
VOLUME 77, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 7 OCTOBER1996

France
The Possibility of Flux Flow Spectroscopy
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A novel spectroscopic technique applicable to the study of spin excitations in magnetic materials is
described. The probe frequency and wave vector are determined by the moving Abrikosov flux lattice
of a type II superconductor in the mixed state. The feasibility of employing oxide superconductors and
relevant material parameters are discussed. [S0031-9007(96)01211-2]
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In this Letter we examine the feasibility of performin
spectroscopic measurements of the excitations reflec
as a resonance in the dynamic susceptibilityxs $q, vd
using flux flow devices. These devices can be fabrica
from high temperature superconductors and used to pr
the properties of another material (the specimen) plac
in close proximity. A broad range of wave vecto
$q, and frequency,v, of the modes representing th
specimen are potentially detectable with this techniqu
In fact, it should prove possible to examine a range
$q amounting to a substantial fraction of the Brilloui
zone (BZ). The proposed technique is complimentary
neutron diffraction but with the remarkable advantag
that extremely small specimens (mass, 10214 g) may be
investigated, making accessible submicroscopic system

The idea of using the ac Josephson effect to perfo
in situ spectroscopy, wherein the specimen under stu
is the junction barrier material itself, was propose
some time ago [1]. Electron-spin resonance (ES
spectroscopy was envisioned and was later successf
demonstrated using conventional superconducting tun
junctions [2,3]. Subsequently, Goldmanet al. [4] and
Barnes and Mehran [5] developed the theory further
include measurements ofxsq, vd in concentrated mag-
nets. The present proposal is simpler in that the “devic
is nothing more than a thin-film superconductor, and t
sample need not form an integral part of the device—
need only be placed in close proximity.

The use of high-Tc materials for device fabrication has
the obvious advantage that an expanded temperature ra
for studies is made available. Furthermore, most of t
characteristic quantities are larger. The theoretical ma
mum Josephson frequency (nmax) is limited by the zero-
temperature superconducting energy gap to be2Ds0dyh;
for the cuprates [Ds0d , 30 meV] this implies nmax ,
15 THz. The maximum theoretical wave vector is, fo
simple flux flow, ,1yj, and for a weak link geometry,
,lLyj2, wherej andlL are the superconducting coher
ence length and London penetration depth, respectively

Each experimental element involved in the presen
proposed experiment has already been demonstrated
though never together. The self-detection of electroma
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netically excited resonance modes via the Josephson
fect has been mentioned above. The detection of el
tromagnetic radiation using a sliding Abrikosov lattice i
the cuprates has been demonstrated by Harriset al. [6],
albeit at very low frequencies compared with those e
visaged here. Doettingeret al. [7] have shown that it is
possible to displace this lattice in high magnetic field
at velocities of more than103 mys. This value is com-
parable to or greater than those of typical spin waves a
many other excitations. Finally, there is substantial rece
experimental evidence [8] to show that amovingflux lat-
tice is indeed crystalline and nearly perfect when driven
high velocities.

The basic principles are quite simple. Consider the fl
flow device illustrated in Fig. 1. There is a potential di
ferenceV developed across the junction, and a magne
field B . Bc1 is applied in a direction perpendicular to
the plane of the device. The Abrikosov lattice is in mo
tion with some velocityy, and at a given point in space
there will be a periodic radio frequency (rf) field,,Bc1

inside and in proximity to the system. The Abrikosov la
tice has a spatial period,B21y2, which therefore defines

FIG. 1. The device, without shading, comprises a flux flo
region with n lines of vortices in the direction of current
flow. The wavelengthl is determined by the distance betwee
vortices in the direction perpendicular to the current flow. Th
vortex lattice moves with a velocityy also in a direction
perpendicular to the current flow. The sample, shown shad
below the device, must be in close proximity to but need n
form a part of the device. Indicated is an applied magne
field perpendicular to the system.
© 1996 The American Physical Society
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a wave vector,

q ­
2p

1.075

µ
B
f0

∂1y2

. (1)

The bias voltage implies some current densityJ which
causes this lattice to have a velocity

y ­
f0J
hc

, h ­
f0Hc2

rnc2
. (2)

