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We study the interaction of sound waves with vortices in type-1l superconductors, taking into account
pinning and electrodynamic forces between vortices and crystal displacements. We propose ultrasound tech-
niques as a method for obtaining information about vortex dynamics. This is particularly appropiate at low
temperatures where transport measurements are ineffective. The changes in sound velocity and attenuation due
to vortices, can provide information on the elastic constants of the vortex system and on vortex dissipation,
respectively. At low temperatures the Magnus force acting on vortices leads txtlstic Faraday effect
there is a rotation of the polarization plane of tranverse sound waves propagating along the magnetic field. This
effect is linear in the Magnus force and magnetic field in crystals with equivalerdb axes for a field
parallel to thec axis. We discuss how this effect can be measured by means of either pulse-echo techniques or
standing sound waves. Also, we show that an ac electromagnetic field acting on the vortex system can generate
ultrasound. We calculate the amplitude of the generated sound waves in the linear regime and compare with
recent experiments.

[. INTRODUCTION Additionally, the low-temperature dynamics of vortices is of
great interest for fundamental quantum-statistical physics be-
In the presence of magnetic fields the transport and elecause of the quantum effects on vortex motion: To a large
tromagnetic properties of superconductors are determinedegree it resembles the behavior of electons in a very strong
largely by the dynamical behavior of quantized vortices.magnetic field, where a quantum Hall effect has been studied
Their motion when driven by currents produces dissipatiorrecently?*
which takes place predominantly in the normal core of vor- Until now the only information available on high-
tices. Understanding the mechanisms that control vortex maemperature vortex dynamics comes from transport measure-
tion and dissipation is therefore important for applications ofments. Such methods are ineffective for providing informa-
superconductors because they determine losses in the supgon on the low-temperature behavior of vortices, because
conducting state. here strong pinning suppresses vortex transport. In fact, in-
When in motion, superconducting vortices are subject tdormation on vortex dynamics available now from transport
several forces including Lorentz, viscousand hydrody- measurements covers the temperatures above 13 K for
namic or Magnusforces, resulting in components both par- Y-Ba-Cu-O with T,=60 K (Ref. 5 and above 50 K in
allel and normal to their instantaneous velocity. The resultanBi-Sr-Ca-Cu-Of A method to study vortex dynamics based
motion depends upon the relative magnitudes of these forcemn measurements of sound propagation in the vortex state of
and is therefore field and temperature dependent. The contype-Il superconductors was proposed by Pardkend ex-
plexity of this situation and the difficulty of separating the tended to the low-temperature regime by Donguezet al®®°
effects of the various components is responsible for the fact Pankert argued that the coupling of sound waves with
that phenomena such as the Hall effect in the mixed statejortices via pinning leads to a modified attenuation and dis-
which depend upon the details of vortex motion, are stillpersion of sound. The modification of the dispersisaund
controversial after many years of study. This situation is fur-velocity) comes from the involvement of vortices in crystal
ther complicated for high-temperature superconductors bgisplacements and therefore there is an addition of vortex
the small size of the normal core which results in discretelattice elasticity to the crystal elasticity. The attenuation of
well-separated states in the core, leading to the expectatigound was predicted by Pankert for the thermally activated
that viscous dissipation may be “frozen out” at low flux flow (TAFF) regime valid above the irreversibility line:
temperaturé.The low-temperature vortex dynamics dependslt originates from thermally activated jumps of vortices be-
strongly on the typdespecially symmetpyof the supercon- tween pinning centers when vortices follow oscillating pin-
ducting pairing, so that obtaining information on vortex dy- ning centers. Experimental dataconfirmed the main theo-
namics in this temperature region may also help to underretical predictions of Pankert in that temperature range.
stand the pairing mechanism in high- superconductors. At low temperatures the Magnus force becomes important
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for vortex dynamics and it results in novel effects: thewith ultrasound to extract the parameters of Magnus and vis-
change of sound polarization, as was discussed in Refs. 8,8ous forces acting on vorticéSec. \) and the generation of

In the following we will present a detailed consideration of sound waves by an ac magnetic field acting on vortiSes.
sound progation in the mixed state of type-Il superconductVI).
ors, taking into account all mechanisms of the sound-vortex
interaction and all forces acting on vorticéSec. I). Our

main attention will be given to the effect of the Magnus force

for vortices on the propagation of sound at low temperatures We use the London model to describe vortices so that our
(Secs. Il and IV, and the Appendix for a general apprgach approach is valid only well below.. The equation of mo-
This results in a new effect: namely, the Faraday rotation ofion for displacements of vortices from their equilibrium po-
sound polarization. We will discuss possible experimentssitionsv(r,t) is

Il. GENERAL EQUATIONS

: . . 0 1
7,V+ ay[VXN]—(Cq1— Cee) V, div(V) + CogV IV + C44EVZ - E[j XBJ]+ap(u, —v), (1)

where we takeB along thec (z) axis, n is the unit vector The estimate forp, obtained by Bardeen and Stephen

alongB, andu is the crystal displacement in the sound wave.and associated with dissipation caused by quasiparticles in-

The vortex displacements have only components inxtlye  side the vortex core isj,=BH0,/c?, where g, is the

plane, v=(vy,vy), and thus the interaction is only with conductivity in the normal state. In awave superconduc-

u; =(uy,uy), and we haveV, =(d/dx,d/dy). The vortex tor in a superclean limit at low temperatures viscosity

inertial term is omitted here because it is small in comparitends to zero. In a gapless superconduetpremains finite

son with the other dynamic terms on the left-hand side, a#n the limit T—0.}’

follows from estimates of vortex mass: See Refs. 11,12, Ci1, Cas, and Cgg are the compression, tilt, and shear
The theoretical prediction for the Magnus force coeffi- modulii of the vortex system. For uniform distortiofise.,

cient made by Nozies and Vinef by extension of ideal long wavelengthsthe elastic modulii can be obtained from

fluid results to superconductorsds, = wing(B/®,), where  thermodynamic argument§,

