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Generation of a dc voltage by an ac magnetic field in type-ll superconductors
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We show that an ac external magnetic field can generate a dc voltage in type-ll superconductors carrying a
constant transport current. This rectifying effect occurs even at low temperatures where flux creep may be
disregarded and even for arbitrarily small applied current. The dc signal appears when the magnitude of the
applied ac field exceeds a threshold value which depends on the shape of the superconductor and on the applied
current. Experiments on this subject are discussed.
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In recent experiments Huebener and his gldugiscov-  even before averaging, is of the order oE~(JB/dt)w
ered a striking effect: If a large dc and small ac magnetic~ wB;w, wherew and B; are frequency and amplitude of
field are applied perpendicular to a type-ll superconductothe ac field andw is a characteristic size of the sample.
thin strip of Mo;Si then this strip exhibits an Ohmic dc re- Surprisingly, the measured voltage droplasger than this
sistivity. This effect occurs even at low temperatures, wheresstimate and our theoretical result by two orders of magni-
flux creep is negligible, and at dc measuring curréntaich  tude. A similar discrepancy was seen in the theoretical esti-
less than the critical curreint of the strip. Therefore, neither mates of Refs. 1,2, but there this discrepancy was removed
flux creep nor flux flow played an essential role in thesepy multiplication of the estimated dc voltage by a geometri-
experiments and the superconductor is in the fully penetratggm “enhancement factor” equal to the aspect ratio of the
critical state where the current density has saturated to IStrip. This enhancement factor cannot be justified by the
critical value everywhere in the material. The observed Voltyict theory. We shall present a possible explanation of this
age drop along the strip thus means that there is a Cont'nuo'@antitative discrepancy in terms of flux focusing and sug-

net transfer of Abrikosov vortices across the sample in th%est new experiments which could test our explanation
critical state On the other hand, in the applied dc and ac Consider a superconductor filling the spdaé<w |y|.

field the critical state of the strip changes periodically with : -
time t such that when averaged over one cycle, the timef:’ |73|sd/2, W|th|§dhorlnogeneogs magnetic f'emi(tri
derivative of the magnetic inductidd is zero. Therefore, no o+ BsCoSwt applied alongz and a transport currerit

dc electric field should be expected, in contradiction to thetlOngy- If d<w this geometry describes a thin strip in per-
experimental observation. pendicular field, and fod>w a slab in parallel magnetic

A|though the authors of Refs. 1,2 did not present the Cor_field, both with width 2v. We first calculate the above effect

rect explanation of the effect, they proposed simple formulagor the slab and then for the strip. In both geometries we
which describe all the features of the experimental data: Théake the usual Bean assumptions that the critical current
measured voltage drog is proportional to both the ampli- densityj. does not depend on the local inductiBrand that
tude and frequency of the ac field and to the applied transporreep is negligible. Furthermore, sin@ is much larger
current! along the strip, as long as this current is smallerthan the lower critical fieldB.,, one may puB= pH. We
than the critical current;. In addition to this, they experi- show now that with these simple assumptions the appearance
mentally proved that/=1_* and that the voltage) depends of a dc voltageU even at small currents<|.=2wdj. can
on the temperatur€ and on the value of the large external dc be explained and the experimentally observed four depen-
field B, only throughl ;(T,B). A qualitativelycorrect expla- ~dencesU =B, wl/I are obtained.
nation of the effect can be derived from the results of Ref. 3, For theslab geometry, with these assumptions the slope
where a dc electric field was studied in the case of a slab i®f the field profile is|dB/dx|= uj. everywhere since the
a longitudinal magnetic field. field inside the superconductor is much larger than the field
In this paper we point out how a transfer of vortices of full penetration,B,= uoj.w whenBy,>B,. The applied
across the superconductor can occur irciitical stateand  currentl causes the profilB(x) to becomeasymmetrisince
thus resolve the seeming contradiction. Based on this idea, & the two surfaces= +w the field values are now different,
theory of the effect is developed for the real geometry of theéB(x=*w)=B,+ ugl/2d. Due to the ac component
experiments: thin strips in flansversemagnetic field. Our B;coswt of B, these two field values and the resulting criti-
strip theory explains all the above-mentioned features of theal profilesB(x,t) also oscillate. The two extreme profiles
observed dc voltage. belonging toB,= By= B, are depicted in Fig. 1. When the ac
There remains, however, a puzzling problem. AccordingamplitudeB, is small, the oscillation of the profile occurs
to Faraday’s law, the maximum electric field in the sampleonly close to the surface, but near the specimen center the
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B/B"=2/3 B/B" =1 B,/B"=4/3 In slab geometry, the threshoRt, Eqg. (1), has a simple
physical meaning. It is the field of full flux penetration into a
slab with currentl. If the thresholdB* and factor 2 are
omitted, Eq.(2) agrees with a formula suggested in Ref. 1 to
fit the measured,,. We shall show now that exactly the
same expressiof?) applies to thin strips but with a different
threshold value.

