 
smaller than those of the flapping (orbital) modes. A magnetic field causes a splitting of the fre
quencies of all these modes. The orbital modes have an appreciable effect on the line widths and 
line shifts of the NMR at very low T and at T very close to T . The ultrasound attenuation is enhan
ced appreciably by the flapping modes even for q || Jo . 

1. INTRODUCTION.- We have extended a previous calcu

lation /l/ of the spin and density correlation func

tions for 3He-A at temperature T = 0 and magnetic 

field H = 0 to all T and to finite H. The coupling 

of the 9 components d . of the order parameter by 

means of the magnetic dipole interaction is taken 

into account rigorously. The results are valid for 

all frequencies u, including u ̂  A (T) where A (T) 

is the maximum of the energy gap. The direction of 
-y 

the wave vector q is restricted to lie along the 
" * • . 

equilibrium anisotropy axis I. While quasi-particle 

collisions are neglected, damping by pair-breaking 

processes is taken into account. Our results reduce 

to those derived by previous theories in their li

mited range of validity, i.e. either ui « A (T) 

(references /2,3/) or neglect of dipole interaction 

and q j * 0 (reference /4/) . 

2. COLLECTIVE MODES.- The longitudinal and trans

verse dynamic spin susceptibilities yield, beside 

the ordinary longitudinal NMR at co and the trans

verse NMR at 0) = (to* + (a?)1'2, resonances at fre

quencies of the order of the gap frequency, A (T). 

For the "flapping" modes the vector I oscillates 

about the fixed direction of the vector d either in 

the plane of d and H or perpendicular to this plane. 

Here i describes the orientation of the orbital an-

gular momentum of the Cooper pairs and d describes 

the orientation of the spin axes. For q = 0 we find 

at low and high temperatures for the frequency, u ,.., 

and the line width, r f. , of the "normal-flapping" 

mode (in the following A S A (T)) : 
o o 

V1 = * ln(4A0/io£)
 (*T) ' 

10 f l 

F nf l " ^ / 1 0 > l n ( 4 A n
0 / V ' <T « V 

( V l / 2 A 0 ) 2 = f - f [l -5(V2A0)^]1/2: 

r n f l - (/5/u) « n f l ; ( T * T c ) . 

The dipole-flapping frequency 00. is of order to : 

(3/2) a>2 

4= I ~ ! (T = °)-
(1+F*) ln(4A0/mD) 

•50 M n T 

,.,2 = ££ D _£. . fT < T N 
5 2 a A^ ' U ^ rJ -

* w (1+F3) A0 C 

o 
For the so called "super-flapping" modes we obtain 
frequencies (0 _. and line widths T „, which are gi-

sfl sfl ° 
ven by : 

" 2 s f l " CI-58 V 2 ; r 8 f l i TT U g f l ; (T = 0) . 

( u s f l / 2 A o > 2 = | + | [ ] - 5 ( V 2 A 0 ) 2 ] l / 2 ; 

F s f l " ( 3 / w ) U s f l ; <^Tc). 

One sees that for (1 - T/T ) £ 10~s there exist no 

flapping modes. 

The third category of high-frequency modes 

are the so called "clapping" modes where the vector 

d oscillates about the fixed direction of the vector 

£ either in the plane of I and H or perpendicular 

to this plane. The frequency, u -, and the line 
cl 

width, F ,, of the former mode which is due to the 
cl 

transverse susceptibility are equal to 

(o2x = (1.22 A 0 )
2 + u£ ; rcl 2f (17/13) u c l ; ( T - 0 ) . 

(D^ = (l/3)u>2 + (1.12A0)
2 + <o2 ; rcl = 0.06 0)cl ; 
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For the clapping mode due to the longitudinal sus- 
+ 

ceptibility where d oscillates in the plane perpen- 
+ 

dicular to H the same expression holds apart from 

the fact that the Larmor frequency term wt is absent. 

It is interesting to notice that the line 

widths of the normal- and super-flapping modes are 

so large that these modes are not well-defined. The 

line widths of the clapping modes, however, are 

about an order of magnitude smaller. The reason is 

that the clapping modes the effect of the pair-brea- 

king processes in the vicinity of the nodes of the 

gap is strongly suppressed. 