N is the density of superconducting electrons. There are dif-

ferent contributions toa), : Kopnin and Kravtso¥ have BB

shown that ins-wave BCS superconductors the contribution Cay(0)= —,

of quasiparticles inside the vortex core decreases this result 4m

at nonzero temperatures. They concluded that the Keszie

Vinen result remains valid in the limit—0 in the super- B2 dB

clean regime when the electron scattering rate becomes C11(0)—Cee=——a; 2

smaller than the separation of the energy levels of quasipar- 4m dB

ticles inside the normal cores A%/Er (A is the supercon-

ducting gap. Another contribution tow), is related to the hereC,(0)=C;4(0)— Cggis the modulus for isotropic com-

dynamics of the order parameter, as shown by KopnirpressionB, is the applied field, an&(B,) defines the mag-

et al™®and by Dorsey* see also Ref. 15. Experimental mea- netization curve(for B>2H;, one hasB~B,). For defor-

surementgsee, for example, Ref. 16how that at low tem- mations with wavelengths smaller than the London

peraturesa), has the same sign as in the normal state angbenetration length, the vortex system is softer than for ho-

subsequently changes sign twice with increasing temperaturaogeneous strains and the elasticity becomes nontd&aic

in the temperature region beloW.. In high-T, supercon- a vortex lattice in an anisotropic superconductor, the nonlo-

ductors the sign of, is positive in the normal state due to cal elastic modulii, for distortions with wave vect&r are

the hole-type conductivity in these materials. given by
|
coo B 1 , Pof (ko) ,
R T RS P A e e | ©
Cu(k)=C.(k)+C B* l_H\gkz 4
= 4 -
(0= G0 T Coo= 4 | T L 21+ A2 | @

®B(1—B/H,)?
C66_ (877)\ab)2 ’ (5)




6684 DOMINGUEZ, BULAEVSKII, IVLEV, MALEY, AND BISHOP 53

with f(k,) = 1/2y2In[&, Y (N2 +K2+4mDy/B)]+1/  as a liquid at large length scaldSee the discussion in Sec.
2k§)\§b|n[1+kg/()\a—b2+4ﬂqgo/3)]' Here\ is the penetration VII C of Ref. 25. Recently Giamarchi and Le Dous&al
length for currents along the axis, \ 5, is the penetration have shown that the elastic properties of the original vortex
length for currents in theab directions, andé. and &,, lattice are not destroyed by weak disorder, forming a so-
are the corresponding superconducting correlation length§alled “Bragg glass” without dislocationgso the shear
For sound wavesk is small and the elastic modulii of the modulus is not driven to zero fd— 0 in this casg Here we
vortex lattice can be taken a€;;=C,,=B%4w and Wil take C;;,Cys,Ces as parameters in E¢l), and we will
Ces=B®Po/(8m\ )2 in superconductors with small and Show how their actual values for long wavelengths can be
moderate anisotropy at high magnetic fieldsdowever, in  obtained from ultrasound measurements. Our phenomeno-
Bi-2:2:1:2 the anisotropy ratigz=\./\,, Was estimated to logical approach is valid for sound wavelengths that are
be as large as 300—1000; see Ref. 20. For sound frequengjuch larger than the intervortex distanag, so that the
10 MHz and velocityc,= 2 X 10° cm/s we obtairk\,~1.7 at ~ VOrtex displacement field(r) can be regarded as a continu-
y=300 and\ ,,=1700 A. In this case the dispersion of the 0US fungtion ofr. _ . _ '
tit modulus (at high fields, Cyu(k)=B/4m{1+\3(k The first term in the right-hand side of E¢l) is the
i k§)+?\2bk§], becomes important. For a vortex liquid, the Lorgntz forpe acting on the vortex due to the curijecaused

by ion motion. This force can be expressed through the lat-

elastic modulii can be defined within a hydrodynamic ap-> | ) '
tice displacement using the expression for the current den-

proach in a coarse-grained free enetyhe tilt modulus of
the liquid is identical to that of the vortex lattice as given by S

Eq. (3).2* The liquid bulk modulusC, (k) can be obtained c

from the compressional modulus;,(k) of the lattice by j=—[VX[VXA]]=— 5
settingCge=0 in Eq. (4),%! since the shear modulus is zero 4a 473
in the vortex liquid state. In the presence of strong pinning;The first term in the right-hand side is the electron current
i.e., for a vortex glass phase, the elastic constants are slightbhd the second one is the current of lattice iths; is the
renormalized by the disordé¥>°At very large length scales jon density. Such an expression for the total current implies
the compression and tilt modulus are still given bythe absence of impuritie@veak momentum relaxationin
C11=Cys=B?/4m, as prescribed by the thermodynamic re-this case there is no drag of electrons by impurities. We also
sults of Eq.(2). It has been arguéfithat disorder can lead to ignore the effect of electron drag by ions in a pure sample.
the presence of dislocations in the lattice for sc&esR,  This effect exists as soon as the electron spectrum in a crys-
[R, defined as(u?(R,))~a3, thus of the order of tal differs from the spectrum of a free electron. The electron
R.~(ao/&)%R, with R, the Larkin-Ovchinikov lengtif and  drag by ions results in the renormalization of the ionic cur-
ao=(®,/B)*? the intervortex distande Then the shear rent in Eq.(6). Using (6) we can obtairj as a function of
modulus may be renormalized &g(k)=k?? for k—0 by  u and replace it in(1). Therefore we obtain the dynamical
the presence of dislocatioA$so that the system may behave equation in Fourier space fo(k,w):

