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F. Pérez-Rodrı´guez
Instituto de Fı´sica, Universidad Auto´noma de Puebla, Apartado Postal J-48, Puebla, Puebla 72570, Me´xico

S. E. Savel’ev and I. F. Voloshin
All-Russian Electrical Engineering Institute, 111250 Moscow, Russia

V. A. Yampol’skii
Institute for Radiophysics and Electronics, NAS, 310085 Kharkov, Ukraine
~Received 16 March 1999; revised manuscript received 24 January 2000!

The suppression of the static magnetic momentM of a superconducting plate in the critical state by a

sweeping magnetic fieldhW (t), applied perpendicularly to a dc magnetic fieldHW , has been studied experimen-
tally and theoretically. For every quarter-period of a sweeping fieldh(t) of changing polarity with an ampli-
tudeh0, a noticeable decrease ofM can be observed both for the paramagnetic and diamagnetic initial states
even for smallh0 compared toH. Numerical simulations within the framework of two existing theoretical
approaches have been performed in order to study the evolution of the distribution of the magnetic induction
and the suppression of the magnetic moment. It turns out that the Clem–Pe´rez-Gonza´lez double critical-state
model describes this process qualitatively well in the first quarter-period for relatively high values ofh0. A
significant disagreement with the experimental data is observed for small values of the transverse magnetic
field. On the other hand, the two-velocity hydrodynamic model provides an adequate explanation of the main
features of the suppression ofM for both paramagnetic and diamagnetic states and any values ofh0.
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I. INTRODUCTION

The electrodynamics of hard superconductors is a v
complex problem if the external magnetic field changes b
its modulus and direction. This problem has drawn consid
able attention from many research groups for a long tim
The major difficulties are connected to the specific proper
of the flux-line system. It is well known that, in spite of th
vortex magnetic interaction, vortices in bulk hard superc
ductors cannot follow the direction of the external magne
field ~see, for example, Ref. 1!. Indeed, the gain in the Gibb
free energy due to the vortex system orientation along
external magnetic field is proportional to the lengthL of the
vortex, whereas the work against pinning forces is prop
tional to the second power ofL. The same result can easi
be obtained by comparing the inflecting torque acting o
straight vortex, which is created by the magnetic field, w
the retaining torque of the homogeneous pinning force. T
former is proportional to the vortex lengthL. Being propor-
tional to L2, the latter is much higher than the first on
PRB 610163-1829/2000/61~22!/15382~10!/$15.00
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Nevertheless, the magnetic field torque can bend vort
near the sample edges. This bending occurs only in fi
regions near the edges where there is penetration of the tr

verse componentH sin(a) of the external magnetic fieldHW

~herea is the angle betweenHW and the vortex!. The length
of this region is of the order ofcH sin(a)/4pJc ,2 which is a
marginal amount for long samples (Jc is the critical current
density!.

To describe the behavior of hard superconductors i
rotating magnetic field, many authors3–11 took into account
an important physical phenomenon called flux-li
cutting.4,5,12–17 Only by this phenomenon can vortice
change their orientation. The double critical-state model
the description of the electrodynamics of hard supercond
ors was proposed theoretically in Ref. 18 and developed
Ref. 19. This model is based on the concepts of both fl
line cutting and flux-line pinning. It allows the explanatio
of many interesting experimental results in classical3,9,10,20–22

and high-Tc ~Refs. 23–27! superconductors. The large num
15 382 ©2000 The American Physical Society
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ber of examinations and verifications of this model app
ently provides evidence that the problem of the descript
of hard superconductors placed in a magnetic field chang
its direction has been completely exhausted. However, th
exist some experimental facts which are rather difficult
interpret within the double critical-state model.1,28–37 The
common feature of the phenomena observed in these pa
is the suppression of a dc shielding current inside all spa
regions where the penetration of an ac transverse mag
field is observed. For example, the effect of a sweep
transverse magnetic field~later we shall denote this field a
Hy) on the static magnetic momentMz caused by a longitu-
dinal dc magnetic fieldHz was studied in Refs. 32, 34, an
37. The suppression ofMz was observed in the casesHy
!Hz and Hy;Hz . To explain the observed phenomena
theoretical approach inspired by the double critical-st
model was developed in Refs. 1, 37, and 38. In compari
with the Clem–Pe´rez-Gonza´lez model, this approach take
into account the influence of the flux-line cutting on the co
dition of force balance for the vortex system. This mod
~called the two-velocity hydrodynamic model! predicts the
existence of different spatial zones inside the superc
ductor. In one of them, the collapse zone, the modulus of
magnetic inductionB(x) turns out to be homogeneou
There is also another zone, the Clem zone, where the sp
distribution ofBW is described by the model developed in R
18.

In this paper we present an experimental investigation
the phenomenon of the static magnetic momentMz suppres-
sion by the sweeping transverse magnetic fieldHy . We mea-
sure the dependenceMz(Hy) obtained under various cond
tions for different samples. These results are presente
Sec. II. All experimental data are discussed in Sec. III with
the framework of the double critical-state model~Sec. III A!
and the two-velocity hydrodynamic one~Sec. III B!. The
main equations of both models are presented at the begin
of the corresponding subsections. Theoretical results
tained for the dependenceMz(Hy) on the basis of the two
velocity hydrodynamic model are consistent with experim
tal ones. Different scenarios of the evolution of the collap
zone and the Clem zone when the transverse magnetic
Hy increases are studied numerically~see Appendix B!.