The physics of the flux transport across #t8p is essen-
tially the same as for the slab. But for superconductor thin
strips in perpendicular field, the Maxwell equations yield a
nonlocal relation between the sheet curreht(the current
density integrated over the thicknedsand the normal com-
ponent of the magnetic fielB,, and in general the critical

—w X wo-w X wo-w X w state problem is highlyionlinear In this transverse geom-

FIG. 1. Magnetic field profile8(x) in aslab in longitudinalde ~ ©try the Bean critical state model was solved exactly for
and ac fields8,=B,+ B,coswt and with applied transport current Strips with applied transport currénpplied perpendicular
I =14 at various ac amplitudesa) B,=2B*/3, (b) B,=B*, ()  magnetic field, and for both applied current and fiid see
B,=4B*/3. Bean model. Shown are two extreme profilesBat ~ also Ref. 8. From this solution we obtain the following sce-
=By+B; (solid lines andB,=B,—B; (dashed lines In (a) and nario.

(b) no magnetic flux crosses the slab, since the central foBrof When a large dc fiel8, and an arbitrary transport current
B(x) remains frozen. Irffc) during one half cycle, the flux in areas | are applied, the strip is driven into the fully penetrated
1 and 2 enters from left, and the flux in 3 enters from right. In thecritical state where the sheet currehhas saturated to its
other half cycle, flux 1 leaves at left and flux 2 and 3 at right. Thus,critical valuej.d everywhere in the s'[riE)_7 WhenB, and|
during each cycle the flux 2, contained in the parallelogfedBCD,  are kept constant and an additional ac field is applied, the
crosses the slab from left to right. sheet currenl(x,t) and local inductionB,(x,t) in general
have complicated spatial and temporal dependences, which
profile remains frozen, see Fig(al. Therefore, during one in principle can be calculated from equations of Refs. 6,7 or
cycle the same amount of flux enters and leaves at eaghy computatiorf. However, as long as the ac amplitule s
surface, and no flux lines can pass through the center. Thgelow some threshold valug*, a region offrozen fluxper-

Il =1/4
c

Profiles B(x)

time-averaged longitudinal voltage is thus zero. sists inside the strip. Therefore, vortices cannot cross the
WhenB; exceeds the threshold field strip and the time-averaged electric field along the strip is
strictly zero, as for the slab.
B*=(1-1/1¢)Bp, ) At larger amplitudes8,=B*, the ac field penetrates the

strip deeply such that at the maximum and minimum of the
applied field B,=By*=B;, the sheet current saturates to
J(x)|=j.d almost everywhere and changes sign at amig
sition in the strip, atx=¥xy with xo=wl/l.; I,
2wdj, is the maximum supercurrent of the strip. The two

wherel .=2wdj, is the critical current and®,= uoj.w the
field of full penetration of the slab dt=0, the oscillating
parts of the flux density profiles penetrate deeper and me
each other. In this case magnetic flux is pumped across the
slab as depicted in Fig(d). This net transport of flux origi-  oyyreme profiles of the magnetic fieRi, for this piecewise
nates from the asymmetry that now, during each cycle, O'EonstantJ(x) are, see Fig. 2

one side more flux exits than enters, while on the other sur- ' o
face more flux enters than exits. The time-averaged electric _
field generated by thigortex motionis E,,= (w/27)Spgcp B,(X)=By*B;* BcrlnMr (3)
where Sygcp=(21/dj.)(B;—B*) is the area of the paral- (w2—x2)1/2

lelogramABCD in Fig. 1(c). One thus has _ _ o o
whereB.,= uojd/ 7 is the characteristic magnetic field for

