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High 
ux velocities in a superconductor can distort the quasiparticle distribution func-
tion and elevate the electronic temperature. Close to Tc, a non-thermal distribution
function shrinks the vortex core producing the well-known Larkin-Ovchinnikov 
ux in-
stability. In the present work we consider the opposite limit of low temperatures, where
electron-electron scattering is more rapid than electron-phonon, resulting in an electronic
temperature rise with a thermal-like distribution function. This produces a di�erent kind
of 
ux instability, due to a reduction in condensate and expansion of the vortex core.

Measurements in YBCO �lms con�rm the distinct predictions ofthis mechanism.
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1. Introduction

A physical system in a stable steady state has a balance between forces such that

a small change in one force results in a restorative change in the others, leading to

a new stable state of the system. An object dragged through a viscous liquid by an

external driving force balanced by a drag force represents such a system. An increase

in the driving force causes an increase in velocity and the opposing drag, resulting in

negative feedback and restabilization. A peculiar situation can arise when the heat

generated by the dragged object reduces the viscous coe�cient | as in the case of

honey | to such an extent that the drag force diminishes with increasing velocity.

The motion then becomes unstable and will run away to a higher velocity. Here we

have observed an analogous e�ect in the motion of quantized magnetic vortices in

a superconductor, where superheating of the electron gas weakens the condensate

and diminishes the viscous drag. This leads to a negative current-voltage slope and

an instability.
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2. Vortex Viscosity in the Linear Regime

When a type II superconductor is subjected to magnetic �elds between the lower

critical value Hc1 and upper critical �eld Hc2, the system enters the mixed state

forming 
ux vortices containing a quantum of 
ux �o = h=2e. The superconducting

order parameter � is suppressed in the core of the vortex over the length scale of

the superconducting coherence length � and the core is surrounded by circulating

supercurrents. Here we have superconducting �lms in a perpendicular applied 
ux

density B, with a transport electric current density j in the plane of the �lm.

j exerts a Lorentz driving force FL = j�o on the vortices and the consequent

vortex motion generates an electric �eld E = vB. The motion is opposed by a

viscous drag �v, where � is the coe�cient of viscosity and v the vortex velocity. In

steady state j�o = �v and the response is Ohmic. Larkin and Ovchinnikov (1986)

have shown that a dirty superconductor at low temperatures has a free-
ux-
ow

resistivity related to the normal-state value �n by1

�f=�n ’ 0:9B=Hc2(T ) : (1)

Approximately the same result, without the precise 0.9 prefactor, can be obtained

by considering the Ohmic dissipation in the core and temporal changes in the

order parameter leading to irreversible entropy transfer2; the result is also valid

for d-wave superconductors that are not superclean.3 Equation (1) is equivalent to

� � �0Hc2=�n. At low levels of j and E, in the assumed dirty limit l � �EF =kTc

(l is the mean free path and EF is the Fermi energy), � is a constant that is

proportional to the order parameter � and inversely proportional to the size � �2

(where � is the coherence length) of the vortex.4 (The Hall e�ect and transverse

component of E are negligible for this discussion, as is vortex pinning because of

the large driving forces.5)

3. Non-linear Flux Flow

3.1. Earlier work

At high electric �elds and dissipation levels su�cient to alter the electronic distri-

bution function and/or the electronic temperature, j(E) becomes non-linear and

can develop an unstable region (dj=dE < 0) above some critical vortex velocity

v�. For the regime near Tc, such an instability has been predicted by Larkin and

Ovchinnikov (LO),6 and has been experimentally well established.7{10 At high

temperatures, the electron-phonon (ep) scattering time �ep can be shorter than

the electron-electron (ee) scattering time �ee, preventing internal equilibration of

the electronic system and producing a peculiar non-thermal distribution function.

Since the order parameter � is especially sensitive to the distribution function when

close to Tc, even moderate values of E can su�ciently distort � (via the Eliashberg

mechanism11) causing a shrinkage of the vortex core and a removal of quasipar-

ticles from its vicinity. This is the gist of the LO behavior.6;7 As LO themselves

emphasize, the e�ect is most favorable close to Tc for superconductors with a full
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gap and, as shown by Bezuglyj and Shklovskij,12 is dominant for B < BT (with

BT � 0:1 T for our low-T regime). One of the predictions of the standard LO e�ect

is a v� that is B independent. This has been con�rmed in Y1Ba2Cu3O7�� in the

high-T range.9;10

3.2. Theoretical model for the hot-electron instability

Here we investigate the opposite regime of T � Tc and B > BT , where � is not sen-

sitive to small changes in the distribution function.a Furthermore because �ee < �ep

as T ! 0, the distribution function retains a near thermal character and the elec-

tronic system su�ers mainly a temperature shift with respect to the lattice.6;12;14;15

Then instead of the standard LO picture described earlier, we consider a more

transparent scenario where the main e�ect of the dissipation is to raise the elec-

tronic temperature, create additional quasiparticles, and diminish �. The vortex

expands rather than shrinks, and the viscous drag is reduced because of a soften-

ing of gradients of the vortex pro�le rather than a removal of quasiparticles. This

sequence of events is almost opposite to the standard LO picture and represents a

new type of unstable regime prevalent at T � Tc. All experimental measurables

can be calculated without ambiguity, and the predicted �eld dependencies and full

j(E) curves �t the experimental results without any adjustable parameters.