II. EXPERIMENT

A. Experimental procedure

To study the effect of an ac magnetic field on the sta
magnetization of hard superconductors, we have used a n
ber of platelike melt-textured YBa2Cu3O72d samples pre-
pared by different technological groups. The plates were
off from the homogeneous part of melt textured ingots
such a way that the largest faces of these slabs were pa
to theab crystallographic plane. Most of the data discuss
in this paper have been obtained for samples A98 and
with sizes of 83530.21 mm3 and 8.33430.4 mm3, re-
spectively. The critical temperature of both samples w
above 90 K and the width of the transition was as small
0.5 K. We also made measurements on a large hexag
single crystal YBa2Cu3O72d provided by Donglu Shi at the
University of Cincinnati and John R. Hull at Argonne N
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tional Laboratory. This crystal has a diagonal length 2.2
and thickness 0.9 cm along thec axis.

The measurements of the magnetizationMz were per-
formed by two methods. In the first approach,Mz was moni-
tored using a vibrating sample magnetometer~VSM! with a
vibrating frequency of 83 Hz and vibrating amplitude of 0
mm. The dc magnetic fieldHW 5$0,0,Hz% with the strength up
to 12 kOe and the spatial nonuniformity in the sample reg
as low as 0.1% was created by an electromagnet.
samples were mounted so thatHW was parallel to its surface
~the yz plane!. The sweeping fieldh(t) was induced by an
additional solenoid. The sample was located in its cen
homogeneous field zone. The magnetic fieldhW (t)
5$0,Hy(t),0% was strictly parallel to the sample surface a
orthogonal to the dc fieldHW . The field hW (t) was directed
along the longest dimension of the samples. The sweep
fields had a triangular pulse form with the amplitudeh0 of up
to 1000 Oe.

We also used another procedure to measure the mag
momentMz . A single layer 38 B&S manganin wire electri
heater was intimately and noninductively~bifilarly! wound
around the large single crystal. A 10 000–turn pickup c
embraced the crystal and was series opposition connecte
a balancing coil of the same area and number of turns wh
did not ‘‘see’’ the sample but was permeated byHW . The
signal from this pickup coil ‘‘pair’’ fed an electronic ampli
fier integrator which drove theY axis of anX-Y recorder.
TheX axis was driven by the voltage across calibrated shu
placed in the circuits of the solenoid generatingHW or of a
rectangular coil embracing the length of the solenoid a
generatingh(t). Consequently,Mz could be continuously
monitored as eitherH or h was impressed and varied.Mz
was calibrated assuming perfect shielding in the linear we
field regime whenH was impressed after zero-field coolin
Measurements were done at liquid nitrogen temperaturT
577 K and atT'83 K.

The critical current density,Jc , in samples A98 and G21
was estimated using the magnetization loops,Mz(H), in zero
ac fieldh50. Our evaluation gives theJc(H) dependences
shown in Fig. 1 by dashed curves. We have also compa
these findings with the results obtained by measuring the
magnetic susceptibility. The ac technique and the metho
Jc calculation were described in Ref. 39. According to th

FIG. 1. The critical current densityJc
' vs the magnetic fieldH

estimated from magnetization loops~dashed curves! and from mea-
surements of the ac magnetic susceptibility~solid curves! for
samples A98 and G21.
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paper, the imaginary part of the ac magnetic susceptibi
x9(H), of a superconducting plate in the dc fieldH and the
probe ac field with the amplitudeh̃ ~both parallel to thez
axis! is related to the critical current densityJc(H) by the
equation

Jc~H!5H ~4ch̃/9pd!xmax9 /x9~H!, H,H1 ,

~3ch̃/8pd!$16@12x9~H!/xmax9 #1/2%, H.H1 .
~1!

HereH1 is the value of the magnetic fieldH where the probe
ac field penetrates the whole sample, the plus sign in Eq~1!
is used in the regionH,Hm , and the minus sign corre
sponds to fieldsH.Hm , whereHm is the field at the maxi-
mum ofx9(H). A simple way to define the value ofH1 is by
the relationx9(H1)5(8/9)xmax9 . The Jc(H) curves calcu-
lated from these data are represented by solid lines in Fig
The magnetic field dependence of the critical current den
for both samples A98 and G21 can be approximately
scribed by a power function with an exponent'20.3. The
characteristic value ofJc is a few tens of kA/cm2.

The magnetic field dependence ofJc can be evaluated
also by measuring the full penetration and double penetra
fields Hp and Hp* . The full penetration fieldHp was deter-
mined by measuring the growth of the thermoremanent m
netization Mzrem as a function ofH present during field

FIG. 2. The suppression of the magnetization loopsMz(H) for
sample A98 by the ac magnetic field with different amplitudes:h0

50 ~solid curve!, 300 Oe~dashed curve!, 600 Oe~dotted curve!,
and 1000 Oe~points!. Only the right halves of the magnetizatio
loops are shown.

