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The magnetization of a melt-textured Y-Ba-Cu-0 superconducting sample has been measured in mag-

netic fields up to 5.5 T using a SQUID magnetometer. Partial flux jumps were observed below the tem-

perature of 7.6 K. With the applied field parallel to the sample s c axis, the upper bound of the instabili-

ty field was found to be the maximum applied field, while with the applied field perpendicular to the c
axis, the sample s dimensions determined the upper bound. Magnetization loops with flux jumps were

calculated employing a critical-state model which incorporates the flux-jump instability criterion and

considers the incompleteness of jumps. The different shapes of the magnetization loops are determined

by four model parameters of which the instability field of the first virgin jump has the strongest effect on

the loop shape. To predict the observed loop asymmetry and the appearance of solitary jumps, the sim-

ple Bean critical-state model was found to be insufficient. Instead, a critical-state model where the criti-

cal current density decreases as a function of the magnetic field is needed. It is shown that the use of a

simple Kim-type critical current density is adequate to explain in detail all our experimental flux-jump

data.

I. INTRODUCTION

As the applied field acting on a type-II superconductor
is increased beyond the instability field, Hf;, it is possible
for a disturbance cycle to become initiated that leads to a
macroscopic ingress of Aux usually referred to as Aux

jump. ' Flux jumps have been studied extensively in
conventional type-II superconductors; in particular, in
connection with wires and magnetic coils, where the ap-
pearance of magnetic instabilities is avoided by decreas-
ing the diameter of the superconductor, i.e., introducing
wires of multifilamentary structure. Since the discovery
of the high-temperature superconductors (HTS), fiux

jumps have been observed in large single crystals of
Y-Ba-Cu-0 (Refs. 5 and 6), Ho-Ba-Cu-0 (Ref. 7), and
Bi-Sr-Ca-Cu-0 (Ref. 8) as well as in melt-textured
Y-Ba-Cu-O. ' In all of these cases the samples pos-
sessed a very high transport critical current density
without the apparent weak links.

Magnetic stability predictions for HTS have been made
ever since the necessary parameters became avail-
able, ' ' which are the critical temperature T, and the
specific heat C, . Because of the high T, and large
specific heat C„ofHTS, the instability field Hf, is much

larger than in conventional superconductors. The calcu-
lated instability field (under adiabatic conditions) reaches
a maximum value of about poHf; =8 T at a temperature
of about 50 K for the Y-Ba-Cu-G superconductor and a
maximum value of poHf, . =14 T at about 90 K for the
T1-Ba-Cu-0 material while for conventional supercon-
ductors the maximum is only about 0.4 T. Because of the
large instability field in HTS, a multifilamentary structure
in wires or tapes has become a far less stringent require-
ment. ' ' Furthermore, because of the large instability
fields, a strong field can be trapped and the old concept of
producing superconducting permanent magnets might
become applicable. ' '

Flux jumps in type-II superconductors can be observed

by measuring the magnetization. In this paper we report
on measurements and calculations of magnetization loops
with fiux jumps for a melt-textured Y-Ba-Cu-0 supercon-
ducting sample in fields up to 5.5 T. Magnetization loops
with solitary Aux jumps and jumps in the virgin magneti-

zation curve were calculated in detail by employing a
critical state model and using the instability field concept
introduced by Wipf' and Schwarz and Bean. It is shown

that in order to explain quantitatively the magnetization
loops with solitary jumps and to predict the observed

asymmetry between the upper and lower magnetization
branches, the Bean critical-state model is not suScient
but instead a critical-state model which makes use of a
critical current density that decreases in a magnetic field

needs to be employed. In the model the rather complex
shape of the magnetization loop is characterized by only

four parameters. Slight changes in one of these parame-

ters, i.e., the value of the instability field, Hf;, is shown to
cause dramatic changes in the magnetization loop.

