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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 Il superconductor in the mixed state. The feasibility of employing oxide superconductors and
relevant material parameters are discussed. [S0031-9007(96)01211-2]

PACS numbers: 85.25.—, 74.60.Ge, 76.20.+q, 76.50.+g

In this Letter we examine the feasibility of performing netically excited resonance modes via the Josephson ef-
spectroscopic measurements of the excitations reflectddct has been mentioned above. The detection of elec-
as a resonance in the dynamic susceptibilityg, )  tromagnetic radiation using a sliding Abrikosov lattice in
using flux flow devices. These devices can be fabricatethe cuprates has been demonstrated by Hatrial. [6],
from high temperature superconductors and used to protadbeit at very low frequencies compared with those en-
the properties of another material (the specimen) placedisaged here. Doettingest al. [7] have shown that it is
in close proximity. A broad range of wave vector, possible to displace this lattice in high magnetic fields
g, and frequency,w, of the modes representing the at velocities of more than0® m/s. This value is com-
specimen are potentially detectable with this techniqueparable to or greater than those of typical spin waves and
In fact, it should prove possible to examine a range oimany other excitations. Finally, there is substantial recent
g amounting to a substantial fraction of the Brillouin experimental evidence [8] to show thatreovingflux lat-
zone (BZ). The proposed technique is complimentary tdice is indeed crystalline and nearly perfect when driven at
neutron diffraction but with the remarkable advantagehigh velocities.
that extremely small specimens (massl0~'# g) may be The basic principles are quite simple. Consider the flux
investigated, making accessible submicroscopic systemsflow device illustrated in Fig. 1. There is a potential dif-

The idea of using the ac Josephson effect to perfornfierenceV developed across the junction, and a magnetic
in situ spectroscopy, wherein the specimen under studjield B > B, is applied in a direction perpendicular to
is the junction barrier material itself, was proposedthe plane of the device. The Abrikosov lattice is in mo-
some time ago [1]. Electron-spin resonance (ESRJ}ion with some velocityv, and at a given point in space
spectroscopy was envisioned and was later successfulthiere will be a periodic radio frequency (rf) fielekB,,
demonstrated using conventional superconducting tunnéhside and in proximity to the system. The Abrikosov lat-
junctions [2,3]. Subsequently, Goldmaet al.[4] and tice has a spatial periost B~!/2, which therefore defines
Barnes and Mehran [5] developed the theory further to
include measurements of(g, w) in concentrated mag-
nets. The present proposal is simpler in that the “device”

vortex velocity

is nothing more than a thin-film superconductor, and the B
sample need not form an integral part of the device—it n lines of
need only be placed in close proximity. vortices

The use of highF. materials for device fabrication has
the obvious advantage that an expanded temperature range
for studies is made available. Furthermore, most of the
characteristic quantities are larger. The theoretical maxi-
mum Josephson frequency,f.x) is limited by the zero-
temperature superconducting energy gap t2h€0)/#;
for the cupratesé{(_o) ~ 30 meV] this implies vmax ~  FG. 1. The device, without shading, comprises a flux flow
15 THz. The maximum theoretical wave vector is, for region with » lines of vortices in the direction of current
simple flux flow, ~1/¢, and for a weak link geometry, flow. The wavelength is determined by the distance between
~Ar/ &%, whereé and A, are the superconducting coher- vortices in the direction perpendicular to the current flow. The

; ; vortex lattice moves with a velocitw also in a direction
ence length and London penetration depth, respectively. erpendicular to the current flow. The sample, shown shaded

Each experimental element involved in the pr(':'S(':'mh'gelow the device, must be in close proximity to but need not
proposed experiment has already been demonstrated, @rm a part of the device. Indicated is an applied magnetic
though never together. The self-detection of electromagfield perpendicular to the system.
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a wave vector, where T;_,; is the probability for a transition of energy
2a ( B\/2 E;; = E; — E;. Bythe golden rule,
T <%> w Tiy = 2Z iy PlePE = ¢ BENS(E; — 6
The bias voltage implies some current densityhich i=j = T 1M (e e PH)8(E; — fw), (6)
causes this lattice to have a velocity wherem;; ~ by are the relevant matrix elements of the
_ ¢ol _ ¢oH 5 radio frequency field,¢, at the sample, generated by the
YT e M= et (2) moving vortex lattice. If the sample and vortex lattice