FIG. 3. The dependence ofMz on the initial cycles of the trans
verse magnetic fieldh(t). Results are obtained for sample G21,H
56 kOe. Curves~a! and ~b! correspond to the paramagnetic a
diamagnetic cases, respectively.
,
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cooling. The fieldH which leads to the maximumMzrem
corresponds toHp . This quantity was also determined, a
though less accurately, by noting the fieldH where the initial
~zero-field-cooled! magnetization curve merges with the hy
teresis loop. These measurements yieldHp51850 Oe and
950 Oe at 77 K and 83 K for the single crystal. The doub
penetration fieldHp* was determined by measuring th
growth of the isothermoremanent magnetization as a fu
tion of the to and fro sweep ofH after zero-field cooling.
The field sweep which generates the maximum remanentMz

corresponds to Hp* . These measurements gaveHp*
53300 Oe and 1700 Oe at 77 K and 83 K. The critical-st
model, takingJc}H 2n, leads to (Hp* /Hp)n1152; hencen
'0.2 for the single crystal. This value forn is in harmony
with the structure of the magnetization envelopes.

B. Experimental results

The dependence of the magnetic momentMz on the trans-
verse magnetic fieldh was studied for two main starting
points on the static magnetization curve. These positions
schematically shown in Fig. 2 by points A and B. The po
A corresponds to the diamagnetic branch of this curve. La
we shall call such a starting position as the diamagn
branch or diamagnetic case. Position B corresponds t
paramagnetic portion of the magnetization curve. We sh
call such a starting condition as the paramagnetic case.

The typical dependence of the longitudinal magnetic m
ment Mz on the transverse sweeping magnetic fieldHy
5h(t) is presented in Figs. 3–5. The main feature of
these curves is an essential suppression of the magnetic
ment under the action of the fieldh(t). It is a striking fact
that the magnetic momentMz is suppressed by more tha
half after a rotation of the external magnetic fieldHW through
only 3° ~see Figs. 3 and 4!. We consider this suppressio
using as an example curve~a! in Fig. 3 which corresponds to
a paramagnetic branch ofMz . It is remarkable that the no
ticeable suppression ofMz occurs for each quarter-period o
the change of the sweeping field. The strongest suppres
is observed for the first quarter-period. We draw attention
the fact that a similar suppression takes place for the diam
netic branch ofMz as well@see curve~b!#. The phenomenon
is strongly pronounced not only ath;H ~Fig. 5! but even in
the caseh!H ~Figs. 3 and 4!.

FIG. 4. The dependence ofMz on the initial cycles of the trans
verse magnetic fieldh(t). Results are obtained for sample G21,H
511 kOe. Curves~a! and ~b! correspond to the paramagnetic an
diamagnetic cases, respectively.
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Note that the shape ofMz(h) curves depends on the ex
perimental conditions. There exist two kinds ofMz(h) de-
pendence. To demonstrate this, let us consider for the sak
definiteness the curves~b! in Figs. 3, 4, and 5 related to th
diamagnetic branches ofMz . The difference between thes
curves is most pronounced for the first quarter-period of
change ofh(t). The first portions of curve~b! in Fig. 3 and
the curve in Fig. 5 are bulging downward whereas the c
responding portion in Fig. 4 is mostly bulging upward. T
analogous difference is observed for the paramagn
branches ofMz .

III. DISCUSSION

The aim of this section is the comparison of the expe
mental data with the results of calculations of the magn
moment suppression under the action of the transverse m
netic field within two established theoretical models. One
them is the well-known double critical-state model, whi
was formulated in its final form in Ref. 18. The seco
model, suggested in Refs. 1, 37, and 38, provides a m
detailed description of the vortex system behavior in cros
ac and dc magnetic fields. Unfortunately, both models do
account for all features of very complex vortex dynamics.
addition, they contain a number of intrinsic parameters so

FIG. 5. Illustrates the dependence ofMz for the large hexagona
YBCO single crystal on the initial cycles of the transverse magn
field h(t). H and h(t) were applied along the flat surfaces of th
hexagonal crystal, hence' to thec axis, withh(t) directed along a
diagonal length. Each full cycle spans several seconds. The be
ior displayed here was observed at 77 K and 83 K withMz situated
along either the diamagnetic or paramagnetic critical-state e
lopes of the hysteresis curves over the rangeH<1200 Oe where
the field of the copper wire wound solenoid remained cons
throughout the cycles ofh(t). At 83 K each half-cycle diminishes
uMzu more effectively for a chosen amplitudeh0 than at 77 K since
h0 /Hp'1 at 83 K whileh0 /Hp'1/2 at 77 K. Application of sev-
eral ~i.e., >10) cycles at 83 K diminisheduMzu to near zero in all
cases but did not lead to any reversal of the sign of the resi
magnetization.
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of which are difficult to measure. Both models can pretend
a qualitative description of the phenomenon, and we w
therefore compare the theoretical and experimental res
qualitatively. We will study the different scenarios of th
evolution of the vortex system under the change of the tra
verse magnetic field.

