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For anisotropic layered superconductors the effect of moving vortices on the nuclear spin magne- 
tization is calculated. Current is supposed to flow along layers, and applied magnetic field is tilted 
with respect to c-axis. In the solid phase the motion of the vortex lattice produces an alternating 
magnetic field perpendicular to the applied field which causes the decay of the spin-echo amplitude. 
This decay rate will display an array of peaks as a function of frequency. In the liquid phase this 
alternating field contribute to the longitudinal relaxation rate W1 which has a single peak. 

The nature of. the melting transition in the vortex 
configuration is now one of the central problems of the 
physics of the mixed state of high temperature supercon- 
ductors (HTS). The melting line is commonly related to 
the sharp drop in resistivity and/or to the peak in ac 
absorption. It is important to note,'however, that these 
measurements detect actually the abrupt increase in the 
flux pinning rather than the melting transition itself, and 
therefore can provide only indirect evidence of the vortex 
lattice melting. The direct evidence of the vortex lattice 
melting could be obtained, in principle, from the behav- 
ior of the static structure factor which can be provided, 
for example, by neutron scattering measurements. In this 
Letter we discuss the transformation of Bragg peaks in 
the static structure factor into the peaks in the dynamic 
structure factor of a moving vortex lattice. 

The dynamic structure factor can be found much more 
accurately than the static structure factor by means of 
the measurements of the NMR spin-lattice relaxation 
rate. As we will show, NMR techniques have an enhanced 
sensitivity to the dynamic structure factor relative to the 
static structure factor and so are well suited to study the 
moving vortex lattice. 

The possibility to probe the motion of the vortex lat- 
tice by NMR measurements 

was discussed first by Delrieu [l]. He noticed that mo- 
tion of vortices narrows the inhomogeneous static NMR 
lineshape. The proposed measurements were successfully 
realized in CDW systems [2] and with less important re- 
sults in the case of superconductors. For SDW systems 
the another method was proposed which is based on the 
suppression of spin-echo signal due to additional dephas- 
ing of riuclei caused by the alternating interrial field of 
moving SDFI'. This effect can be also characterized as a 
type of 1/T? nieasureinent [3]. 

IIere we propose the method to study the structure 
or itioviug vortex phase in anisotropic superconductors 
wliicli can be Characterized as measurements of the de- 
cay of the spin-echo amplitude arid the i\lTkt\.cn relaxation 
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rate CV1 = l/Tl. It is based on a transformation of the 
Bragg peaks of the vortex lattice in the frame moving 
will1 vortices into the alternating periodic magnetic field 
in the laboratory Erame. 

h key point is that in the anisotropic superconductors, 
if the applied field is tilted away from the c-axis, the al- 
tenraling field will have a component perpendicular to the 
applied field. This alternating field causes either preces- 
sion of the nuclear magnetization or longitudinal relax- 
ation depending on the state of the vortex lattice. The 
corresponding rate of precession or relaxation as func- 
tion of NMR frequency and vortex velocity v has series 
of peaks in the ordered lattice phase corresponding to 
the Bragg peaks, and only one peak in the disordered 
(melted) vortex phase. Thus the structure and melting 
of moving vortex lattice can be studied by the standard 
NMR spin-echo technique. 

We notice first that magnetic field inside superconduc- 
tor in the vortex phase at rest.has an inhomogeneous 
spatially periodic component: it is higher near vortex 
cores and weaker in the space between vortices. In the 
isotropic superconductors this field is aligned with the 
applied field Ho and is given as 

B h(r) = h(G) exp(iGr), h(G) = 
G 2T2(1 + A2,G2) ’ 

(1) 

where G are reciprocal vectors of vortex lattice and &6 . 
is the London penetration length for currents along ab 
plane [4]. At large applied fields, Ho >> Hcl,  the spatial 
modulation of the field 

inside a superconductor is of the order of lower critical 
field, Her. The key point is that in highly anisotropic 
layered superconductors like all HTS materials h(r) is 
oriented practically perpendicular to the layers (along c- 
axis) at  any orientation of the applied field Ho. Thus in 
the layered superconductor if the applied field Ho is tilted 
with respect to c-axis, the inhomogeneous component of 
the field is tilted in the same way with respect to the 
homogeneous one. 