E,=0 for B,<B*, the strip and the upper and lower signs correspond to the
@) maximum and minimum ofB,(t), respectively. The flux
transported during one cycle across the strip is given by the
=— —(B;—B*) for B;=B*. area ABCD denoted in Fig. @&). Calculating this area
le Sagcp We find that the dc component of the electric fi€lg,

is still described by Eq(2) but with a different threshold
valueB*,
1-T2
) ) +In| — , (4
the slab to the other has to cross all points of the slab width. 2 412
Note also that the magnitude &f,, is comparable with the 3
amplitudeE ,.~wwB; of the ac electric field induced by the wherel=I/I.. Note that no “geometric enhancement fac-
alternating magnetic field. tor” appears in Eq.(2), which applies to both slabs and

The obtained nonzerd&,, does not contradict the time-
averaged Maxwell equatiomlE,,/dx=—(JB/dt)=0 be-
cause this finiteE,, is constant at all points of the sample. ~

o - ; ; 1+1
This is so since each vortex which moves from one side of B* =
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FIG. 3. Computed time averaged electric fiélg, along a strip
with currentl =0.3; versus the ac amplitud®; (in units ugj.d)
for creep exponents=11, 21, and 201. The dashed line shows Eq.
52) with B*=0.476 from Eq.(4) (J.=j.d=1, w=1, E=J", B,
=By+B;coswt, w=7/2, By=2). The inset fom=21 shows one
cycle (two pulse$ of the time resolved electric fielH(t) averaged
9ver the strip width at various ac amplitudBs.

FIG. 2. As in Fig. 1 but for atrip in transversealc and ac fields
with current1=0.3/, at two ac amplitudega) B;=B*, (b) B;
=4B*/3. In (a) the region of frozen flux has just shrunk to zero
width and still no magnetic flux crosses the strip, since the are
ABCD is zero. In(b) during each cycle the flux contained in the
areaABCD crosses the strip from left to right and causes a dc
voltage. The top of this figure shows the profile of the sheet curren
J(x), which is the same for cas€a) and (b).

mate$ by two orders of magnitudéVe suggest the following

strips. However, for strips the threshdl#) is of the order of exr_)rlﬁnation for tmigiscffinzcyh > K used 100 hick
Bo= mojcd/m and is thusconsiderably lesshan the thresh- € experime at_ e used _ounm t. IC
old for the slab,B* ~B,= uojw, Eq. (1), if one putsd superconducting-Mo3;Si and Nd gCe&, 1£CuQ, films of size
<w ' P e ’ 1x1 cn?, into which slits of about 20um width were

. . . L etched to pattern a 20200 um? strip with two current
According to Eq(4), B* is a deciea5|ngfunct|on ot A leads and two voltage leads, see Fig. 4. For a small ac mag-

good approximation i88* ~BcIn(e/2l) for <0.5 andB* netic field, the large film area surrounding the shighaves

~2(1-1)B, for 0.5<I<1. At I<d/2w or 1<j.d? the as in the Meissner statén spite of the large dc field, since

thresholdB* as usual should be cut off and is of the order ofthe flux lines in the film are pinned and the ac penetration

the field of full penetration of thin strip8,= BoIn(2ewd).X®  deptt®is much smaller than the film widtf. The small ac

But as opposed to slabs, for finite currénhe thresholdB* field is thusexpelledfrom the film by screening currents that

for strips, Eqg.(4), does not coincide with the penetration flow mainly near the film edges. The presence of slits

field B(1). slightly reduces these screening currents but forces them now
Our analytical theory is confirmed by computations ofto flow also along the borders of the slits. This generates an