A. Double critical-state model

1. Main equations of the model

The double critical-state model was suggested by C
and Pe´rez-Gonza´lez to generalize the well-known Bea
critical-state model for the case where the external magn
field changes not only in its modulus but in direction as we
According to this model, the gradient of the modulusB of
the magnetic induction as well as the gradient of the
angleq of BW with respect to thez axis, chosen arbitrarily in
the sample plane, cannot exceed certain corresponding
cal values.

The double critical-state model for a plane supercondu
ing sample of thicknessd operates with the following set o
equations for the spatial distributions of the modulus of
magnetic inductionBW (x) and the tilt angleq(x). The first
four equations are the usual Maxwell equations with the d
placement current being neglected:

]B

]x
52

4p

c
J', B

]q

]x
5

4p

c
Ji, ~2!

E'
]q

]x
2

]Ei

]x
52

1

c
B

]q

]t
,

]E'

]x
1Ei ]q

]x
52

1

c

]B

]t
.

~3!

HereE is the electric field,J is the current density; signs'
and i denote vector components across and along the m
netic inductionBW (x), respectively. The double critical-stat
model also involves the material equations which can
written as follows:

E'5H r'@ uJ'u2Jc
'~B!#sgn~J'!, uJ'u.Jc

' ,

0, 0<uJ'u<Jc
' ,

~4!

and

Ei5H r i@ uJiu2Jc
i ~B!#sgn~Ji!, uJiu.Jc

i ,

0, 0<uJiu<Jc
i .

~5!

HereJc
' andJc

i are the critical current densities, across a

alongBW , respectively;r i andr' are effective flux-flow and
flux-line-cutting specific resistivities. The currentJc

' is re-
lated to flux-line pinning whereas the currentJc

i is defined by
the threshold angle of the flux-line cutting. Both quantiti
are considered as independent phenomenological parame
The boundary conditions consist in the equality of the m
netic induction on both surfaces of the sample to the exte
magnetic field,BW (x52d/2)5BW (x5d/2)5HW .

2. Correlation of the experimental results with the double
critical-state model

We performed numerical simulations of the spatial dis
bution of the magnetic inductionB(x) and the tilt angle
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q(x) for the parameters close to the experimental conditio
Additionally, we carried out the numerical calculation of th
change of thez component of the magnetic moment,

Mz5
1

4pdE2d/2

d/2

dx@Bz~x!2H#, ~6!

in the process where the transverse magnetic fieldh(t) is
swept in cycles between the values (2h0 ,h0). Several
model samples with different thicknessd and critical current
densityJc(B) were considered. Below we present results
two samples withd50.3 mm and 9 mm, the critical curren
densities Jc

'(B)5(53104)@11B/23103Oe#21/2 A/cm2

and 3.183103 A/cm2, and the penetration fieldsHp
5850 Oe and 1800 Oe, respectively. The parallel criti
current densitiesJc

i (B) were assumed to be equal to the co
responding values ofJc

'(B).
The first stage of our simulation was carried out for t

model sample with thickness 9 mm andh051200 Oe. The
calculated evolution of the spatial distributions of the mod
lus of the magnetic inductionB(x) and the tilt angleq(x)
for the diamagnetic branch of the static magnetization cu
is presented in Fig. 6. Here and below all distributionsB(x)
and q(x) are presented in dimensionless unitsj5x/d and
b5B/Hp . Curves labeled 0 in this figure correspond to t
initial distributions ofb(j) ~a! andq(j) ~b! before the trans-
verse magnetic fieldh(t) was switched on. The angleq(j)
is equal to zero everywhere, and the profile of the modu
of the magnetic inductionb(j) is linear sinceJc

' is assumed
to be independent ofB for the model sample withd

FIG. 6. The evolution of theb(j) ~a! andq(j) ~b! distributions
for the diamagnetic initial state calculated within the doub
critical-state model for H5Hp with Hp51800 Oe, Jc

'5Jc
i

53.183107 A/m2, and h051200 Oe. Curves labeled 0 corre
spond to the initial state (h50). Curves labeled 1, 2, 3, and 4 sho
the distributions at the ends of the first, second, third, and fou
quarter-periods of the fieldh(t), respectively.
s.

r

l
-

-

e

s

59 mm. When the fieldh(t) grows, the vortices with non-
zero angles begin their penetration into the sample and
distributionsB(j) andq(j) change as well. The picture o
these changes is demonstrated by the sequences of curv
Fig. 6. Curves 1 show the profilesb(j) ~a! andq(j) ~b! for
the case when the transverse magnetic fieldh(t) reaches its
first maximum valueh0 ~the end of first quarter-period!. The
distribution ofb(j) is seen to preserve the diamagnetic p
file but the magnitude ofb becomes higher. The reason is th
increase of B5H5(H 21h0

2)1/2 on the surface of the
sample. The region where the vortices with new orientat
have penetrated corresponds to spatial intervals in Fig.~b!
with qÞ0. Naturally, this region expands for higherh0.
Curves 2 in Fig. 6 correspond to the subsequenth(t)50 ~the
end of second quarter-period!. Whenh(t)52h0 ~the end of
third quarter-period! B is again a maximum at the samp
surface@curve 3 of~a!# but q(j) has reversed sign and curv
3 in ~b! is the image of curve 1. In the following quarte
periods bothb(j) andq(j) change periodically@the distri-
butions b(j) and q(j) at the ends of each quarter-perio
repeat one of the previous profiles as indicated by the
quences of numbers in Fig. 6#. These periodic changes ar
reminiscent of the well-known behavior of the distributio
b(j) in the usual Bean critical-state model.