II. EXPERIMENT

The Y-Ba-Cu-0 sample was prepared by the conven-

tional solid-state reaction and melt-textured growth pro-
cess. ' Compared with the sintered Y-Ba-Cu-0 material,
the melt-textured samples have a much higher critical
current density J, due to the elimination of grain bound-

ary weak links. The dimensions of the sample were

a =1.9 mm, a„=1.7 mm, and a, =1.3 mm where the

crystallographic c direction was along the z axis. The
base and one side of the sample were glued to a vertica1

step made out of Perspex and the sample was then
mounted into a commercial Quantum Design SQUID
magnetometer. Here the sample was zero-field cooled to
the measuring temperature which varied between 2 and
90 K. The magnetization was measured for an increasing
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applied field from 0 to 5.5 T (virgin magnetization curve),
then for a decreasing field from 5.5 to —5.5 T (upper
magnetization branch) and finally for a field from —5.5
to 5.5 T (lower magnetization branch). The sweep rate of
the applied field was 1.2 T/min and the sweep was paused
for 5 s before each magnetic moment measurement which
took 10 s. Contrary to the observation in Ref. 10, no
dependence of the magnetization on the pause (0—150 s)
could be found which we think is due to the more adia-
batic condition for our sample. Measurements were per-
formed with the c axis of the sample parallel and perpen-
dicular to the applied field.

i}H
(a)

H,

Vacuum Superconductor

1)

(2)

III. THEORETICAL MODEL WITH FLUX JUMPS

A. Critical state

(b)

We assume that the critical current density J,(H) is of
Kim-type, thus

Ho( T}

H, (r)+iH~ '

where Ho is a phenomenological parameter and Jp the
critical current density at zero magnetic field. Both Jo
and Ho depend on temperature T.

The magnetic field inside a type-II superconductor is
arranged in such a way that everywhere in the supercon-
ductor the Lorentz force density is balanced by the pin-
ning force density. Under such conditions the magnetic
field inside is said to be in a critical state. Instead of a cu-
bic sample like ours, let us consider for simplicity a sam-
ple in the form of an infinite slab of thickness d where the
external magnetic field H, is applied parallel to the slab.
The magnetic field profile H(x) inside the sample is then
given by the solutions of the critical-state equation

kJ, [H (x) ] in regions penetrated by the field

0 otherwise,

(i) H(x) = —Ho++(Ho+H, } +2JOHox (3)

for flux lines moving out of the superconductor [see curve
(1) in Fig. 1(a)] and

where the boundary condition is H, =H(x =0)
=H(x=d). The + signs correspond to domains of x
where vortices have moved into or out of the type-II su-
perconductor. The above critical-state equation [Eq. (2)]
assumes that B =poH and can be used for determining
the magnetization as long as the magnetic fields involved
are much greater than the lower critical field, H„.
Because the magnetic field used to investigate flux jumps
in magnetization loops of melt-textured Y-Ba-Cu-0 are
several Tesla and thus much greater than H„, which is in
the order of several hundred Gauss at T=O, the simple
Eq. (2) can be applied. The extent to which the magneti-
zation of a slab approximates that of a cube shall be dis-
cussed below.

The different solutions of Eq. (2) for a semi-infinite slab
(1~00) are

Vacuum Superconductor
il

H,
(4)

FIG. 1. Solutions of the critical-state equation [Eq. (2)] for a
semi-infinite slab (a) for a decreasing applied field H, and (b) for
an increasing applied field H, .

(Ho H, ) —Ho-
2JOHO

(6)

for antiflux lines moving into the superconductor [see
curve (2) in Fig. 1(a)]. Figure 1(b) represents two further
solutions of Eq. (2} which can be obtained from Eqs.
(3)—(6) by replacing H(x) by H(x) and H, by—H, . It-
is important to notice that from these four solutions all
possible magnetic field profiles for a slab of Pnite thick-
ness d can be constructed as long as flux jumps do not
occur. If a flux jump occurs the temperature in the sam-
ple increases for a short time due to the ingress of flux
lines. A new magnetic field profile which corresponds to
a critical current density, Jo., is established, where

Jo &Jo. Shortly after the jump has taken place the tem-
perature drops back to the bath (measuring) temperature
and the profile is frozen-in. The field profile after the
jump can be constructed from the above mentioned four
solutions where now Joz instead of Jo is used in Eqs.

(ii) H(x) =Ho Q(Ho H,—) 2JoH—ox—
for O~x &X, (4)

H(x}= Ho+QH—o+2JoHo(x —X) for X x,
where
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(3)—(6). From these eight solutions all the necessary mag-
netic field profiles required to calculate magnetization
loops with flux jumps can be constructed.