This involves the Bardeen-Stephen [9] viscosityh which
reflects the normal state resistancern. For the present
purposes this expression for the velocity is misleading.
there aren lines of the vortex lattice in the direction o
the current flow (see Fig. 1), then, using the above p
v ­ yq, gives

h̄v ­
2eV

n
, (3)

which is just the usual Josephson relationship except
the factor of1yn on the right-hand side. For a simpl
long Josephson junction, in a magnetic field, there is
a single line of vortices, and the phase difference acr
the junction advances by2p each time a vortex passe
by. When there aren such lines of vortices the phas
advances, and hence the voltage across the junctio
simply n times larger. The frequency of the rf field i
thereby determined solely by geometrical factors and
applied fields; i.e., despite their appearance in Eqs.
material constants do not enter in the fundamental re
tionships when they are written in the form of Eqs. (
and (3). Finally the magnitude of the rf field is,Bc1

since this is the magnitude of the difference between
field at the center of the vortex and the minimum val
between the vortices.

That the flux flow device is a self-detector is als
easily appreciated. The motion of the Abrikosov latti
implies a dissipation as suggested by the theory
Bardeen-Stephen; i.e., there is a flux flow resistan
However, when the frequency of the rf field correspon
to a resonance inxs $q, vd, the energy absorbed by th
corresponding excitation must be supplied by the batt
since there is no other source of energy in the system.
a given value of applied voltage, this implies a chan
in the current. The present linear response formalism
based upon this observation.

The principal theoretical problem is to determine t
size of this current change. The change in current den
DJ for a given electric fieldE is determined by

DJE ­
dU
dt

É
sample

. (4)

The rate of absorption of energy can be written as
dU
dt

É
sample

­
X
ij

EijTi!j , (5)
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where Ti!j is the probability for a transition of energy
Eij ­ Ej 2 Ei. By the golden rule,

Ti!j ­
2p

h̄
jmijj

2se2bEi 2 e2bEj ddsEij 2 h̄vd, (6)

wheremij , brf are the relevant matrix elements of th
radio frequency fieldbrf, at the sample, generated by th
moving vortex lattice. If the sample and vortex lattic
are in close proximity and the sample is not too lar
brf , Bc1, which, as argued above, is the magnitude
the field in the device. If it is assumed that there is
narrow resonance due to some collective mode with
frequencyvq, and that this mode dominates the imagina
part of the dynamic susceptibility, it is possible to repla
Eij ­ h̄vq by h̄v, and

dU
dt

É
sample

­ h̄v
X
ij

Ti!j , (7)

where the
P

Ti!j is, to within constant factors, the defi
nition of the imaginary part of the dynamic susceptibili
times the field squared. It follows that the absorbed pow

P ­ DJE ­

√
2

m0

!
Ref2ivxsq, vdgb2

rf . (8)

This result simply amounts to taking the real part of t
intuitive relationshipP ­ 2iv $B ? $M. To be specific
consider the spin wave modes of a ferromagnet. T
dynamic susceptibility is, near to a resonance, typica
of the form

x ­
m0m

2
BsSyV d

h̄svq 2 vd 2 iD
­

m0mBM0

h̄svq 2 vd 2 iD
, (9)

whereD is the width in energy units andM0 ­ mBSyV
is the net magnetization. The signal is therefore given

DJE ­

√
2

m0

!
vm0M0sDymBd

sh̄2ym
2
Bd svq 2 vd2 1 sDymBd2

b2
rf .

(10)

In order to obtain an expression useful for estimation
use is made of

vq ­ yq , (11)

wherey is the velocity of the spin wave excitation. Th
flux lattice has itsq matched with that of the excitation
implying an estimate,

q ­
2p

lL

B
Bc1

, (12)

wherelL is the London penetration length. Useful is th
relationship

ym0 ­
y

c
377 V , (13)

whence
DJE ­ 2
y

c
s377 Vd

2p

lL

B
Bc1

m0M0sDymBd
sh̄2ym

2
Bd svq 2 vd2 1 sDymBd2

h2
rf . (14)
3253
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At least for modest fields, i.e., somewhat greater thanHc1 , the radio frequency field,hrf, is independent ofy and the
other parameters and is,Hc1 . So finally, in terms of physical quantities, the estimated response is

DJE ­
4ps377 VdH2

c1

lL

y

c
B

Bc1

m0M0sDymBd
sh̄2ym

2
Bd svq 2 vd2 1 sDymBd2

. (15)

In order to write an expression forDJyJ it is noted that

JE ­
1
r

E2 ­
1
r

y2B2 ­
1
r

√
y

c

!2

H2
0 , (16)

where the relationshipE ­ yB has been used for the static fields. Combining the two relations and usingr ,
rnsHyHc2 d for the flux flow resistance, yields