A+enu. (6)

iw

2 1,2
b
CYMUJ+CY|—2—1+; bkzuj) :[(Cll_CGG)kikj+C66kmkm5ij]vj+C44k§Ui+ap(vi_ui)a (7)
a

Uit €ijz

wherei =X,y are coordinates in thab plane, e is the unit  into account thermally activated hopping of vortices between
antisymmetric tensor, and is the frequency of sound. The different pinning centers. Using heuristic arguments,
term with coefficienta, = 77in,B/®, takes into account the Brandt® obtained

Lorentz force acting on vortices due to the current induced

by moving ions and screened by superconducting electrons, = (7,/a )exdU(B)/T], 9

and the sign ofy, is positive since it is determined by the

ionic charge:\ ,;, is the penetration length for currents along WhereU(B) is the characteristic pinning potential barrier. A

the layers® This term is important only for frequencies Similar expression was obtained by Coffey and Clem for a

wl2m=ck/2m=1 GHz and it will be omitted in the follow- Periodic pinning potential” The generalization made by
ing. Herec, is the sound velocity. Pankert is transparent: Replacemenv diy (v—u) accounts

The term a,(v—u) was introduced by Pankérto de- for the absence of pinning when vortices and ions move with

scribe the interaction of sound waves with vortices becauste same velocity. We will use the same tesg(v—u) be-
of pinning in the TAFF regime. In the absence of soundlow the irreversibility line as well, thus neglecting jumps of

waves (1=0) Eq.(7) with vortices between pinning centers in the vortex glass pffase.
This is valid for large frequencies such that;> 1! mean-
ap=a,_(1—i/wTT)‘1 (8)  ing temperaturesT<U/In(a./wn,). For the typical ultra-

sound frequencies (10 Mhzand the parameters of the
was used by many authors; see Refs. 29—-31. Heris the  samples studies in, for example, Ref. 10, this is valid for
Labusch constant and; is the relaxation rate which takes T<30 K. When approaching the vortex glass transition this
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approximation ceases to be valid. Here we will take this forminduced vortex-sound interaction is negligible as compared

of ap(w,T) as a qualitative interpolation between the low-
temperature regime of strong pinning wherg~ «, and the
high-temperaturgabove the irreversibility line TAFF re-
gime wherea,~iwtra, . The Labusch parameter may be
expressed in terms of the critical currenl, as
a =J:B/cry, wherer , is the pinning interaction rang@p-
proximately the superconducting coherence length in
high-T. superconductoys* For Bi-2:2:1:2 the critical cur-
rent is in the range (% 10°—5x 10°) A/lcm? at helium tem-
perature in magnetic fields of severa(see Ref. 32 and we
estimatea, ®,/B in the interval (5x10*—5x10°) g/cm
s?. From the resistivity datd in this system in the TAFF
regime,U~500 K.

The equation for crystal displacements is

pl+Du—(\+p)Vdiv(u) - uVZu=F—ay(u, —v), (10

where\ andu are the elastic modulii of the crystal apds
the crystal mass densityThe u, component is decoupled.
The term with the coefficier = 5, + 54 accounts for sound
dissipation in the absence of vortices,j and sound dissi-
pation caused by quasiparticles inside the vortex caxg .(
The second term on the right-hand side of E) is just
opposite to the analogous term in Ed). F, is the force
acting on ions from electrons. Within the same approxima:
tion as for Eq.(6) (ignoring electron drag this force can be
written as

e .
Fi=ni| eE+ _[UxB] . (11)

The electric field produced by vortices s=[BXx v]/c and
the expression foF; takes the form

F %[BX(\'/—U)]. (12

Using Eq.(12), the equation for the crystal displacement in
the Fourier components has the form

(pa)2+iwD)ui-l-iwa,eijZ(uj—vj)

:()\+,LL)kiijj+,L,Lk2Ui+a/p(Ui_vi). (13)

Besides pinning and electromagnetic forces, there is an-

with the pinning-induced interaction sinegk?/ a ~10°
at least.

IIl. ULTRASOUND PROPAGATION PARALLEL TO THE
MAGNETIC FIELD

Let us discuss first the case when the acoustic Faraday
effect is maximum: sound propagation along the direction of
the magnetic fielk|B||c in crystals wherea andb axes are
equivalent(e.g., Bi- and Tl-based superconducjoisle take
ky=ky,=0, k,=k. We have from Eq(7) for vortices

iwnvvx+iwany=C44k2vx+ ap(vy—Uy),

07,0y~ i wayv=CakPvy+ap(vy—uy), (14

and from Eq.(13) for sound waves
(pw2+iwD)uX+iwa|(uy—vy)=Mk2ux+ ap(Ux—vy),
(pw2+iwD)uy—iwa|(uX—vx)=,uk2uy+ ap(Uy—vy),

(po’+iwD)u,=(N+2u)k?u,, (15

for an isotropic material in thab plane. In the absence of an
interaction @,=a,=0) the sound propagates either with
transverse wavesi( ,u,) with velocity ¢, = \/m which are
degenerate with respect to polarization, or with longitudinal
waves (1,) with velocity ¢;=+(N+2u)/p. Theu, compo-
nent is always decoupled, and thus the longitudinal sound
waves are unaffected by the presence of vortices.