Vacuum
i(H

Superconductor

B. Flux jumps, instability criterion, and magnetization loop

Magnetic flux jumps can occur for quite different mag-
netic field profiles inside a superconductor. Figure 2(a)
shows the different field profiles with jumps used to deter-
mine the virgin magnetization while Fig. 2(b) displays
field profiles with jumps used to determine the upper
branch of the magnetization loop. In Fig. 2 it is assumed
that each jump is incomplete and that the maximum tem-
perature reached during a jump, which is less than T„ is
the same for all jumps.

The instability criterion for flux jumps in the case of a
Kim-type critical current density J,(H} [Eq. (1)] is de-
rived similarly as in the case of a Bean-type J, where J, is
independent of H. If the applied field H, increases by a
small amount hH, (bH, «H, } fiux lines move into the
type-II superconductor. Due to the ingress of flux lines,
the magnetic field increases by EH(x) (see Fig. 3) and the

H(-,

H,

Xp

x

energy Q per unit volume is dissipated in the vicinity of x
where

FIG. 3. Magnetic-field distribution H(x) in a semi-infinite
slab where the field has been increased after a jump from Hf to
H, . The increase of the applied field by hH (x) raises the tem-

perature such that the shielded field drops by hH, (dotted
curve).

V
-Hp;2

V
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I(H
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e

X

Q(x) =peJ, (x)f EH(x')dx' . (7)

Because in the HTS materials the electromagnetic
diffusivity D„ is much greater than the thermal diffusivity

D,& the short lasting fluctuation hH, causes a sudden rise
in temperature at x by b, T. Under local adiabatic condi-
tions one obtains

ET(x)=Q (x)IC, ,

where C„ is the specific heat of the superconductor. The
temperature rise reduces the critical current by hJ,
where

(b}
The reduction in J, weakens the shielding ability of the
superconductor by hH, (see Fig. 3), where

xo
hH, = —f b J,(x')dx' (Maxwell's equation) (10)

H fi1

0:

and the magnetic-field configuration is unstable with
respect to a flux jurnp if b,H, )5H, .

From Eqs. (7)—(10) one obtains

H- He

FIG. 2. Magnetic-field profile H(x) inside a slab of thickness
d. The dashed curves represent the magnetic-field distribution
after a flux jump. (a) Virgin magnetic field profiles with jumps
at H&;& and H&;&. (b) Magnetic-field profiles in a decreasing ap-
plied magnetic field with jumps at H&;&+, H&;&, and Hf 2

(Ho+H, }hH,
EH(x")=

f (Ho+ H, ) —2JOHox
"]'i (12)

Employing Eqs. (11) and (12) and assuming that Ho(T)
does not vary much with T at the temperature of interest,

In the case that a flux jump occurs in the virgin rnagneti-
zation [Fig. 2(a)] one finds for b,H(x") using Eq. (4) and
replacing H(x ) by H(x ) and H, b—y H, —
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one derives for the instability field, Hf;, using the cri-
terion ha, =AH,

2 (laf; I

—Ia, I){laf; I+Ho)

a, + fa, /

+(/Hf, . /+H, )([a,/+H, )ln
Ho+ Hf;

2C, JO

I,( aJ,—/aT)
(13)

The above equation also defines the quantity H 0. For the
first virgin jump the field H, is equal to zero and for fur-
ther jumps H, is greater than zero [Fig. 2(a)]. The abso-
lute values of Hf, and H, are introduced in Eq. (13) to in-

clude the case where Hf, (0 and H, (0 [see Fig. 2(b)
where H, =Hf; =Hf;z ].