DJ
J

­ 2p

√
c
y

! √
srnylLd
s377 Vd

!
Hc1

Hc2

m0M0sDymBd
sh̄2ym

2
Bd svq 2 vd2 1 sDymBd2

. (17)
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At resonance, and for the present assumption of maxim
coupling, it follows:

y

c
DJ
J

­ 2p

√
c
y

! √
srnylLd
s377 Vd

!
Hc1

Hc2

m0M0

DymB
. (18)

Typical for the oxide superconductors arern ­
100 mV cm, lL ­ 1500 Å, Hc1 ­ 100 G, and Hc2 ­
106 G. The sample is characterized by the velocityy

(defined asvyq) and the ratio,m0M0yDymB, of the
internal field to the width. Ify ­ 104 mys then a typical
value of 50 for the latter ratio givesDJyJ , 1.

The bridges of Doettingeret al. [7] are typically
100 nm thick, 20 mm wide, and 100 mm long (de-
fined as the distance between the voltage contacts).
B ­ 1.8 T the wavelengthl ­ 2pyq , 100 Å andy ,
103 mys for a voltage of,0.2 V and a current of 0.05 A.
These authors report thaty is independent of the mag
netic fieldB for fields of this magnitude. In order to re
duce the steady state dissipation, pulsed currents are
and the film is deposited on a highly conductive Mg
substrate. For spin waves in a typical ferromagnet, t
velocity would be typical of or greater than the maximu
values encountered in the entire BZ. Generating lower
locities presents no problem, and while the value ofq
would correspond to only a few percent of that at the zo
edge, it corresponds to fields much smaller thanHc2, and
there is no reason why this might not be increased b
factor of 10 without implying an extreme extrapolation
the parameter range already explored. This would per
more than 10% of the BZ to be investigated.

The work of Ref. [7] does illustrate a problem asso
ciated with the extrapolation to higher velocities. The
system is current fed, and, following a theory of Lark
and Ovchinnikov [10], there exists a negative resistan
region beyond a certain temperature-dependent crit
velocity yp , 103 mys for YBa2Cu3O72d. The theory
predicts that the resistive losses actuallydecreasewith
increasing voltage beyond that which corresponds toyp.
The existence of this negative resistance region lead
an instability when the flux flow device is driven by
current source (as also occurs, e.g., for Shapiro ste
This value ofyp is likely to be adequate for most pur
3254
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poses; however, for high velocity excitations, it is pro
able in some temperature ranges that this instability w
represent an important limitation. A typical resistance
,1 V, and there would seem to be no insurmountable
stacle to the use of a voltage source. It might be noted
connection with these experiments that the current den
,1010 Aym2 is several orders of magnitude larger tha
the conventionally defined critical current density.

That the flux lattice tends to be deformed [8] fo
currents of the order of the critical current implies th
existence of aminimumuseful velocityym. Using y ­
sEyBd and r ­ rnsByBc2d for the flux flow resistance
impliesym , rnJcyBc2 , 1022 mys for the values given
above and a typicalJc , 106 Aym2. This is not a serious
restriction but serves to illustrate that in the prese
context agoodsuperconductor is one with small pinnin
and hence small critical currents.

Assuming that the experimental extrapolation to high
fields is without serious problems, it remains the case t
the upper bound ofq is limited by the coherence lengt
which in thea-bplane of cuprates is,30 Å. It is possible
to imagine the use of thea-c plane which, by virtue of the
short coherence length in thec direction, would lead to
q values comparable to those at the BZ edge. Howev
the field corresponding to these limiting values are beyo
current laboratory practice.

The magnitude of the required field, for a givenq,
might be reduced by increasing the area occupied by
flux quantum. Perhaps the optimal fashion by which
achieve the maximum usableq is with a long Josephson
junction. Such high quality junctions exist naturally
grain boundaries in high temperature superconduct
For the present objective the advantage of a junction
its large magnetic widthd ­ 2lL 1 a , 2lL since the
London penetration depthlL is invariably much greater
thana, the barrier width. As usual, there must be a sing
flux quantum per wavelength and hence the wave vecto
determined, in a junction, by the condition thatBld ­ f0

or that

q ­
j

lL
q0 , (19)



VOLUME 77, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 7 OCTOBER1996

le

-
y
b

c
b

e

m
n
e
ie
g

l
d
n

is
o
e

te
a
tc

o
1

llel
ce
the
ct,
ys
ed
be
le.
ce
he
ill

ev.

nd

v.

s.

ica

J.