This involves the Bardeen-Stephen [9] viscosityvhich ~ are in close proximity and the sample is not too large
reflects the normal state resistaneg. For the present b ~ Bci, which, as argued above, is the magnitude of
purposes this expression for the velocity is misleading. 1the field in the device. If it is assumed that there is a
there aren lines of the vortex lattice in the direction of narrow resonance due to some collective mode with a

the current flow (see Fig. 1), then, using the above plu§requencyw,, and that this mode dominates the imaginary

w = vgq, gives part of the dynamic susceptibility, it is possible to replace
E;j = hw, by hiw, and
2eV J q
ho = ~——, 3 dU

n

which is just the usual Josephson relationship except for
the factor of1/n on the right-hand side. For a simple ) o )
long Josephson junction, in a magnetic field, there is butvhere the>. T is, to within constant factors, the defi-
a single line of vortices, and the phase difference acrosdition of the imaginary part of the dynamic susceptibility
the junction advances bg/’?T each time a vortex passes times the field Squared It follows that the absorbed poWer
by. When there are such lines of vortices the phase 2 _ 5
advances, and hence the voltage across the junction is P =AJE = E Re—iwx(q, w)]bj . (8)
simply n times larger. The frequency of the rf field is _ . ) )
thereby determined solely by geometrical factors and thd NS result simply amounts to taking the real part of the
applied fields; i.e., despite their appearance in Egs. (2)ntuitive relationshipP = —iwB - M. To be specific
material constants do not enter in the fundamental relaconsider the spin wave modes of a ferromagnet. The
tionships when they are written in the form of Egs. (1)dynam|c susceptibility is, near to a resonance, typically
and (3). Finally the magnitude of the rf field isB,,  Of the form
s_ince this is the magnitude of the differencg _between the _ woms(S/V) _ oMo )
field at the center of the vortex and the minimum value X = Mo, — ) — A Ko, — ©) — iA’
between the vortices.

That the flux flow device is a self-detector is also
easily appreciated. The motion of the Abrikosov lattice

= ﬁwZTi_,j, (7)
1

sample

where A is the width in energy units antlly = ugS/V

is the net magnetization. The signal is therefore given by

implies a dissipation as suggested by the theory of _ (2 o poMo(A/ up) 5
Bardeen-Stephen; i.e., there is a flux flow resistance. ~ \ o) (B2/u}) (g — ®)? + (A up)? ot
However, when the frequency of the rf field corresponds (10)

to a resonance inv(g, w), the energy absorbed by the

corresponding excitation must be supplied by the batter)és
since there is no other source of energy in the system. For
a given value of applied voltage, this implies a change w, =vq, (11)

in the current. The present linear response formalism i§herew is the velocity of the spin wave excitation. The

based upon this observation. _ _ flux lattice has its; matched with that of the excitation,
The principal theoretical problem is to determine theimplying an estimate

size of this current change. The change in current density

In order to obtain an expression useful for estimations,
e is made of

AJ for a given electric fielE is determined by _ 27 B 12)
dU /\L BC1 ?
AE= "4 . 4) where A, is the London penetration length. Useful is the
sample . .
The rate of absorption of energy can be written as relationship y
au o = ?377 Q, (13)
o = ZEijTi—»j, (5)
sample ij | whence
AJE =2 (377 Q)Z—W b 2 2 MOMQ(A/QM D S hit - (14)
¢ AL BCl (ﬁ /MB) (wq — w) + (A//J“B)
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At least for modest fields, i.e., somewhat greater than the radio frequency fieldh,, is independent o and the
other parameters and isH,,. So finally, in terms of physical quantities, the estimated response is

47 (377 Q)H?
pjp = OB v B oMo ) | (15)
AL ¢ Be (*/up)(0g — @) + (A/up)?
In order to write an expression fdrJ//J it is noted that
2
1 1 1
JE = —E* = — B = —(i> H, (16)
P p p\c

where the relationshifE = vB has been used for the static fields. Combining the two relations and wsing
pn(H/H,,) for the flux flow resistance, yields

AT _ 277(5) ((m/h)) He, poMo(A/ pp)
(377 Q) ) He, (R2/pp) (wg — @) + (A/pp)?