In the limit Ho ~ ao (Bean-type J,},Eq. (13) becomes

Hf;=
2C„JO

po( —BJO/BT)
(14)

which is a commonly used expression to estimate the in-
stability field Hf,

Using the fact that in HTS materials Jo(T)
=Jo(0)(1—T/T, ) one obtains

H 0='t}/2po 'C„(T}(T,—T) . (15)

In the case that a flux jump occurs when the applied field
H, is decreased but still positive [see Fig. 2(b) where
H, =Hf, =Hf;,+ ] one derives from Eq. (3)

(Ho+H, )b,a,
b,a(x")=

[(Ho+a, ) +2J H x"]' (16)

(Ho H, )ha, —
EH(x")=

[2HO —(ao —H, ) +2Joaox" ]'

for X (x" . (18)

Substituting the above expressions for ba(x") into Eq.
{11)and assuming that Ho( T) does not vary much with T
at the temperature of interest, one finds for the instability
field, Hf;,

Employing Eqs. (11) and (16) results again in Eq. (13) for
the instability field, Hf;.

In the case that a jump occurs when the applied field is
negative and H, &0 [jump at H, =Hf; =Hf;i in Fig.
2(b)] one derives from Eq. (4)

(Ho H, )b,a, —
ha(x") = for 0 x" X,

[(Ho H, ) 2JOHox"—]'i—
(17}

where x is given by Eq. {6),and from Eq. (5)

d/2M= — Hx x —H, .
0

(20)

Analytical expressions of the magnetization M for case (i)
i.e., solitary jumps are given in the Appendix. The
analytical expressions of M for the cases (ii) and (iii) are
not given here because of their length but they are similar
to the ones in the Appendix and can be derived easily fol-
lowing the procedure outlined there.

IV. RESULTS AND MSCUSSION

Figures 4(a) —4(e) show the measured magnetization
loops at temperatures between 2.5 and 7.75 K where the
field is applied parallel to the crystallographic c axis of
the melt-textured Y-Ba-Cu-0 sample. Due to the appear-
ance of flux jumps and their strong dependence on tem-
perature the shape of the magnetization loops changes
dramatically over the narrow temperature range of 5 K.
Magnetization loops at temperatures higher than 7.75 K
were also measured but no flux jumps were found. While

2(a, +~af, ~) (~a, ~

—H, }in
Ho+ [Hf; f

0

H, +la, l

+(Ia, I+Ho}ln
' ' + laf, I

la—, l

0

2JOC„
19

&,( —aJ, /aT)

The absolute values of Hf; and H, are introduced in Eq.
(19}to include the case where Hf; &0 and H, (0 (lower
magnetization branch). In order to calculate the magne-
tization when the applied field H, is swept between the
maximum field H and the largest negative field H i—t
is useful to distinguish between three different types of
magnetization loops.

(i) The magnetization loop which contains solitary
jumps. Here no jump appears in the virgin magnetization
and only one jump occurs in the upper branch and one in
the lower branch of the magnetization loop.

(ii) The magnetization loop which shows a single jump
in the virgin magnetization curve, no jump when the field
is swept from H to 0 and a single jump (or several

jumps) between 0 and H, and—similarly for the lower
branch.

(iii) The magnetization loop which shows at least one
jump in the virgin magnetization curve, one or several
jumps when the field is swept from H to 0 and further
jumps between 0 and —H, and similar for the lower
branch of the magnetization.

These three different classes of loops require a separate
mathematical analysis because of differences in the mag-
netic field profiles, H(x). The profiles can be constructed
from the eight difFerent solutions of Eq. (2) some of which
are given by Eqs. (3)—(5). The instability field Hf; can be
calculated using Eqs. (13) and (19) where the value of the
field H, depends on the magnetic history of the sample.
From the analytical expressions of the magnetic-field
profiles H(x), the magnetization M can be calculated as a
function of H, . For a slab of thickness d
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the magnetization loop at 7.75 K5 K shows no flux jumps,
ofs a ear at the slightly lower temperature osolitary jumps appear a e

ost corn lete7.55 K L ig.[F 4(b)] where the jumps are almos comp
a netiza-. A 7.0 K the first jump in the virgin mag

tion curve [Fig. 4(c)] occurs. No jump appears in a e-

shows up between 0 and —5.5 . t
umps occur in e v'th irgin curve and now there is a jump

between 5.5 and 0 T in a decreasing field and three jumps
d —5.5 T. The flux jumps are

less complete at lower than at higher temperatures.
f the A pendix the magnetization

in our model depends on four parameters w ic are i
H', the field of full penetration where H* = —Hp
+ H +JpHp 11 Jd (") H' the field of full penetration atp

h sam le reaches during ath maximum temperature t-e sampem
flux jump where H' (H,