L.
ys.
e,
g,
.

.

whereq0 is the value given by Eq. (1). This might also
be written asB , Bc1 lLyl and withBc1 , 1022 T, and
lL , 1500 Å implies B , 10 T for l , 1.5 Å. The re-
sulting electromagnetic fieldis a reasonably well defined
plane wave which extends a distance2lL , 3000 Å on
either side of the barrier. Clearly this solution is sensib
for large enoughq such that the uncertaintyDq ,
s2lLd21 is not important. (A more complicated possibil
ity would have a series of parallel junctions, or simpl
channels of weakened superconductivity, separated
,2lL. This would solve theDq problem and enhance
the active area of the device.)

For both junctionsand flux flow devices there are
important issues relevant to the coupling of the devi
to the sample that must be addressed. It should
observed that, in the absence of the sample, the rf fi
outside the bridge or junction falls off exponentially with
a characteristic length which is simply the wavelengthl.
This is a trivial property of the solution of Maxwell’s
equations for the region outside the device. For maximu
coupling the sample must be in very close proximity o
an atomic scale for the highest wave vectors envisag
Also, the sample should not exceed the region occup
by the field. In general, the coupling to the measurin
device will be reduced by an antifilling factorf which
represents the fraction of the sample occupied by the fie
For a flux flow device two dimensions of the region fille
by the field are defined by the area of the flux flow regio
[envisaged,s1 mmd2] while the active area for a junction
corresponds to the rectangle which extendslL on either
side of the tunneling barrier. The other dimension of th
active region is either the wavelength for an insulat
or the microwave penetration depth for a metal. Th
latter, in the extreme anomalous region, is typically o
the order of several hundreds Å, and is actually grea
than the wavelength for such high frequencies. This c
be thought of as arising from the better impedance ma
of the device to a metal (or another superconductor).

The relative orientation of the static and rf fields als
needs discussing. For the situation illustrated in Fig.
y
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it would appear that the rf and static fields are para
within the sample. This would present a problem sin
a strong direct coupling to, e.g., spin waves requires
field to be perpendicular to the static applied field. In fa
the decaying solutions of Maxwell’s equations alwa
contain a component of the rf field which is in the requir
plane. More directly, a component in this plane might
generated by tilting the applied field by a small ang
The vortices, and with them the rf field at the surfa
of the device, will remain almost perpendicular to t
plane while the internal static field within the sample w
subtend a finite angle to this direction, as desired.

[1] S. E. Barnes, J. Phys. C10, 2863 (1977).
[2] K. Baberschke, K. D. Bures, and S. E. Barnes, Phys. R

Lett. 53, 98 (1984).
[3] F. Mehran, S. E. Barnes, C. C. Chi, R. L. Sandstrom, a

C. P. Umbach, Phys. Rev. B36, 7281 (1987).
[4] A. M. Goldman, C. G. Kuper, and O. T. Valls, Phys. Re

Lett. 52, 1340 (1984).
[5] S. E. Barnes and F. Mehran, Phys. Rev. B34, 4537 (1986).
[6] J. M. Harris, N. P. Ong, R. Gagnon, and L. Taillefer, Phy

Rev. Lett.74, 3684 (1995).
[7] S. G. Doettingeret al., Phys. Rev. Lett.73, 1691 (1994);

S. G. Doettinger, R. P. Huebener, and A. Kühle, Phys
(Amsterdam)251C, 285 (1995).

[8] See G. W. Crabtree, J. A. Fendrich, W. K. Kwok, and K.
Van der Beek, Bull. Am. Phys. Soc.40, 387 (1995);
C. A. Bolle, A. Duarte, F. de la Cruz, D. J. Bishop, P.
Gammel, C. S. Oglesby, and E. Bucher, Bull. Am. Ph
Soc.40, 385 (1995); U. Yaron, P. L. Gammel, D. A. Hus
R. N. Kleinman, C. S. Oglesby, E. Bucher, B. Batlog
D. J. Bishop, K. Mortensen, and K. N. Clausen, Bull. Am
Phys. Soc.40, 386 (1995).

[9] J. Bardeen and M. J. Stephen, Phys. Rev.140, A1197
(1965).

[10] A. I. Larkin and Yu N. Ovchinnikov, Zh. Eksp. Teor. Fiz
68, 1915 (1975) [Sov. Phys. JETP41, 960 (1976)].
3255