Now, if the lattice is moving, the inhomogeneous com- 
ponent of the field gives rise to a periodic alternating 
field 

h(r, t )  = h(G) exp[iG(r - vt)], 
G f O  

with frequencies w ( G )  = Gv. In an anisotropic super- 
conductor this alternating Geld has a cornpoiient, perpen- 
dicular to Ho, which causes nutation of nuclear magne- 
tization in the plane formed by Ho and 11 x Ho in spin- 
echo experiments. Its effect is strong when the NMR 
frequency w = 7 , ,Ho  is close to u(G), here -{,, is the 
gyromagnetic ratio. In the following we will discuss the 
case of very strong anisotropy. Then the alternating field 
is orienled predorninaiitly along c-axis. 
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LcL as denote by cr the angle between Ho and c-axis. 
We choose tlie coordinate systerii with t along c-axis, y 
;dong projection of Ho on ab plain, z' along Ho, y' lies 
i n  t11e c,Ho plain perpendicular to Ho, and z = 2' is 
pcrpcndicular to y, z, see Fig. . 

We will discuss two regimes. In the case of an or- 
dered vortex lattice, the spatial periodicity of the static 
lattice will produce an alternating field for the nuclear 
spins. The component of this which is perpendicular 
to the applied field, h~ = Itsincr, will cause nuta- 
tion of the nuclear spins in 2,z' plane with frequency 
determined by strength of the varying field, Q(r) = 
7,h(G)sinacos(Gr). Note, that !2 depends on the co- 
ordinates of nuclei inside vortex unit cell. 

In a spin-echo experiment, applied rf pulses produce 
rotations of the nuclear magnetization M about the rf 
field. An initial rotation of 90 degrees leaves M in the 
2 - y' plane where it dephases due to inhomogeneities in 
the environment of the nuclear spin. A subsequent 180 
degree pulse produces a situation in .which the coherence 
of the nuclear spins occurs producing a so-called spin- 
echo. In the present case, the application of a pulse of 
current will cause the lattice to move and thus produce 
an alternating field similar to the rf field applied by the 
NMR coil. If this field were homogeneous throughout the 
sample and were inserted between the 90 degree and 180 
degree pulses it would periodically modulate the ampli- 
tude of the resulting spin-echo. This modulation would 
be periodic in the length of the applied current pulse with 
a period determined by the strength of the variation in 
the field from the vortex lattice. Note however that the 
nutation frequency Q due to the current pulse depends 
on the nuclear position in the unit cell of the vortex lat: 
tice producing a different frequency for different nuclear 
spins. This inhomogeneity will cause a rapid decay of 
this otherwise periodic modulation of the echo intensity 
with current pulse length. We will discuss only the ini- 
tial, quadratic time dependence, proportional to (Wt,)2, 
of the echo amplitude on current pulses length t,. In the 
case of a disordered (melted) vortex lattice the alternat- 
ing fields generated by the moving lattice will produce a 
randomly fluctuating field and thus will contribute to the 
nuclear spin lattice relaxation rate, Wl. This situation 
will be discussed below. 

The suppression of the echo will be peaked at NMR 
frequencies w = Gv. For a perfectly ordered lattice the 
widths of the peaks will be given the NMR lineshape 
f ( w ) .  Ilowever, as in the case of usual crystal lattices, 
disorder and thermal fluctuations suppress the intensity 
of the Bragg peaks. For our system, the same effects sup- 
press h(G) and the peaks in W(w). Thus, we introduce 
the corresponding Debye-Waller factor g(w)  which will 
be estitiiated later. Finally the frequency of precession of 
the magnetization vector in the ordered lattice is 

. . 

, 

,% 

W(w) M 7,,/i(G)/(w)g(u)sin a. (3) 



For minimum reciprocal vector, Go M 27r (~0 /@0) ' ' ?~  res- 
oniince occurs at velocity u = 7n(ffo@~)' /2 .  For "'TI 
nuclci with 7n = 2.45 lo3 EIz/G this resonance veloc- 
ity is xl00 cm/sec in a 1 T field. We can estimate 
h(G)sincx, with help of Eq. (1)1 Cor fields well above Hcl 
to bc x @0/8~'A;b x 10 G. This value provides very high 
nutation rate W x 2.5 x lo4 sec-' at g(w) x 1. 

To express u via the applied current, we suppose that 
when current with density j flows in ab plane along y- 
axis, it results in motion of vortices along z-axis in ab 
plane. At high currents, in the flux-flow regime, their 
velocity u, is determined by equation of viscous motion, 
T]U,  = CPoj/c, where T ]  is viscosity coefficient per unit 
length of vortex. In Bi (2:2:1:2) at T < 70 K the viscosity 
coefficient is T ]  5 g/cm.s [5], j will be then in the 
interval ( 10-lo6) A/cm2. This gives u in the interval (10- 
lo6) cm/s. At B = 1 T , j  = 10 A cm2 weget w = 3-106 
Hz. The frequency w varies as 2 B ,  and increases linearly 
with j .  The distance between peaks is approximately w. 
Thus, for perfect moving lattice, Bragg peaks are convert 
into peaks in the nutation rate W. 