H '=.—HO++Ho+ J()~Ho. d,J

nd J is the critical current density inin zero field at thatand p is e
H the phenomenologicalmaximum temperature, ui o, e

arameter in the expression for, q.r J E. (1)] an iv JQ
b'1' field [Eq. (14)] which depends onthe Bean-type insta i ity e

T T, and the specific heat C, .
~ ~

7 CP

h the calculated magnetizationFigures 5(a)—5(e) s ow e c
o sinFis.o s which correspond to the measured loops in igs.loops which correspon

the ma netization M are
f' . Because the temperature range ogiven in the Appendix. Because

o T =92K, and(2.5 —7.5 K) is small compared to T,=,aninterest
'

earl with temper-d H* decrease approximately linear y
H* ( '=5. 5 T,ature, the same values for H' and J poH"=1 T were used for all five calculated loops in

Figs. 5 a —5 e. or
chosen. The parameter which changes m p's most ra idly with
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temperature and most strongly affects the shape of the
magnetization loop is H o[.Eq. (14)]. The values of H o in
Figs. 5(a}—5(e) were chosen to fit the experimental data.
It is of importance to mention here that the loop in Fig.
5(b) (solitary jumps) and the loop in Fig. 5(c} cannot be
produced using a critical-state model with a field-
independent critical current density J, (Bean critical
state). This becomes clear if one constructs the
magnetic-field profiles which, in the case of a field-
independent J„consist of straight lines. In this case it is
easy to realize that, if there is no jump in the virgin mag-
netization up to the maximum field H no jump is possi-
ble when the field is swept from H to the largest nega-
tive field —~H ~. In addition, the simple Bean critical
state model, even in the presence of Aux jumps, predicts
that the magnetization exhibits the symmetry M(H)
= —M( H}. A—model with a monotonically decreasing

J,(H) like ours, does not possess such a symmetry in the
presence of jumps (Fig. 5) in agreement with the experi-
mental data (Fig. 4}.

When the field is applied parallel to the c axis, the field
of full penetration H is determined by the critical
current density, J,', 6owing in the crystallographic ab-
plane of the material and

H'= Ho—++Ho+ JoHoax n,
where Jo =J; (H =0) and a„ is the width of our cubelike
sample. Because of the square cross section of the sam-

ple, the magnetization M,„b, at saturation is smaller than
the magnetization M,i,b, of a slab of thickness 1=a„.
When the magnetization reaches saturation (i.e., H, & H*
for the virgin magnetization, H, &H —2H' in the
upper branch or H, & —~H ~+2H' in the lower branch

4
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t l I I
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FIG. 5. Calculated magnetization M as a function of the applied field H, . (a)—(e) correspond to the measured magnetization
shown in Figs. 4(a)-4(e). The value of the parameter psH o is shown. The other parameters are p~ =5.5 T, p~ =1 T, and
COHO 4 T.
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of the loop), M,„b,=2M„,b/3 in the Bean model approxi-
mation.

The main eSects of H* on the magnetization loop are
(i) the larger H' the less rapidly the magnetization in-
creases (decreases) when the applied field is decreased
from H (increased from —~H

~ ), and (ii) the larger H'
the larger the saturation magnetization becomes. The
main e8'ect of H0 on the loop is that it produces maxima
in ~M ~

at H, = Ho—/2 in the upper and at H, =Ho/2 in
the lower branch of the magnetization. The maxima be-
come more pronounced with decreasing H0.

The expressions for the magnetization M given in the
Appendix scale with H and thus one can predict the
range of the reduced parameters H o/H' and Ho/H' for
which at fixed H /H (i) no jump, (ii) solitary jumps,
and (iii) one or several virgin jumps occur. Jumps in the
virgin magnetization curve appear for H ~ H' if
H&; +H . In contrast, if H &H*, a jump in the virgin
magnetization can only be observed if HI, ~ H* and no
jurnp will show up in the field range H* ~ H, ~ H . Fig-
ure 6 shows different regions in the H o/H' versus
Ho/H diagram for H /H*= l. The parameter range
where solitary Aux jumps occur is small compared to the
range where jumps in the virgin magnetization curve (and
in the magnetization loop) appear. The temperature
range (H,o range} over which solitary jumps exist de-
creases with increasing Ho/H and vanishes in the limit
Ho/H' —+ oo (Bean critical state).