We solve forv in (14) and substitute i§15), obtaining the
effective equations for transverse sound wafhedirst order
in [24Y] ,C!|):

[U—ap(1-g)]utio[a(1-g)+aug®lu,=0, (16)

—iw[a(1-9)+ amg?lux+[U—ay(1-g)]u,=0,

where U=pw?— uk®+iwD, V=C,k>+ ap—iwn,, with
g=a,/V. The conditionsU=0 andV=0 give the unper-
turbed dispersion relations for sound and vortices, respec-
tively.

The modified dispersion relation can be obtained from
solving

— 2
other mechanism for the vortex-sound interaction: Vortices U=ap(1=g)=*o[o(1~9)+ang’]. 17
induce strain in the superconducting crystal because theYhe solution can be written in the general form
have normal cores where the specific volume is larger than in B
the superconducting state. This effect was discussed by pwz—patzkz-l-iwD:iw(F-l-in), (18

Simanek'?in connection with the enhancement of the vortex .. - ~
wherec; is the modified transverse sound velocldy,is the

mass.(The crystal displacements induced by moving a vor- o BN .

tex have an additional kinetic energfhe strain induced by Modified dissipation coefficient, arktlandI” account for the
vortices also provides an additional mechanism for the intercircular polarization effect in sound velocity and dissipation
action of vortices, as discussed by Kogetral® The corre-  (the latter effect is always negligibleyI'<D; see the Ap-
sponding term in the equation of motion for crystal displace-P€ndiX. From Egs.(16), we can see that the eigenwaves

mentsu; is 7skik;(u;—v;) and 7= —2E3M{. Here the satisfy

superconducting correlation length inside the layétg, de-
termines the area of the normal core. The coefficieohar-

Uy/uy=*1i; (19

acterizes the relative change of specific volume in the normale., the sound is circularly polarized due to Magnus and

and superconducting states, typicafly 10 ’'—10 °. Using
these parameters arg,~20 A we estimate that the strain-

electromagnetic forces. The split in sound velocity for differ-
ent circular polarizations i€; . =¢,(1*=F/2pw). If ultra-
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sound with a given polarization is introduced at one bound- circularly polarized
ary of the sample, after traveling a lengththe polarization
plane will rotate. This is thecoustic Faraday effectThe
rotation angle per unit length will be given by
0l/ = wl2(1c; - —1/c, ;)~F/2pC;.

With the deflnltlonsQ (C44k2+ aT)2+w (,+ 71)%

ap=ar—iwnr, ar=a o 7'-|-/(1+w 7'-,-), and p1=a 77/ )y
X

ound w

vortex and its
displacements

(1+ w2712-), the solution for the modified transverse sound
velocity is

2

2,2 2 2,2
z2_ Cuy 07t ar(Chk+ar)  arwy,
t— et T T

B

for the dissipation,

) ) ' ' '
. 7C2 K4+ p,[ 2+ wPnr( 7, + 71) ] FIG. 1. Propogation of sound along tleeaxis of a unaxial

D=D+ — , (21 crystal in the mixed state. The sound wave induces vortex displace-
< ments(shown below due to pinning. They are circularly polarized
and for the circular polarization coefficient, because of the Magnus fordg,. These circularly polarized dis-

placements result in the rotation of sound polarization shown above.

F=ap{[ at(Cyk®+ a) + 0?n( 7, + 7)1
2 2 2 2 Now we consider the high-temperature limitr4<<1,
— [ 71Cak®—arn, ]300 where a7<Cyuk?® and #5r~75,expU/T), so that
+ ay[Cak?(Cuk®+ ap) + 0? (7, + )10~ (22 ap~—iwny. In other words, at high temperatures the inter-
action through pinning mechanisms is via the TAFF viscosity
Let us consider the low-temperature regimer{>1, 77. In this limit ¢, in Eq. (20) reduces to the value calcu-
meaningT <40 K in Bi; ¢Pby 4Sr,Cu30, studied in Ref. 7. lated by Pankert,
In this case at~a_ is the largest parameter,

aL>waM y W17, ,Cllkz,C66k2,C44k2, and 7T is neg||g|b|e C44 w277$
In this limit vortices are completely involved in sound oscil- ci=ci+ — T2 (26)
lations, i.e.,vj~u;. Then, the modified sound velocity is P Las @

simply the modified sound attenuation is

Et = C'[2+ C44/p, (23)

and the modified dissipation is D=D Clk’ w’nr 2
+ 77TC44k4+ 2,2 T CLK*+ w2y’ (27)

D=D+7,. (24)
. which differs from that calculated by Pankein the 7,
Therefore, a measurement of the change in sound veIom%rm and the Faraday coefficient is

and dissipation will give direct information dd,, and 7, at

low temperatures. Particularly, measurements as a function 9 2, 2.2 ,2u4 214
of the ultrasound wave vectérwill give information on the Feag 77( 0”77~ CK") Yy Cak
dispersion ofC4,(k), and thus ony through Eq.(3). The Mo (C2 KA+ w?n?)? 'CZ K+ s
Faraday effect is dominated by the Magnus force,

(28)