The evolution of the profiles ofb(j) and q(j) differs
essentially for the paramagnetic branch of the static mag
tization curve~see Fig. 7!. The initial distribution ofb(j) for
this case is shown by curve 0 in Fig. 7~a!. The initial angular
distribution isq(j)50 everywhere in the sample@see curve
0 in Fig. 7~b!#. The changes of theb(j) and q(j) profiles
after the first, third, and fifth quarter-periods are demo
strated by curves 1, 3, and 5, respectively. The difference

h

FIG. 7. The evolution of theb(j) ~a! andq(j) ~b! distributions
for the paramagnetic initial state calculated within the dou
critical-state model forH50.6Hp with Hp51800 Oe, Jc

'5Jc
i

53.183107 A/m2, and h051200 Oe. Curves labeled 0 corre
spond to the initial state (h50). Curves labeled 1, 3, and 5 sho
the distributions at the ends of the first, third, and fifth quart
periods of the fieldh(t), respectively.



le
m
th
o

th
e

-
Fi

a-

fie

ra

a
e

c

se
od

p
et

ta
r
si
s
o

e
e

th
-
c

res-
e
ing
di-
ag-

ne,
up-

or

t. In

,

r is

urs.
ts.

can
in

ita-
non
oke

the
ag-

re-

a
ex-
ar-

s

-
e

p

-
e

and

PRB 61 15 387SUPPRESSION OF THE MAGNETIC MOMENT UNDER . . .
the evolution ofq(j) in Fig. 7~b! from the corresponding
change ofq(j) for the diamagnetic case@Fig. 6~b!# consists
only in its nonperiodic behavior. The evolution of the profi
b(j) in the paramagnetic case differs substantially in co
parison with the diamagnetic case. For every half-period
height of the paramagnetic triangle in the central region
the sample in Fig. 7~a! decreases. Besides, the gradient of
magnetic inductiondB(j)/dj changes its sign near th
sample surfaces where the angleq(j)Þ0 @see Fig. 7~a!#.
Therefore, the distributionb(j) in these regions of the sur
face resembles the diamagnetic one, which is shown in
6~a!. Thus, the paramagnetic portion ofb(j) is damped,
whereas the diamagnetic region in Fig. 7~a! is enlarged,
when the numbern of half-periods is increased. These fe
tures of the evolution of the distributionsb(j) andq(j) are
insensitive to the sample parameters and the magnetic
dependence of the critical current densityJc

'(B).
According to these results, the transition of an initial pa

magnetic type of magnetizationMz to a diamagnetic one
with an increase ofn can be expected. We carried out
direct calculation of the dependence of the magnetic mom
Mz on the initial cycles of the transverse magnetic fieldh(t)
for both the diamagnetic and paramagnetic cases. In ac
dance with the studied evolution of the distributionsb(j)
and q(j), the magnetic moment is essentially suppres
only during the first quarter-period and then changes peri
cally in the diamagnetic case~see curve 1 in Fig. 8!. In
contrast, in the paramagnetic case,Mz decreases step by ste
during every half-period and transfers to the diamagn
state after 3 cycles~curve 2 in Fig. 8!.

At first glance our calculations within the Clem–Pe´rez-
González model agree relatively well with the experimen
data. Indeed, the magnetic momentMz is suppressed unde
the action of the transverse magnetic field. This suppres
exists for both the diamagnetic and paramagnetic branche
the static magnetization curve. Moreover, the shapes of b
curvesMz(h) in the first cycle of the application ofh(t) are
similar to the experimental ones shown in Fig. 5. Howev
detailed considerations reveal a pronounced disagreem
with the experiments. The main contradiction consists in
asymmetric behavior of theMz(h) suppression for the dia
magnetic and paramagnetic cases during subsequent cy

FIG. 8. The dependence ofMz on the initial cycles of the trans
verse magnetic fieldh(t) calculated within the double critical-stat
model for h0 /H51.4, H5Hp5850 Oe,d50.3 mm, andJc

'(B)
5Jc

i (B)553108/A11(B/2000 Oe) A/m2. Curves 1 and 2 are
obtained for the diamagnetic and paramagnetic initial states, res
tively ~compare with Fig. 5!.
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In the experiments the suppression ofMz is shown to be
qualitatively identical. We observed the step by step supp
sion after each cycle ofh(t) for both cases. In contrast, th
calculated Mz(h) curves show a step-by-step decreas
magnetic moment for the paramagnetic case only. In ad
tion, this decrease leads to the conversion of the param
netic state to a brightly pronounced diamagnetic o
whereas in the experiments the magnetic moment is s
pressed to a zero value approximately.