Let us consider now the relaxation rate W1 in the pres- 
ence of disordered moving lattice. Above melting tem- 
perature Tm the vortex lattice at rest or in motion is 
in a liquid state. In the moving liquid vortex phase the 
time dependent component of the magnetic field, h,(t) is . 
a random function. Then we obtain the relaxation rate 
Wl for nuclei at position r: 

. 
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where (...) means thermodynamic and disorder averag- 
ing. The field h,(t) may be expressed via the structure 
factor of the vortices. For highly anisotropic supercon- 
ductors with Josephson-coupled layers (like Bi- and T1- 
compounds) we use the pancake model for vortices [SI. 
We denote by r,, coordinates of two-dimensional pan- 
cake vortices in the layer n, Y is a set of two integer num- 
bers which label the vortices. Moving vortices induce a 
time varieng magnetic field [7]: 

where Q2 = 2(1- cos qs) /s2  and s is the interlayer spac- 
ing. With help of Eqs. (4), (5) we get the rela?ration rate 
averaged over riuclear positions in the vortex unit cell: 

where 



S(k, rI,w) = 

(exp{-ik[rnu(t) - rndvt(0)] - iq(n - R’)s)) 

J dtexp(iwt) x 
n,w,nl,wI 

(7) 

is the structure factor and N is the number of pancakes. 
We assunie that pancakes in different layers are uncor- 
related and the correlation function inside a layer in the 
moving frame is S(k,  t )  = S(k ,  0) exp(-6t). For small 6 
we get: 

x S ( w x / v )  1” 
Assuming that the function S(k, 0) has broad peak near 
(E z Go and smooth behavior at k + 0, we obtain 
the maximum at very low frequency, w M wp = 
U/&,, due to superconducting screening. This screen- 
ing strongly suppresses the ac magnetic field at frequen- 
cies higher than U/X,b, and the broad structural peak in 
S(k,  0) becomes invisible. We get 

It is smaller than the peak at w = Gou in the solid phase 
by factor ~,Hos/v ,  which is of the order 0.01-0.1 for fields 
0.1-1 T. Thus in the liquid phase one weak peak should 
exist at very low frequency in contrast to the solid phase 
where series of peaks can be observed at much higher 
frequencies, wn z Gown. 

The state of the moving vortex lattice depends on tem- 
perature, pinning and current density. Below the irre- 
versibility line and at low currents the lattice is solid and 
pinned, this implies that pinning destroys the long range 
order of the static vortex lattice [lo] and that the vortex 
motion occurs via the thermal activation of the vortex 
bundles over pinning barriers. Above a certain critical 
value of the current density, j , ,  the lattice becomes un- 
pinned and displays viscous motion although it is still af- 
fected by pinning. Namely, in the interval j c  < j < j ,  the 
long-range order in the lattice is still destroyed by pin- 
ning, and the vortes lattice motion can reveal features of 
the plastic flow [13]. At still higher currents, j > ju ,  pin- 
ning becomes ineffective ( B  > 1 T and j > 2000 A/cm2 
in Bi 2:2:1:2), and lattice recovers its long-range order 
and moves coherently as a whole. In the frame moving 
with the vortex lattice, vortices are still affected by an 
alternating force caused by disorder although the effect 
of this force drops with velocity of a moving lattice. Lo- 
cally the collisions of the vortex lines with the pinning 
centers give rise to the effect analogous to that of the 
thermal Larigevin force. In the lowest order of perturba- 
tion theory with respect to disorder the pinning potential 
causes additional distortions in the moving vortex lattice 
analogous to those caused by finite temperature. 
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On llie basis of the Liridemann criterion one can con- 
clude tliitl there exists a certain current, j ,  > ic, and 
corresponding velocity, u, > u,, above which vortex lat- 
tice recovers its long-range order [13], and in what follows 
we will estimate u,. In this state the width of the peaks 
in Wl(w)  arc determined by NMR line f ( w )  but the in- 
tensity of the peaks is suppressed due to a Debye-Waller 
factor caused by disorder and thermal fluctuations. At 
u < ua “Bragg” peaks in are absent (in strongly dis- 
ordered liquid phase) or they are broadened by disorder 
in the phase with large correlation length. 