There is a peak for sound dissipation wh@pk?~ w71 (in

F~ay. (29 Ref. 7 it occurs at about 60 K fap/27=3MHz andB=5
The rotation angle8//=ay/2pc, is about 7°/cm for T). Below the peakC,k’<wny, and the circular polariza-
ay®y/B=10"% g/cm s,p~5-7 glcn?, andB=5T. There-  tion coefficient is given byF~ay. Above the peak,
fore a measurement df can provide direct information on Cak®> w7y, and we haveE~ a, . Therefore, at the dissi-
the Magnus force constant,, below 40 K. The advantage Pation peak there is a crossover in the Faraday effect from a
here is that for sound propagation the effects of vortex disfegime dominated by the Magnus force to a regime domi-
sipation, and Magnus forcery, are decoupled in contrast nated by the electrodynamic forces acting on the ioms (
to their effect on resistivity and Hall angle; see Ref. 16.  term) at high temperatures. This temperature behavior is

Note that the Magnus force acts on vortices in the samé&chematically shown in Fig. 2.

way as a magnetic field acts on electrons: A vortex rotates
arognd its .equillibrium_ position when displaced fro.m such v ULTRASOUND PROPAGATION PERPENDICULAR TO
position. It is this rotation that Ieads'to the c;hange |n.sound THE MAGNETIC FIELD
polarization due to the sound-vortex interaction; see Fig. 1. A
similar phenomenon occurs in a ferromagnet, where a We now discuss the case of sound propagation perpen-
change of sound polarization results from the rotation ofdicular to the magnetic fieldkL B, where we can take
magnetization, which is coupled with sound waves by thek,=k,=0, k,=Kk.
magnetostriction effect We have for vortices
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iwnvvx+iwany=C11k2Ux+ ap(vy—Uy), 8[ ' ' T '
| ay dominates ay dominates
iwnvvy—iwanx=C66kzvy+ ap(vy—Uy), (29

and for sound waves
(pw2+iwD)ux+iwa|(uy—vy)

:(7\+2#)k2ux+ a’p(ux_vx)y

6 (arbitrary units)

(pw2+iwD)uy— [ wa,(ux—vx)=,uk2uy+ ap(Uy—vy),
(30)

N
L N
O 1 1

(pw?+iwD)u,=uku,, 20 40 T6((;<) 80 100
for an isotropic material. Now, in the absence of interaction

(2p=a,=0) the SOF‘”d prop_agatlgn Is transversal for t_he dlis- FIG. 2. The sound dissipatidfl-D due to vortex dynamics and
placements, ,u, with velocity ¢;= Ju/p and longitudinal o Faraday anglé as a function of temperature, calculated using

for the displacements, with velocity ¢,= V(N +2u)/p. I Egs.(21), (22), with the experimental parameters of Ref. 7 Bor: 5
this case thei, component of the transversal waves is alwaysT and w/2m=3 MHz. Here we assume that,, is linear in T

decoupled, whereas the other transversal companeahd  (dashed ling and », is temperature independent. This is only in-

the longitudinal component, are coupled by the electro- tended to be a guide to the reader, in order to show ¢hand

magnetic force. D-D at low T will give direct information onay,(T) and 7,(T).
Again, we solve fow in (29) and replace i§30) obtaining

the effective equations for sound wavés first order in

ay,q):

where Uj;=pw’— (A +2u)k’+ioD, U,=pw?—uk?

+iwD, gi=ea,/V; with V;=Cyk2+ ap—ion, and

V,=Cgek?+ a,—iwn,. This leads to the eigenvalue equa-

—lw[a(1-9g1)+an0:192]ux+[U—ay(1-9g5) Juy=0, tion

[Up—ap(1—gq) Ju,ti w[al(l_gz)"_aMgng]uy:O(él

|
[Ui—ap(1-gy][U,— ap(l—gz)]zwz[a|(1—gl)+ ayd1092][ @ (1—05) + @ug192]. (32

The longitudinal and transversal componemgsuy, are coupled because of the Magnus and electrodynamics forces; their
eigenwaves are

Uy

Uy _\/pwz-i-iwD"—p(Cf)zk2 -
po’+inD?—p(ch)%k? 33
Thus the sound is elliptically polarized in this case. Here we defim#t)z(:ctzjtcaelp, (C}’)2=c|2+C11/p, and
D’=D+y,.
Let us first discuss the low-temperature linait-r>1. Proceeding as in the previous section, we obtain the dispersion
relation

pL(eD)?+(ct)?IK® \/pzuc:’)z—(cf)z]zk“+ 2 »

pw’+iwD?= 5 + 7 ayw-. (39

Considering thap[ (c})2— (c?)?]k?/2> way we obtain that On the other hand, the transversal wave alongytha-
the longitudinal sound waves are now quasilongitudinal withrection now becomes quasitransversal with velocity
velocity

1 a,2 (Cv)2
~2_ (~V\2 M1 ™t
ci=(c)){1—= 5 > (37
5 1 a’(ch)? Lo [ 2 p?o®[(c])?=(c})?]
ci=(c")? 1+ = (35
2 p2w?[(c))?—(cY)?] and a small elliptical polarization given by
and a small elliptical polarization given by &:i ayw (39
Uy pl(ch)?=(ct)?Ik*’
v\2 v\271,2
&:ip[(cﬂ —(c)7Ik (3¢  Therefore, the effect of elliptical polarization due to the

Uy apyw ' Magnus force at low temperatures is negligibly small in this
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case, of order ¢y, /pw)?. Neglecting this effect, the modi- VI. GENERATION OF ULTRASONIC WAVES BY ac

fied sound longitudinal velocity is simplgZ=c?+Cy,/p, MAGNETIC FIELDS

Ehe modified transversal velocity along the direction is In a recent experiment, Haneda and Ishiguro observed
Ci=c{+Ceo/p, and the modified dissipatioD=D+7,.  generation of ultrasonic waves in the mixed state of high-
Thus, measurements of ultrasound propagation perpendiculg syperconductors induced by the motion of vortices sub-
to B can give infomation orC4; andCes. jected to an ac magnetic fiefd. In a polycrystalline