To clarify the situation, we carried out our calculations f
a smaller value ofh0 compared withH. Results of such
calculations forh050.14H are shown in Fig. 9. This figure
shows an unexpected behavior of the magnetic momen
spite of the much smallerh0 /H the important feature of the
suppression of the paramagneticMz is conserved. Further
the step-by-step strong decrease ofMz proceeds until a tran-
sition into the diamagnetic state is observed. This behavio
similar to that encountered with a largerh0 /H. In contrast
with the diamagnetic case, only small suppression occ
These results are in plain contradiction with our experimen
The suppression of the magnetic momentMz is symmetrical
for both the diamagnetic and paramagnetic cases. This
readily be verified by considering the curves displayed
Figs. 3, 4, and 5 and the magnetization loops in Fig. 2.

Thus, the double critical-state model cannot even qual
tively explain some essential features of the phenome
under consideration. Therefore, it is necessary to inv
other ideas to describe these features. We study below
suppression of the magnetic moment by the transverse m
netic field within another theoretical model developed
cently in Refs. 1, 37, and 38.

B. Two-velocity hydrodynamic model

1. Main equations of the model

The motion of the vortex system can be described in
two-component hydrodynamic approach. We assume the
istence of two vortex subsystems A and B, which are ch
acterized by the averaged tilt anglesqA(x,t) and qB(x,t)
with respect to thez axis, the same vortex densitie
nA(x,t)5nB(x,t)5n(x,t)/2, and the velocitiesVA(x,t) and
VB(x,t), respectively. The total vortex densityn(x,t) is con-

ec-

FIG. 9. The dependence ofMz on the initial cycles of the trans
verse magnetic fieldh(t) calculated within the double critical-stat
model forh0 /H50.14,H510Hp , Hp5850 Oe,d50.3 mm, and
Jc

'(B)5Jc
i (B)553108/A11(B/2000 Oe) A/m2 as in the previ-

ous figure. Curves 1 and 2 are obtained for the diamagnetic
paramagnetic initial states~compare with Figs. 3 and 4!.
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nected to the magnetic inductionB(x,t) by the local relation
B(x,t)5F0n(x,t) whereF0 is the magnetic flux quantum
The velocitiesVA(x,t) and VB(x,t) are expressed via th
average hydrodynamic,V(x,t), and relative,U(x,t), veloci-
ties

VA5V1
U

2
, VB5V2

U

2
. ~7!

The motion of the vortex system results in the change
n(x,t) andq5(qA1qB)/2 which are governed by the con
tinuity equations

]n

]t
52

]~n•V!

]x
, ~8!

]~nq!

]t
52

]

]x
~n•V•q!1

]

]x S 1

4
n•uUu• l

]q

]x D . ~9!

The vortex mean free pathl represents the relation of th
intervortex distancea5n(x,t)21/2 to the averaged probabil
ity p of the flux-line cutting at the vortice intersection. Th
electrodynamic equations have been derived in Refs. 1,
and 38 from the condition of the force balance for each of
sublattices A and B and can be presented as follows:

]B

]x
52

4p

c
Jc

' sgnVQ~ uVu2uUu/2!,

]q

]x
5sgnUF4pJc

'@p12Q~ uUu/22uVu!#
clH cos~q2q0!

G1/2

. ~10!

Here q0 is the angle between the external magnetic fi
HW (t) and thez axis; Q(x) is the Heaviside function@Q(x)
1Q(2x)51#. The form of this system is sensitive to th
relation between the velocitiesV(x,t) and U(x,t). If uVu
.uUu/2, then

]B

]x
52

4p

c
Jc

' sgnV,

]q

]x
5AA2p

c
Jc

'
p2n1/2

H cos~q2q0!
sgnU. ~11!

These equations are clearly seen to be essentially identic
those of the double critical-state model~2!. In the opposite
caseuVu,uUu/2, when the sublattices A and B move in th
opposite directions, the form of the electrodynamic equati
changes radically:

]B

]x
50,

]q

]x
5AA2p

c
Jc

'
~21p!pn1/2

H cos~q2q0!
sgnU. ~12!

Finally, in the case whenuVu5uUu/2 and one of the sublat
tices A or B does not move the set of the equations is tra
formed to the following single equation:
f

7,
e

d

to

s

s-

]B

]x
2

A2H

pn1/2S ]q

]x D 2

cos~q2q0!sgnV

52
4p

c
Jc

'S 11
p

2D sgnV. ~13!

In obtaining Eqs. ~11!–~13! from Eq. ~10! we used l
52A2/pAn.38

2. Correlation of the experimental results with the two-velocity
hydrodynamic model

The evolution of the distributions ofb(j) andq(j) cal-
culated for the diamagnetic case within the two-velocity h
drodynamic model is shown in Figs. 10~a! and 10~b!, respec-
tively. Details of the calculation are given in Appendix A
Here and below this calculation was done for a mo
sample 4 mm thick and magnetic fieldHp51000 Oe. Other
parameters for this figure areH510Hp , h05Hp , and p
51024. Curves 0, 1, 3, and 5 correspond to the initial d
tribution and the ends of the first, third, and fifth quarte
periods of the change ofh(t), respectively. The characteris
tic feature of curves 1, 3, and 5 forb(j) is the existence of
flat sections wheredb/dj50. The size of those portion
grows with the number of half-periods. We call the collap
zones the regions where the modulus of the magnetic ind
tion is homogeneous, since the component of the shield
current density orthogonal toBW disappears owing to the in
teraction of the sublattices A and B. In accordance with E
~12!, these sublattices move in opposite directions during