J v
At resonance, and for the present assumption of maxirﬂurposes; however, for high velocity excitations, it is prob-

(17)

coupling, it follows: able in some temperature ranges that this instability will
v AJ c (pn/AL) \ He, poMy represent an important limitation. A typical resistance is
7 2m v )\G77Q) ) H., Aup (18)  ~1 O, and there would seem to be no insurmountable ob-

2

stacle to the use of a voltage source. It might be noted in
connection with these experiments that the current density
~10' A/m? is several orders of magnitude larger than
the conventionally defined critical current density.

That the flux lattice tends to be deformed [8] for
currents of the order of the critical current implies the
existence of aninimumuseful velocityv,,. Usingv =
(E/B) and p = p,(B/B.,) for the flux flow resistance
gpplieSUm ~ pnJe/Be, ~ 1072 m/s for the values given
above and a typical. ~ 10° A/m?. This is not a serious
restriction but serves to illustrate that in the present
context agood superconductor is one with small pinning
and hence small critical currents.
ssuming that the experimental extrapolation to higher
ds is without serious problems, it remains the case that
ghe upper bound of is limited by the coherence length

Typical for the oxide superconductors arp, =
100 uQcm, A, = 1500 A, H., = 100 G, and H,, =
10° G. The sample is characterized by the veloaity
(defined asw/q) and the ratio,uoMy/A/up, of the
internal field to the width. Ifv = 10* m/s then a typical
value of 50 for the latter ratio givesJ/J ~ 1.

The bridges of Doettingeret al.[7] are typically
100 nm thick, 20 um wide, and 100 um long (de-
fined as the distance between the voltage contacts). F
B = 1.8 T the wavelengtm = 27 /g ~ 100 A andv ~
103 m/s for a voltage of~0.2 V and a current of 0.05 A.
These authors report that is independent of the mag-
netic field B for fields of this magnitude. In order to re-
duce the steady state dissipation, pulsed currents are usgd
and the film is deposited on a highly conductive MgO

substrate. For spin waves in a typical ferromagnet, th'which in thea-b plane of cuprates is-30 A. Itis possible

velocity would be typical of or greater than the maximum., imagine the use of the-c plane which, by virtue of the

values encountered in the entire BZ. Generating Iowerveéhort coherence lenath in thedirection. would lead to
locities presents no problem, and while the valuegof 9 :

would correspond to only a few percent of that at the zon{ values comparable to those at the BZ edge. However,
edge, it corresponds to fields much smaller tiian, and Ptjerrgiltdlgg(r)r;stg:)ndlrr;g(g:t'ggethese limiting values are beyond
there is no reason why this might not be increased by § y P :

factor of 10 without implying an extreme extrapolation of 'The magnitude  of _the required field, for a givqr,l
the parameter range already explored. This would perm ight be reduced by increasing the area occupied by the

more than 10% of the BZ to be investigated. ux quantum. P_erhaps the o_ptim_al fashion by which to
The work of Ref. [7]doesillustrate a problem asso- achieve the maximum usabigis with a long Josephson

ciated with the extrapolation to higher velocities. TheirJun(.:t'On' Such h'gh q_uallty junctions exist naturally at
system is current fed, and, following a theory of Larkin grain boundaries in high temperature superconductors.

and Ovchinnikov [10], there exists a negative resistanc%or the present objective the advantage of a junction is

. . .. |ts large magnetic width! = 2A;, + a ~ 2\, since the
region beyond a certain temperature-dependent C”“CALondogn pengtration depth; is ianarcilany mLuch greater
velocity v* ~ 103 m/s for YBaCwO7-5. The theory L

predicts that the resistive losses actuallgcreasewith ;nf)‘(nal;;ufu?r?”gv\\'/\gstewénAfhu:rL:glr’];2%?,{[}”;’3};2?/:ggﬁs
increasing voltage beyond that which correspondsto q P 9

The existence of this negative resistance region leads determined, in a junction, by the condition thiatd = ¢
an instability when the flux flow device is driven by a " 3t

current source (as also occurs, e.g., for Shapiro steps).