Figures 7(a)—7(d} show the measured magnetization
loops at temperatures between 1.75 and 3.9 K, where now
the external field is applied perpendicular to the crystallo-
graphic c axis of the melt-textured Y-Ba-Cu-0 sample.
Magnetization loops at temperatures higher than 3.9 K
were also measured but did not show any Aux jumps.
Solitary jumps were found in the vicinity of 3.5 K [Fig.
7(b)]. At 3.0 K [Fig. 7(c)] a single flux jump appears in
the virgin magnetization and no jump is to be seen in a
decreasing field between 5.5 and 0 T while two jumps ap-

0 2 4

Applied Magnetic Field ~H, [Tesla]

0.8 l-

f

0.4—

0
0

—0.4
C4

& -08
-2 0

Applied Magnetic Field poH, [Teslaj

0.8—
V

pear between 0 and —5.5 T. At the lowest temperature
of 1.75 K two Aux jumps are seen in the virgin magneti-
zation. A single jump now also appears in a decreasing
positive field and several jumps occur in an increasing
negative field between 0 and —5.5 T. The Aux jumps in
Fig. 7 are less complete than in Fig. 5 and in contrast to
Fig. 5 the loops now show M (H) = —M ( H—) symmetry.

The calculated magnetization loops which correspond
to Figs. 7(a)—7(d) are shown in Figs. 8(a)—8(d). Good fits
to the experimental data were obtained with @OH*=2.2
T, poH'=1. 14 T, p,oH0=8 T, and the values for p,oH, O

2.5

2.0

-x- ].5

Hn, /H. " = 1

PY)

c0

—0.4
t
bG

0.8—

—4 —2 0 2

Applied Magnetic Field ~H,, lTesla]

10—

05— Virgin Jump(s)

0.4—

0
0

—0.4
bQ

I

0.25
I

0.75 1.0
—4 —2 0 2 4

Applied Magnetic Field ~Ha [Tesla]

FIG. 6. Diagram of H~o/H* versus Ho/H* for H /H =1
with regions where no jumps, solitary jumps, and jumps in the
virgin magnetization occur.

FIG. 7. Measured magnetization M as a function of the ap-

plied field H, for the melt-textured Y-Ba-Cu-0 sample at tem-

peratures between 1.75 and 3.9 K. The magnetic field was ap-
plied perpendicular to the c axis.
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shown in Figs. 8(b) —8(d). The essential difference be-
tween Figs. 8 and 5 is that now the value of H' is smaller
by about a factor of 2 because of the smaller critical
current density J,' in c direction compared to J,'" along
the ab plane. Another essentia& difference is that now the
virgin instability (jump) field, Hf;t, is not limited by H
but instead by H'. Closely related to this is the nonex-
istence of further flux jumps in the upper branch of the

magnetization loop below —2.5 T in Fig. 8(c) (flat re-

gion), due to the fact that the critical current density
weakens in a strong field causing the penetrating flux
fronts to meet in the center of the sample before a jump
instability can occur. This is also the reason for the
M(H)= —M( —H) symmetry in Figs. 7 and 8 where the
penetrating flux fronts completely wipe out any memory
of previous flux jumps in contrast to the asymmetric
loops in Figs. 4 and 5.

When the field is applied perpendicular to the c axis of
the cubelike sample, two different expressions for H' are
involved (see Fig. 9). Because J; »J; the magnetic-
field distribution in a cubelike sample resembles that of a
slab if one neglects the short portions where the current
flows along the ab plane as indicated in Fig. 9. The mag-
netic behavior of such a cubelike sample is very similar to
that of a slab, i.e., M„b, -—M»,b, where the field of full
penetration is

H' = Ho+ Q—Ho+ JoHoa„ l2

with Jo =J,'(H=0).
Figure 10 shows the virgin magnetization curves for

the applied field perpendicular to the crystallographic c
axis for the melt-textured Y-Ba-Cu-0 sample at different
temperatures. With increasing temperature the first vir-
gin instability field, Hf, „increases as expected from Eq.
(13) because C, (T) increases with temperature. Above
3.05 K the virgin flux jurnp suddenly disappears indicat-
ing that at this temperature Hf; )H' and no jump insta-
bility can develop at higher temperatures.