FIG. 10. The evolution of theb(j) ~a! and q(j) ~b! distribu-
tions for the diamagnetic initial state calculated within the tw
velocity hydrodynamic model forH510Hp , h05Hp , and p
51024. Curves 0 correspond to the initial state (h50). Curves 1,
3, and 5 show the distributions at the ends of the first, third, a
fifth quarter-periods of the fieldh(t), respectively.
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change of the transverse fieldh(t). Besides the collapse
zones, there exists the central part of the sample wh
db/djÞ0. The Clem-like equations~11! are satisfied in this
region, and we call it the Clem zone. According to Eqs.~11!,
such a zone is characterized by the motion of the vor
sublattices A and B in the same direction.

The evolution of the magnetic induction distributionBW (x)
for the paramagnetic case at the same conditions is displ
in Fig. 11. This evolution is very similar to that in the dia
magnetic case. The changes of theb(j) andq(j) distribu-
tions lead to approximately symmetrical suppression of
magnetic momentMz in both the diamagnetic and parama
netic cases. This is demonstrated by the curves in Fig
obtained for the same parameters as in Figs. 10 and 11.

FIG. 11. The evolution of theb(j) ~a! and q(j) ~b! distribu-
tions for the paramagnetic initial state calculated within the tw
velocity hydrodynamic model forH510Hp , h05Hp , and p
51024. Curves 0 correspond to the initial state (h50). Curves 1,
3, and 5 show the distributions at the ends of the first, third,
fifth quarter-periods of the fieldh(t), respectively.

FIG. 12. The dependence ofMz on the initial cycles of the
transverse magnetic fieldh(t) calculated within the two-velocity
hydrodynamic model forh0 /H50.1 ~solid line! and h0 /H50.04
~dotted line! with p51024. Upper and lower curves are obtaine
for the diamagnetic and paramagnetic initial states, respecti
~compare with Figs. 3, 4, and 5!.
re

x

ed

e

2
he

solid and dotted lines correspond toh05Hp and h0
50.4Hp , respectively. Noticeable damping ofMz occurs in
spite of relatively small amplitudesh0 with respect to the dc
field H. This result agrees with the experimental data in Fi
3 and 4.

Thus, the main features of the suppression of the magn
momentMz under the action of the transverse magnetic fi
are adequately described within the framework of the tw
velocity hydrodynamic model. In Appendix B, we analyz
some predictions of this model for the evolution of the Cle
zone and the collapse zone as the transverse magnetic
h(t) is increased.

IV. CONCLUSION

We have studied the nontrivial phenomenon of the stro
suppression of the static magnetic moment of a hard su
conductor by a transverse magnetic field. A remarkable
crease ofMz even for small orthogonal fieldh(t) was ob-
served and discussed within two established theoret
models. The first of these is the double critical-state mo
proposed by Clem and Pe´rez-Gonza´lez. This model com-
prises important features of the flux-line lattice behavi
namely, the flux-line cutting and the flux-line pinning. Th
Clem–Pe´rez-Gonza´lez electrodynamic model is based o
similar insights as the Bean critical-state model. It takes i
account the condition of the balance of force as the us
critical-state model and an additional condition related to
existence of a threshold angle for the flux-line cutting. Th
double critical-state model allows one to interpret some f
tures of the discussed phenomenon. In particular, it descr
qualitatively the collapse of the magnetic momentMz for
relatively large amplitudes of the transverse magnetic fi
during the first half-period of the orthogonal fieldh(t). How-
ever, contrary to our experimental data, the results of ca
lations obtained using this model show an asymmetric
crease ofMz for the diamagnetic and paramagnetic initi
states. The calculated suppression ofMz occurs only during
the first quarter-period of the change ofh(t) for the diamag-
netic initial state while the moment decreases step by s
after every quarter-period in the paramagnetic case. T
asymmetry is more pronounced at small amplitudes ofh0
with respect to the dc fieldH. The momentMz is not very
sensitive to the transverse field in the diamagnetic initial c
whereas it decreases significantly, changes sign, and ob
a noticeable negative value in the paramagnetic initial cas
Hp,h0!H. These predictions of the double critical-sta
model are in sharp contradiction with the experiment.
other words, this model cannot describe the total collect
of the experimental results even qualitatively for smallh0.