At high temperaturesp 7r<<1, the elliptical polarization v.ga-cy-O sample under a dc magnetic field, a pulse of an
effect is also negligible for similar reasons as before, now ot magnetic field was generated with a coil attached to one
the order of ¢ /pw)?. If we neglect this contribution, the end of the sample: see Fig. 3. After the supply of the ac
modified sound velocities are given as in ER6) after the  ny|se, acoustic waves were detected by a quartz transducer
replacemen¢,— ¢, andC,,— Cy; for the longitudinal waves  attached at the other end of the sample. Also the echo of the
and afterC,s— Cqg for the transversal waves alonyg Also  acoustic signal was detected by the coil as an ac magnetic
the change in sound attenuation is given by @4) after the  field induced by the returning acoustic wave. These effects
same replacements. _ . arise because an ac electromagnetic field excites vortex os-

In general, the change in the ultrasound propagation fogillations, and the motion of vortices and sound waves are
any arbitrary direction can also be calculated. We discuss thigoupled through pinning mechanisms. Therefore, as pointed

general case in the Appendix. out by Haneda and Ishiguro, these measurements may pro-
vide means to study the pinning and dynamics of vortices. In
V. SOUND ECHO AND STANDING WAVE Ref. 36 a semiquantitative theoretical discussion of the ex-
MEASUREMENTS perimental results was given, in the framework of the non-

o L linear regime of vortex motion. A theoretical treatment of
The change of sound polarization and dissipation can bg,oqe effects in the linear regime was given in Ref. 9. Here

measured for traveling waves. The polarization of transversg . present the main points of this latter consideration and
sound rotates by the angte= o,/ /2pc, when it propagates results

along the path” in the direction of thee axis in an uniaxial The ac magnetic field produced by the coil induces vortex

crystal and parallel t@. The length of propagation may be yispiacements. To find them we notice that vortex displace-
enhanced using the pulse-echo technitfuBor such mea- ments produce an ac magnetic induct®g,,= Bdiv(v) for

surements it is important that the direction of rotatiotock- B||2 and B,.=Bav/dx for B|X. At the boundary we should
ac .

wise or counterclockwigedepend only on the direction of haveB,c,(01) = h,(t), whereh,(t) is the ac magnetic field

magnetic field, and not on the direction of propagation. Forproduced by the coil. Thus we obtain the boundary condition
transverse sound, when the magnetic fiBlds along the for v(r,t):

direction of propagation, which coincides with theaxis of

the uniaxial crystal, we obtain the maximum effect for the
v hadt)

rotation of the sound polarizatiof@coustic Faraday effect — = . x=0, (40)
In this case the amplitudi, of the nth echo is 2 B
ayln 2DLn with v =v, for B||z andv =v, for B||X. The propagation of
fo="o cos( G ) exp( - p ) , (39  vortex displacements is described by EQ.which is valid at
t t

distances larger than,;, from the sample surface at=0. As
whereL is the length of the sample arl=D+ 7,. The we see from Eq(7), the characteristiczlength 8; var?atio_n of
cosine term is due to the rotation of the polarization angle! 'S the ac penetration depth,c=(B“/4ma,) = which is
Here the effect will be notable at low temperatures in the/arger thamk,, at fieldsB=1 T, see Refs. 29,31. The vortex
superclean regime wheng, < a,, (see Ref. 5andD is small d|splapements induce som_Jnd waves as described bylBqg.
enough [ Decexp(—A/KT) for s-wave superconductaksin Equation(13) for crystal displacements should be solved us-

this case, due to Faraday rotation, the amplitude ofrnitne "9 the boundary condition
echo oscillates withn. The period of oscillations,

2mwpci/ayl, is about 15 for a sample with thickness u
L=0.1 cm along the axis. The decay of echo amplitude is ox
determined by sound attenuation. Again, a similar effect was

observed previously in ferromagnetic crystals because of thfar a free crystal surfacén the absence of external forces
magnetostriction effef When the propagating sound is acting on the surfage

0, x=0, (41

perpendicular to the magnetic fieR] sound waves are lon- Therefore, using Eqg7) and (13), one can describe the
gitudinal, the rotation of polarization is negligible, and the following processes.

multiple echo amplitudé , is given by(39) but without the (1) Under the magnetic ac pulse, displacements of vorti-
cosine term and witle, replaced byc, . ces are induced. At this stage the crystal displacemeate

For standing sound waves the Magnus force lifts the demuch smaller tham, and the solution of7) with boundary
generacy of the resonance frequency with respect to polacondition (40) for a semi-infinite sample is direct; see the
ization, with a splitting ofAw= a, /p for transverse waves analysis of Brandf and van der Beekt al3!
along the direction oB. This value is~0.01 MHz in a field (2) Once the displacementsare found, we can solve Eq.
of 5 T. It can be observed for small dissipation (13) for u, with v(r,t) as a drive term and boundary condi-
(D+n,)/p<Aw. tion (41), to obtain the amplitude of the induced sound pulse.
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(3) This sound wave will propagate along the crystal; it (a)
will reach the other side of the sample where it can be de-
tected by a quartz transducer, and where it will be reflected

producing an echo propagating back to the originating side. %

This wave propagation was described with the modified

sound equation§7) and(13) in Ref. 8. H, T
(4) The returning sound echo induces displacements of

vortices of magnitude,, which in turn cause an ac mag-

netic field that can be detected in the coil.
Let us discuss these processes in the low-temperature