B(x,t), J(x,t), E(x,t), andE,, using the method developed ac field inside these slits and at the strip which is much larger

for superconductor thin strips in a perpendicular fieldd  than the applied ac field.

generalizing it to the presence of a transport current. This To estimate this field enhancement we consider two ide-

dynamicmethod allows us to consider flux creep, describedally screening parallel strips placed in thgy plane at—a

e.g., by a constitutive laviEx(j/j.)" with creep exponent =x<—b andb=<x=a. If the slit width 2b is much smaller

n=1. For largen>1 this computation indeed reproduces all than the total width 3, a perpendicular magnetic fieR}, is

the above results. For smallex flux creep increases the concentrated in the slit, see Fig. 4,

computedE,(B;) and rounds its sharp bendBf=B*, see

Fig. 3. These computations can be generalized to more com-

plex situations. Namely, the general metHbdllows us to B(x)~BS"(1-x2/b%) 12 |x|<b, )

compute the dynamic ac and dc responses of strips with ar-

bitrary thickness, accounting for any.(B), for any law

E(j,B), for the lower critical fieldB,;,** and recently also , a/b

for the nonzero London penetration deptf? BI :B(XZO)%Blm—a/b)>Bl- (6)
Formulas(2) and (4) explain the dependences of the ex-

perimental data? on the frequency» and amplitudeB; of

the ac magnetic field and on the applied curdeand critical  Thus, the physically correct “enhancement factor” in this

currentl; of the superconductor. However, the measured dexperiment is approximateB®"/B,, Eq.(6), which is of the

voltages arelarger than our result(and than simple esti- order of the ratio of the total film width to the width of the
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|_| 4X a To test our suggestion, one may change the width of the slits
] | in the film without changing the strip and the wiring. This
b should result in a change of the measured dc voltage.
w ( -b In summary, we have shown that a continuous transfer of
U ’ I vortices, and thus a dc voltage, can occur in the critical state
|‘| _a of type-Il superconductors with transport current less than

the critical current when dc and ac magnetic fields are ap-

) ' 1 plied simultaneously. For this transfer to occur, the amplitude
of the ac field must exceed a certain thresh#td defined by
Egs.(1) and(4) for slabs and strips, respectively. This vortex
transfer generates a dc voltage, even though the flux aver-
aged over one cycle of the ac field is constant in the super-
conductor. The amplitude of this dc voltage is not small but
of the order of the usual ac signal. The time resolved voltage

drop showstwo equal pulses per cycle, Fig. 3. Our results
well describe the experimental dependefées the electric
dc field on the amplitude and frequency of the ac magnetic
field and on the transport current and critical current in the
the sample. As to the absolute value of the electric field, we
propose that in the experimehfsflux focusing strongly en-
hanced the applied ac field in the narrow slits of the super-
1 01 04 1 : conducting film surrounding the strip, leading to a much
X larger observed signal and smaller threshold than our theo-

FIG. 4. Magnetic field lines near an ideally screening thin "€tical result. _ o
double strip b<|x|<a, a=1, b=0.1, two thick lines in a per- Our results also shed light on the origin of another prac-

pendicular magnetic fiel@,. The field enhancement in the center tically important and puzzling effect observed recently in
of the gap is 10/In 483 for a/b=10, cf. Eq.(6). Also shown are superconductor:*® The application of a weak ac magnetic
the schematic shape of the thin film specimen of the experimeriield perpendicularto the main dc field leads to a fast decay
(Refs. 1,2,1% (top left, U and | denote voltage and current leads Of critical currents. This “vortex shaking” dramatically ex-
and the double strip used to estimate the field enhanceftegmt tends the reversible domain in ti&T phase diagram of
right). superconductors and allows accurate measurements of the

superconducting parameters and of possible phase transi-
slits that surround the strip, but is not related to the thicknessions. We think that although the dc and ac magnetic fields
or aspect ratio of the strip. This “flux focusing” effect may are not parallel in these experiments, the observed decay here
also explain why the threshold ac field in the experiméig  also originates from the generation of a dc electric field in
smaller than the theoretical thin-strip thresh@t, Eq.(4).  the superconductor.

field direction z
=l
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