This value ofv™ is likely to be adequate for most pur- q= AL q0 (19)
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wheregqy is the value given by Eq. (1). This might also it would appear that the rf and static fields are parallel
be written asB ~ B, A./A and withB., ~ 1072 T, and  within the sample. This would present a problem since
AL ~ 1500 A impliesB ~ 10 Tfor A ~ 1.5 A. There- a strong direct coupling to, e.g., spin waves requires the
sulting electromagnetic fields a reasonably well defined field to be perpendicular to the static applied field. In fact,
plane wave which extends a distarg; ~ 3000 A on  the decaying solutions of Maxwell's equations always
either side of the barrier. Clearly this solution is sensiblecontain a component of the rf field which is in the required
for large enoughg such that the uncertaintAgq ~  plane. More directly, a component in this plane might be
(2A2)~!is not important. (A more complicated possibil- generated by tilting the applied field by a small angle.
ity would have a series of parallel junctions, or simply The vortices, and with them the rf field at the surface
channels of weakened superconductivity, separated byf the device, will remain almost perpendicular to the
~2A;. This would solve theAg problem and enhance plane while the internal static field within the sample will
the active area of the device.) subtend a finite angle to this direction, as desired.

For both junctionsand flux flow devices there are
important issues relevant to the coupling of the device
to the sample that must be addressed. It should be
observed that, in the absence of the sample, the rf field
outside the bridge or junction falls off exponentially with [1] S.E. Barnes, J. Phys. 00, 2863 (1977).

a characteristic length which is simply the wavelength  [2] K. Baberschke, K.D. Bures, and S.E. Barnes, Phys. Rev.
This is a trivial property of the solution of Maxwell’s Lett. 53, 98 (1984).

equations for the region outside the device. For maximum(3] F- Mehran, S.E. Barnes, C.C. Chi, R.L. Sandstrom, and
coupling the sample must be in very close proximity on __ C-P. Umbach, Phys. Rev. 8, 7281 (1987).

an atomic scale for the highest wave vectors envisaged.[4] A.M. Goldman, C.G. Kuper, and O.T. Valls, Phys. Rev.

. . Lett. 52, 1340 (1984).
Also, the sample should not exceed the region occupled[s] S.E. Barnes and F. Mehran, Phys. Re\38 4537 (1986).

by the field. In general, the coupling to the measuring (5] 3.\, Harris, N. P. Ong, R. Gagnon, and L. Taillefer, Phys.

device will be reduced by an antifilling factgi which Rev. Lett.74, 3684 (1995).
represents the fraction of the sample occupied by the field{7] s. G. Doettingeret al., Phys. Rev. Lett73, 1691 (1994);
For a flux flow device two dimensions of the region filled S.G. Doettinger, R.P. Huebener, and A. Kilhle, Physica

by the field are defined by the area of the flux flow region (Amsterdam)251C, 285 (1995).

[envisaged~(1 wm)?] while the active area for a junction [8] See G.W. Crabtree, J. A. Fendrich, W. K. Kwok, and K. J.
corresponds to the rectangle which extengdson either Van der Beek, Bull. Am. Phys. Socl0, 387 (1995);
side of the tunneling barrier. The other dimension of this ~ C-A. Bolle, A. Duarte, F. de la Cruz, D.J. Bishop, P.L.
active region is either the wavelength for an insulator ~ Sammel, C.S. Oglesby, and E. Bucher, Bull. Am. Phys.
or the microwave penetration depth for a metal. The  S0C-40 385(1995); U. Yaron, P.L. Gammel, D.A. Huse,
latter, in the extreme anomalous region, is typically of R.N. Kleinman, C.S. Oglesby, E. Bucher, B. Batlogg,

h d f | hundreds A di f D. J. Bishop, K. Mortensen, and K. N. Clausen, Bull. Am.
the order of several hundreds A, and Is actua Yy greater Phys. Soc40, 386 (1995)_

than the wavelength for such high frequencies. This canig] 5. Bardeen and M.J. Stephen, Phys. R&¢0, A1197

be thought of as arising from the better impedance match ~ (1965).

of the device to a metal (or another superconductor).  [10] A.l. Larkin and Yu N. Ovchinnikov, Zh. Eksp. Teor. Fiz.
The relative orientation of the static and rf fields also 68, 1915 (1975) [Sov. Phys. JETA, 960 (1976)].

needs discussing. For the situation illustrated in Fig. 1,
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