3. EFFECT ON NMR.- The oscillator strengths of the 

high frequency modes arising from the dynamic spin 

susceptibilities are smaller by a factor of the or- 

der of the dipole interaction strength, 

u 5 (36 n -y2/5~(0) g2) % than the oscillator 

strengthsof the ordinary NMR at wD and wt. Resonance 

effects are to be expected whenever wt matches one 

of the (temperature dependent) collective mode fre- 

quencies, that is, wnfl or wsfl (the condition 

wt = wcl can never be satisfied as is clear fromthe 

expression of the transverse wcl is given above). 

The effect of the normal flapping mode onthe 

NMR has been considered previously by Leggett and 

Takagi /2/ and by Combescot 131. Due to the large 

damping term, Cfl, we do not find two NMR peaks 
near resonance of the flapping mode and the trans- 

verse NMR ((w: - w:fli $ WE), in contrast to refe- 

rence 121. But we find that the transverse NMR width, 
rt, considered as a function of temperature is pea- 

ked at a high temperature, say T,, and at a low 

temperature, say T,, where TI and T, are given by 

the resonance condition wnfl = wt. Our results for 

the NMR line widths and line shifts caused by the 

normal flapping mode at low temperatures agree es- 

sentially with those obtained in reference /3/ for 

this temperature range. However, as has been shown 

in reference 131, these effects become observable 

only at extremely low temperatures. While the kine- 

tic theories of references /2/ and /3/ are restric- 

ted to w << Ao(T), our theory is valid for all w. 

Therefore it is applicable also near T where 

unfl % AO(T). For instance, for the shift of the 

longitudinal NMR frequency, AwD, we obtain near T : 

(AwD/wD) = - (2/a2) (1 + F:)-' (Tc/Ao) (w,,/wnf ,12. 

This line shift is opposite in direction to 

that caused by spin relaxation effects / 3 / .  For 

(1 - TIT ) < lo-' the former effect becomes dominant 

over the latter one. Further, the width of the 

transverse NMR is : 

One sees that for decreasing t ! (1 - TIT ) the r 
t 

increases as t-I for w nfl >> wt, becomes a maximum 

for w = wt, and decreases at t2 for wnfl << we. nfl 
This maximum r due to pair-breaking should be com- 

t 
pared with the contribution to the line width cau- 

sed by quasi-particle scattering, that is according 

to reference 121, (w2/w2) (I? + r ) where r 
D t  II R I I  refers 

to spin relaxation and TR to orbital effects. Accor- 

ding to our estimates the contribution r exceeds 
t 

the latter one. Of course the resonance condition 

wnfl = wt can be satisfied only in high fields and/ 

or T very close to T . 

4. EFFECT ON ULTRASOUND ATTENUATION.- From the den- 
+ + 

sity correlation function we find for q 1 1  9. in ad- 

dition to the zero sound mode two normal-flapping 

and two super-flapping modes whose frequency squa- 

res and line widths agree with those given in sec- 

tion 2 apart from the fact that the dipole-flapping 

terms wt are absent. These modes correspond to com- 
+ + 

bined motions of the vectors L and d such that they 

move in phase. For one type of these modes the vec- 
+ 

tor d oscillates in the plane perpendicular to the 
+ -f + 
R - H plane, and for the other type the vector d 

3 + 
oscillates in the R - H plane. Therefore the fre- 
quency squares of the latter modes, w : ~ ~  and w2 

~ f i  
contain additional Larmor frequency terms w:. There 

+ -f 

occurs no clapping mode for q 11 R (including q = 0). 

Although the coupling strength of the flapping mo- 
+ + 

des to the sound wave for q 11 R is only of the or- 

der u2 we find an appreciable effect on the ultra- 
sound attenuation coefficient a l l .  Considered as a 

function of temperature all is peaked at a high tem- 
perature, say TI, and at a low temperature, say T,, 

where T, and T2 are given by the resonance condition 

wnfl = W. We find : 



Here s = c/v = 13 and y % 1 O b 6 .  The second terms in 
F 

square brackets yield the relative contribution of 

the flapping mode in comparison to the ordinary 

sound attenuation calculated for the collisionless 

regime. One sees that even near TI the effect ofthe 

flapping mode becomes appreciable in spite of the 

smallness of y2 that w ,$ 3 MHz. 

As has been shown by Wiilfle /4/, the coupling 

strength of the flapping and clapping modes to the 

sound wave may become much larger than order v2, 
-+ 

i.e., of order q2, for orientations of q different 
+ 

from k. Then our theory predicts a relatively nar- 

row absorption peak due to the clapping mode and 

very broad absorption peaks due to the flapping mo- 

des where the latter should split in high magnetic 

fields. 
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