Let us estimate va and calculate the disorder induced 
Debye-Waller factor for a moving lattice. We present 
the coordinates of the (n, v)-th vortex as rnv(t) = r:” + 
Uth ,nu( t )+Up ,nv ( t )+v t ,  where u t h  are the thermal distor- 
tions and up are disorder induced distortions [8,13]. We 
get tt& M 16r7Xqb/9:’2B!12, where 7 is the anisotropy 
parameter [8,9]. The value u; determines the disorder 
induced distortions: 

if this limit exists. up@) can be considered as distortions 
induced by moving disorder in the frame which moves 
with moving vortex lattice. One gets: 

Here Gap is the response function, et(k,q) = C66k2 + 
c44Q2 is elastic energy of transversal distortions, C66 and 
c44 are shear and tilt moduli, see [9]. We neglect here the 
effect of longitudinal distortions because elastic energy of 
these distortions is larger than of transverse ones. FPQ is 
the pinning force related to the pinning potential Up(r) 

. . 

as: 

where p(r) is the form factor of pancake vortex. Averag- 
ing over disorder we obtain: 

where p(G) is the Fourier component of the form 
factor, and the parameter 7.y characterizes disorder: 
(Up(r)Up(r’)) = 7 ~ 6 ( r  - r’). Notice that uz is finite at 
u > 0 contrary to the result [IO] at u = 0. As we men- 
tioned above, this means that the effect of disorder on 
moving lattice is weaker, and there is critical value of the 



vclocily un above which lattice remains ordered. We esti- 
rtiale it using the Lindemann criterion up = cLa0, where 
CL x 0.15 atid a0 = (@o/B)'/' is the spacing between 
vorlices. 

For moderate magnetic fields 

h r c  j o  = Cf1,/3fiX,i, is the pair-breaking current. The 
current j ,  at which u = u, usually lies somewhere above 
the critical current j ,  and is 

. 104 

Using the typical values of parameters we find that ja w 
lOj,  at fields of about 1 T. At j > j a  sharp peaks in 
NMR relaxation rate corresponding to the Bragg peaks 
are expected. The disorder induced distortions reduce 
these peaks by factors g(wn) = exp[-uiGin2), where n 
is the number of peak. Since at moderate field 

we see that at currents near ja disorder can suppress the 
Bragg-like structure of frequency dependence of NMR 
relaxation. For Bi (2:2:1:2) X u b / < a b 7  5 0.5 and we get 
u,Go w 1 in the field 1 T and j 2 ju .  

In conclusion, we have shown that the melting of the 
moving vortex lattice vortex lattice is marked by the dis- 
appearance of the Bragg like peaks structure in the f re  
quency dependence of the NMR spin-lattice relaxation 
rate. In the solid we expect the series of peaks corre- 
sponding to the Bragg peaks, whereas in the liquid state 
only one low frequency weak peak should exist. The dis- 
order gives rise to the broadening of these peaks in the 
solid state at low currents, j < ja, (this reflects the loss 
of the long range order in the vortex solid), and to the 
reducing of these peaks by the Debye-Waller factor at 

The authors thanks M.P. Maley for useful discussion. 
This work was supported by the U.S. Department of En- 
ergy. VMV acknowledges support from hgonne Na- 
tional Laboratory through US. Department of Energy, 
BES-Materials Sciences, under contract No W-31-109- 

$ 

j > ju .  

ENG-38. 

[I] J-M Dclricu, J. Pliys. F: Metal Phys., 3, 893 (1973). 
[2] J.H. Ross, Z. Wang, and C.P. Slichtcr, Phys. Rev. B, 41, 

3733, (1990). 



[3] W.G. Clark, M.E. Hanson, W.H. Wong, and B. Alavi, 

PL] E.B. Brandt, J. Low Temp. Phys. 73, 355 (1988). 
[5] L.N. Bulaevskii, J.H. Cho, M.P. Maley, P. Kes, Qiang Li, 

hf. Suenaga, and M. Ledvij, preprint, 1993. 
[GI J.R. Clem, Phys. Rev. B 43,7837 (1991); A. Buzdin and 

D. Feinberg, J. Phys. (Paris) 51, 1957 (1990). 
[7] Y.-Q. Song, W.P. Halperin, L. Tonge, T.J. Marks, M. 

Ledvij, V.G. Kogan, and L.N. Bulaevskii, Phys. Rev. 
Lett. 70, 3127 (1993). 

[8] M. V. Feigelman and V. M. Viokur ,  Phys. Rev. B 41, 
8986 (1990). 

[9] L.I. Glazman and A.E. Koshelev, Phys. Rev. B 43,2835 

[lo] A.I. Larkin, Zh. Eksp. Teor. Fiz. 58, 1466 [Sov. Phys. 

[ll] A.I. Larkin and Yu.N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 

[12] G. Blatter, M.V. Feigel’man, V.B. Geshkenbein, A.I. 

[13] A.E. Ibshelev and V.M. Vinokur, preprint, 1993. 

Europhys. Lett., (1993). 

(199 1). 

JETP 31, 784 (1970)l. 

65, 1704 [Sov. Phys. JETP 38, 854 (197411. 

Larkin, V.M. VinoLir, preprint, 1993. 

The coordinate system and the geometry of the pro- 
posed spin-echo experiment. 