Campbell regimé! where we can take,,= a, . To describe z

the first process we can drop the Magnus and viscous force X TB

terms in(7) sincea, /w> 7,ay . Then, taking into account

that hereu<v, we havé®® (b)

I.IEC T

Bhadt)
v(X,t)= ———exp(—X/\ 5. (42

ANt

In a second step, we find the amplitude of the generated
sound, solving Eq(13), which reduces to the wave equation

FPu ,5u g : 23
—5 —Ci——=—uv(Xt).

z

—

Herec,= c, for a longitudinal modéexcited wherBL X) and X B
cs=c; for a transversal mod@xcited wherB||X); see Fig. 3.
The solution of(43) i; given by the sum of the propagatirjg FIG. 3. Configurations of external magnetic field B||H,c,
wavef(x—cd) (SOIUt,'On of the homo.geneous equation with generation of longitudinal sound waves propagating with velocity
v=0), plus the solutiorg(x,t) of the inhomogeneous wave ¢, . () BLH,,, generation of transversal sound waves propagating
equation. The latter is with velocity c,. The direction of the induced displacememtin

B the vortex array is shown.

g(x,t)=—4—)\w:gha&t)exr(—xlka(), (44) . L .

TpCy temperatures; i.e., pinning centers almost completely involve

vortices. The vortex displacements now induce an ac mag-

netic field with amplitude
2DLn
ex;{ - ) . (47
pCs

—x/cg
47rcht0 hadD)dt, 49 The signal in the coil is proportional B .

The condition for the linear regime is that the displace-
with ty the starting time of the initial ac pulse. Now we ments of vortices at the surfa¢ehere they are maximum
verify that u(x,t)<v(x,t) by noting that u/v~ are much smaller than the typical radius of the pinning cen-
)\gclachﬁzBZ/pc§<47r, for reasonable magnetic fields. ters. The latter is of the order of the correlation lengttand
This allowed us to negleat in Eq. (7), when we obtained therefore we have the conditidn(0t)|<&. We obtain for

where we have taken into account tha&cg/\ .., which is
fulfilled for the typical magnetic fields and frequencies in the
experiments. From the boundary conditioAu/dx=
d(f+g)/ox=0 atx=0, we finally get for the propagating
wave Bac =

&vgn)‘ hoB2 {QMLn)
~ 2 CO
x| pci| T\ pes

f(x)=

the inducedv (x,t) in Eq. (42), and also in Eq(43). the  amplitude of the  electromagnetic  pulse
We see in Eq(45) that the amplitude of the sound pulse hy<(47J.£B/c)Y? For critical currentsl.~10° Alcm this
reaching the other side of the sample is giveshy<50(B/[1 T])¥? G, which was obtained also in Ref.
32.
Bhg In the measurements of electromagnetic generation of ul-
fo~ pCew’ (46 trasound in Y-Ba-Cu-O by Haneda and Ishigdfoan ac

magnetic field with amplitudé,=50 G was used at a tem-
whereh, is the amplitude of the ac magnetic pulse. Note thatperatureT=13 K and dc magnetic fields up to 5 T. At
the sound amplitude is proportional Bbandhy and it does T=13 K these conditions correspond to the linear Campbell
not depend on pinning in the Campbell regime. Now theregime. The amplitude of the induced sound wave was found
multiple echo can be found as was described in Sec. V. Fito be linear inB from 1 T up to 5 T, in agreement with our
nally, when thenth sound echo returns to the originating result of Eq.(46). The results of this section were recently
side, it induces vortex displacemenig(x,t)~ f,(X+cgt). confirmed in an experiment by Haneda, Ishiguro, and
This is because, in Eq7), o, is the largest parameter at low Murakami3’
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VIl. CONCLUSIONS pendence of sound velocity provide quite direct information
We have shoun nat the propagaton of sound n " e GSbesion o a0 s o e aneauony ralo
mixed state provides a powerful tool to investigate elastici 7 s p y

. . ; is not accurate until now.
and dynamics of the vortex lattice, especially at low tem-

peratures where transport measurements become ineffective Third, the field dgpgndence of_sound attenuation is deter-
for this purpose mined by the contribution of quasiparticles inside the normal

First, the rotation of sound polarization due to vorticesOre and by the vortex viscosity. For superconductors with a

gives information on the Magnus force. This acoustic FaraJ2P the forme_r IS negllglble,_but in gapless superconc_iuctors

. : ; A both contributions may be important. Then attenuation of

day effect is quite large in uniaxial superconductors when the . ) ;

e N . Sound provides useful information on the symmetry and type

magnetic field and the direction of sound propagation are s <unerconducting pairin

along thec axis. In this geometry the linear Faraday effect P gp g
may be observed. We note here that the acoustic Faraday

effect can be obtained regardless of the question of whether ACKNOWLEDGMENTS
the elastic properties are preserved in the vortex glass phase. The authors thank A. Migliori for useful discussions. The

The only requirement is that at low temperatures vortex lin€$,ork at Los Alamos National Laboratory is performed under
move following the sound waves/{=u) due to strong pin- ¢ auspices of the U.S. DOE.

ning. This makes the Magnus force active on the sound dis-
placements of transverse waves, inducing a rotation of the
polarization plane. Also, the high frequency of the ultrasound

oscillations makes negligible the effect of jumps between For arbitrary directions of sound propagation and for crys-
different metastable vortex glass configurations, which haptals of any symmetry, we can study the dynamical equations
pen mainly at very large time scales. Therefore, the Magnufor vortices and sound waves using tensor notation.