The two-velocity hydrodynamic model developed r
cently is shown to allow a qualitative interpretation of th
complete picture of the static magnetic moment suppres
by the transverse magnetic field. This model provides a m
detailed description of the flux-line lattice dynamics. In pa
ticular, it accounts for the change of the condition of t
force balance due to the flux-line cutting process. Accord
to the experiment, the curves calculated within this mo
show symmetrical suppression of the magnetic moment
the diamagnetic and paramagnetic initial states both at la
and small values ofh0. The two-velocity hydrodynamic
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model predicts different scenarios of the evolution of t
distribution of the magnetic inductionBW with the increase of
h(t). In some cases as is shown in Appendix B this distrib
tion has an unusual specific form. The observation of s
kinds of distribution by direct measurements would be
considerable interest.
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APPENDIX A

Here we will show the procedure for solving the syste
of equations forB(x,t) and q(x,t) within the two-velocity
hydrodynamic model, i.e., Eqs.~8!, ~9!, and ~10!. Although
the latter equations~10! are very compact, their solutio
turns out to be a difficult task. It is more convenient to wr
them in terms of the velocitiesVA andVB as38

]B

]x
52

2p

c
Jc

'@F~VA!1F~VB!#, ~A1!

2A2H

pn1/2
cos~q2q0!S ]q

]x D 2

sgnS ]q

]x D
5

4p

c
Jc

'FF~VA!2F~VB!1p sgnS ]q

]x D G , ~A2!

where the function

F~v !5sgn* ~v !. ~A3!

These equations are straightforwardly obtained by using E
~34!, ~35!, and~36! of Ref. 38 withl 52A2/pAn, and assum-
ing, without loss of generality,qA2qB,0. Let us remark
that the function sgn* (v) coincides with sgn(v) everywhere
except at v50, where sgn* (0) lies within the interval
(21,1).38

FIG. 13. The evolution of theb(j) distribution at the end of the
first quarter-period with the increase ofh0 for the paramagnetic
initial state calculated within the two-velocity hydrodynamic mod
for H510Hp , p51024. Curves 1, 2, 3, and 4 correspond to t
h0 /Hp50.6, 1.0, 1.6, and 2, respectively. The inset shows
analogous distribution forh0 /Hp560.
-
h
f

al
d
e
d

s.

The system of equations for the two-velocity hydrod
namic model can be solved by using, instead of Eq.~A3!, a
relation between the variablesv andF given by the expres-
sion

v5H n@ uFu21# sgn~F !, uFu.1,

0, 0<uFu<1.
~A4!

Indeed, substituting Eqs.~A1!, ~A2!, and~A4! into Eqs.~8!
and ~9!, we obtain a pair of coupled nonlinear equations
B(x,t) and q(x,t). These equations are solved numerica
for slow variations of the surface boundary conditions, i.
for small values of the velocities:uVAu!n and uVBu!n. In
this case the resulting spatial distributions ofB(x,t) and
q(x,t) are then practically relaxed and, in fact, independ
of the auxiliary parametern. It should be mentioned that thi
method for solving the system of equations for the tw
velocity hydrodynamic model is very similar to that em
ployed to solve Eqs.~2!, ~3!, ~4!, and ~5! of the double
critical-state model. There, the auxiliary parameters arer'

andr i.

APPENDIX B

Here we shall discuss some predictions of the tw
velocity hydrodynamic model. It is possible to deduce t
transformation of our field distribution in the case of hig

l

e

FIG. 14. The evolution of theb(j) distribution at the end of the
first quarter-period with the increase ofh0 for the paramagnetic
initial state calculated within the two-velocity hydrodynamic mod
for H5Hp , p51023. Curves 1, 2, 3, and 4 correspond to th
h0 /Hp50.2, 0.6, 1.0, 1.5, respectively.

FIG. 15. The evolution of theb(j) distribution at the end of the
first quarter-period with the increase ofh0 for the paramagnetic
initial state calculated within the two-velocity hydrodynamic mod
for H510Hp , p51023. Curves 1, 2, 3, 4, and 5 correspond to t
h0 /Hp50.2, 1.2, 2.0, 3.5, 4.0, respectively.
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amplitudesh0. One should expect the appearance of
Bean-like profiles of the distributionBy(x) at h0@Hz , Hp .
This means that the flat portions in the plotsb(j) in Fig.
10~a! should be replaced by the portions withdb/djÞ0; i.e.,
the Clem zones should appear inside the sample. The
plest scenario of such evolution develops as follows. W
the increase ofh0 the collapse zones enlarge and occupy
whole volume of the sample. Only after this new Clem zon
appear near the surfaces of the sample. This scenario is
trated by Fig. 13. A new Clem zone is clearly seen in
inset to that figure. The homogeneous distribution ofb is
displayed by curve 4.

The analysis shows that there exist other scenarios for
creation of new Clem zones. Figure 14 illustrates anot
scenario when the new Clem zones appear near the sa
.

t 1

tt.

p

,

e

m-
h
e
s
s-

e

he
r

ple

surfaces before the uniformization of theb(j) distribution.
Curves 1 and 2 show the existence of collapse zones nea
surfaces of the sample and the Clem zone in the middle
the sample. The increase ofh0 leads to the appearance o
new Clem zones~curve 3! and, then, to the disappearance
the central Clem zone~curve 4!.

Finally, we have found another interesting scenario
transformation of theb(j) profile. The plots corresponding
to this scenario are shown in Fig. 15. Curves 1–3 dem
strate the usual initial development of the collapse zon
However, for stronger amplitudes, the new Clem zones
pear in the intermediate region of the sample between
middle and the edges~curves 4 and 5!. In these spatial re-
gions, the sign of the derivativedb/dj changes after the
appearance of the new zones.
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