Previously some deviations from LO behavior at intermediate temperatures |

such as a B-dependent v� | were treated through modi�cations to the LO e�ect,

such as an intervortex spacing l� that exceeds the energy-relaxation length l�
16 or by

inclusion of thermal e�ects.12;14 Those treatments do not apply to the present T �
Tc regime where l� �

p

D�ep � 100{1000 nm is larger than l� = 1:075
p

�o=B �
10{50 nm (D = 3 � 10�4 m2/s is the di�usion constant9).

Starting from the T � 0 limit, the total input power jE travels from electrons

to lattice and from there to the bath, so that T0 < Tp < T 0, where T0 and Tp are

the bath and phonon temperatures, and T 0 is the raised non-equilibrium electronic

temperature. Macroscopic heating, represented by Tp � T0 = RthjE, is < 5% of

the total increase T 0- T0 for the worst case dissipation so that Tp � T0 (Here

Rth � 1 nK.cm3/W is the total thermal resistance between the �lm and the bath;

see experimental section. It will be seen later that the speci�c-heat integral heavily

weights the higher temperatures, so that Tp { T0 is quite negligible.). The energy

relaxation between electrons and lattice occurs by inelastic ep scattering, and is

characterized by an e�ective time �� � h�epi. The principal contributions to �n

come from impurities and phonons. Since the phonon temperature remains near

the bath temperature, the value of �n will not change as the non-equilibrium T 0

rises. Thus putting �n(T0) and Hc2(T
0) (since Hc2 does depend on T 0) into previous

equations gives the j(E) response in terms of T 0:

j = v�(T 0)=�0 = EHc2(T
0)=�n(T0)B: (2)

aAn abridged version of this derivation was given elsewhere.13
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3.3. Critical-parameter �eld dependencies

One now has the ingredients for calculating the critical �eld dependencies in a

few steps. The j(E) function of Eq. (2) is non-monotonic since E is multiplied by

Hc2(T
0) (or �(T 0)) which drops rapidly to zero as T 0!Tc with increasing dissipation.

The instability occurs at dj=dE = 0, which happens at a certain value T 0= T �

where Hc2(T
0) (or �(T 0)) drops su�ciently rapidly. T 0 depends explicitly only on

the power density jE = �v2B=�0 and on quantities that depend on T 0 itself (��,

speci�c heat, etc.). Hence at the instability, j�E� = v�2�(T �)B=�0 = const, which

gives the critical-parameter �eld dependencies:

v� / 1=
p

B; E� /
p

B; j� / 1=
p

B; and �� / B (3)

using E�= v�B, j�= v��(T �)=�0, and ��= E�/j�. This gives v� / 1=
p

B in a

natural way, consistent with our measurements in this regime and in contrast to

the B-independent v� of the pure LO e�ect near Tc.

3.4. Current-voltage characteristics

To derive the complete j(E) response and absolute values of critical parameters

we calculate T 0 and insert it into Eq. (2). We take Hc2(0) = 120 T17 with the

WHH function18 for interpolation between this Hc2(0) = 120 and Hc2(Tc) = 0

(There is some theoretical controversy regarding the exact form of Hc2(T ); however,

empirically, direct measurements17 of Hc2(T ), within their uncertainity, seem not

to depart drastically from the WHH function, and the exact functional shape does

not crucially a�ect our conclusions.). The dissipation raises the electronic energy

by jE��, which is related to T 0 by

jE�� � E2Hc2(T
0)��

�n(T0)B
�

T 0

Z

Tp

c(T )dT �
T 0

Z

T0

c(T )dT (4)

where c(T ) is the electronic speci�c heat. Note that �� can be thought of as being de-

�ned by the above equation. It is the ratio of the internal energy (R.H.S. of Eq. (4))

to jE, the net energy transfer rate.b To calculate c(T ), Y1Ba2Cu3O7�� is modeled

as a layered d-wave superconductor: �~k
(T ) = �0(T )[k2

x � k2
y]=k2 � �0(T ) cos(2�),

taking the BCS temperature dependence for �0(T ) and �0(0) = 19 meV from

tunneling and infrared measurements.20 Then c(T ) = @f
P

k Ekfkg=@T , where

fk = [exp(Ek=kBT ) + 1]�1 is the Fermi-Dirac distribution, Ek =
p

�2

k + �2

k,

�k = �k � �, and � = 0:2 eV is the chemical potential.21 With the replacement

bElsewhere19 we calculate the net rate of transfer of energy between the quasiparticles and phonons
in a superconductor. Near the instability, T � varies over a small range for di�erent starting T0

values (see Fig. 1) and the derived �� was found to have an insigni�cant dependence on this
narrow range of �nal heated electronic temperature, e�ectively making it a constant in the L.H.S.
of Eq. (4). At small values of T 0 the whole L.H.S. of Eq. (4) is negligible and then the 
ux 
ow is
in its usual free linear limit, making the (strong) variation of �� at low temperatures irrelevant.