force coefficient can be extracted from the rotation of polar- For vortices we have

ization for traveling waves and the change of polarization is

approximately several degrees per cmin a field of 5 T at low [iwn,| +iway®,—®(K)]v=a,(v—u), (A1)
temperatures. The path of sound propagation may be en- o .

larged using the pulse-echo technique. This is possible onljyNere we have chosenas the direction of the applied mag-
in the superclean limit, when the dissipation is smaller thar{!€tic field, the elasticity tegsor of tr;e vortex lattice is
the Magnus coefficienty, < ey, . The same information may ®ij(K)=(C11~ Cegkikj + Cek 6ij + Cask; 5ij , ()i =€ij2

be extracted from splitting of standing wave resonanceds the antisymmetric tensor, ard= g;; is the identity.

Here the splitting is approximately 0.01 MHz in a field of 5 For sound waves the dynamical equations are

T at low temperatures. Highz Bi- and Tl-based uniaxial s ) ,

superconductors and loWs high-quality NbSe crystals are  [P@ 1= A(K) tioDlu=[ayl —iwa,@,](u=v), (A2)

good candidates for such study. _where the elastic tensor i&;;(k) =N\ ;knk; and for an
Second, the magnetic field dependence of sound Veloc'%otropic material i\ ip ;=\ Sim; + (81 Smj T 8 S

in the mixed state provides information on the elastic mod- Equations(48) and (49) can be reduced to an effective
ulii of the vortex lattice. The most interesting case is the t”tequation for sound waves of the form

modulusC,, which has a strong dispersion in highly aniso-
tropic superconductors. It may be probed when sound propa- [pw?l — Aei(K) +i@Dgr(K)Ju=0, (A3)
gates along the magnetic field direction and thexis in

uniaxial superconductors. Then measurements of field dewhere Ao and D¢ are Hermitian. We obtain

APPENDIX

*

G—G*)

Agi= A+ aﬂ—iwa,@z—(a%—wz?ﬁ ( +i2w7]TaT< 5

2

0,G+G*0,
2

0,G-G* 02)

+i
|(1)CY|C¥T< 2

+w nTa

G+er) a
o /hy

2

Der=Dl+ 91l =277a7 (A4)

G-G*
2

0,G-G*0,
~aa|

where ~we have taken ap,=ay—ionr and the vortex Green's function is defined as
G=[P+arl—iway®,~iw(n,+ 7]T2|]_1, which satisfiesG'=G*.

We can writeAes= A—iwF with A a real symmetric matrix anBl a real antisymmetric matrix that breaks time-reversal
symmetry and originates the rotation effect. Also for the generalized dissipation tensor w®wyrit® —i wI” with D real

) (@ZG+G* G)Z)
+loa - 5 |
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symmetric and I' real antisymmetric. For «, small we have G=GytiwayGy®,Gy, with
Go=[®+ atl—iw(7,+ 77)I]1 L. Neglecting terms proportional t@,,«,; we obtain

Go+Gj
2

A=A+arxl —(a%—wzyﬁ)(

GO—GS)

+i2a)7]-|—a'-|—( 2

) 5 [ G0o®,Got G§0,Gy\ G0,Gy— G 0,G§
F=ay| (a5— 0?nF 2 —leonrar 2
0,G,+G§0,| . 0,Go—G; 0,
+a| O,— at — | fTlem|———]|
- Go+GE\ [a? Go— G}
D=DIl+ n{l —27n7at — —I(Z—wrﬁ > , (AS5)
G¢®,Go+Gi0,GE\ [ a? ,| [ Go®:,Go— G§ ©,G§
I'=say|2ar7t 5 +i L 5

—q

2 "o

®2G0+ GS ®Z . aT
o5

®2G0_ Gg ®z) }
—2 .

(O]

In the low-temperature limito7r>1 we takeGy= 1/al — ®/ a2 +iw(7y,+ n7)/a?l. We obtain

~ (1)2 2
A=A+®+0 7”),
ar
_ | al|l®]
F—aM®Z+ﬂ ’
aT
. @
D=DI+ 7,1+ ml ”),
aT
[e4 v
r~/( X ) (A6)
aT

In the high-temperature limitwrr<1, taking into account that we can writ&,=[®+iw(7y,+ 771)!][P?
+ 0?72 "+ (arlw?n3), we obtain

A=A+ P 73D+ w?p2) " *+ A ay),

a
F=ay[w’ 75w’ 7} —<I>2><c1>2+w2n$l>1®z<<1>2+w2n$|>1J+a.[®z<1>2<<1>2+w2n%|>1]+ﬂ>( w'nT),
T

D=1+ 7P (P*+ wzn-zrl)_l-l- nuwzﬂ-zr((l)z-i- wzn-%-l)_l-i-@

“T) . (A7)

w

o\
I'=2ay 0?3 ®(D2+ w2 72]) 10,(D2+ w2 5?l) " 1— o nrD(P?+ w?7p2l) 10, + /( wIZnT)'
T
Again, one can analyze the regimes below the dissipation fid8ks w 71, and above the peakP||> w 71, obtaining similar
results as in the main body of the tdgee Secs. Il and I/ The termI", not discussed before, is negligibly small: Below the

peak it is wI'~?(ay|®|/wn;), and above the peak it i®l'~(a,wn/|®|). It only becomes relevant right at the
dissipation peak, where ttHeterm is negligibly small.
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