From the different H' values, which were used in the
calculations to reproduce the measured magnetization
loops in Figs. 4 and 7 for the two different orientations of
the sample, one can roughly estimate the anisotropy of
the current densities, J,' and J,'. One finds that in zero
field J; /J,'= 2.6. Using the Bean-model saturation

0
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FIG. 8. Calculated magnetization M as a function of the ap-
plied field H, . (a)-(d) correspond to the measured magnetiza-
tion shown in Figs. 7(a)—7(d). The value of the parameter y~;0
is shown. The other parameters are @~*=2.2 T, p~j =1.14
T, and p,oHO =8 T.

FIG. 9. Top view of the magnetic field distribution inside the
sample where the field is applied perpendicular to the x-z plane,
i.e., perpendicular to the crystallographic c axis. Because
J, ))J;, the field distribution is mainly due to the current J,
flowing in c direction.
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FIG. 11. Measured and calculated first virgin instability field

Hf;& as a function of temperature. The calculated instability
field Hf;& decreases with decreasing Ho.

FIG. 10. Virgin magnetization versus applied magnetic field
at different temperatures. The virgin jump disappears above
3.05 K.

magnetizations M,„b,=J; a„ /6 for H, ~~c and M,„b,
=M,«b

=J,'a„/4 for H, lc, one finds from Figs. 5(a) and
7(a) the ratio J;"/J;=5.5.

The values for H~o, which determine the jumps in Figs.
5(b)-5(e) and Figs. 8(b) —8(d), were chosen to fit the ex-
perimental data. If one uses instead Eq. (14) to calculate
H c (which is Hf; in the limit of Ho~ ~ ) and compares
the result with the experimentally found first jurnp field,
Hf';1, of the virgin magnetization, one finds a large
discrepancy between both as illustrated in Fig. 11. Here,
H~o is much smaller than Hf;&. The discrepancy remains
if the first virgin instability field Hf;& is calculated using
Eq. (13) with poHO =4 T and H, =0. A finite Ho reduces

Hf, , though for poH0=4 T the effect is negligible below
10 K. The deflection in the calculated curve at about 26
K is due to the different sets of parameters used to fit the
experimental C„(T) data of Y-Ba-Cu-0 below and above
26 K. Expressions for C„(T) were taken from Ref. 18
where

C„(1—26 K), Jcm

2.6868 X 10 T + 1.0135X 10 T

+2.5338X10 T +7.1712X10 T

and

C„(26—100 K), Jcm

2.0228 X 10 T —7.8163X 10 T

The discrepancy between experiment and calculation in
Fig. 11 is believed to be due to the dependence of Hf, on

the sweep rate of the applied field H, which has been dis-
cussed recently by Gerber, Taranawski, and Fanse. A
sweep rate dependence has not been considered in the
derivation of Eq. (14) for Hf;.

For our low sweep rate of 1.2 T/min one can expect
that a larger applied magnetic field is needed for the ini-
tialization of a jump to compensate for the flow of heat
into the surrounding helium gas of the magnetometer. If
one wants to check the predictions of Eqs. (13) and (14)
for the first virgin instability field the sample should be
better isolated thermally and the jump should be initiated
by a small magnetic field superimposed on the applied
field causing a sudden small change hH, .

V. CONCLUSIONS

The magnetization loops of a cubelike melt-textured
Y-Ba-Cu-0 sample were measured using a SQUID mag-
netometer in the applied magnetic-field range between
—5.5 and 5.5 T. For a field applied parallel to the crys-
tallographic c axis of the sample, flux jumps were ob-
served at temperatures below 7.6 K. For an applied field
perpendicular to the c axis the appearance of jumps was
suppressed by the small size of the sample and the weak
current along the c axis, and flux jumps only started to
appear at temperatures below 3.5 K. The shape of the
magnetization loop with its flux jumps could be calculat-
ed in detail as a function of temperature emp1oying a crit-
ical state model which takes into account the flux jurnp
instability criterion. In order to understand the oc-
currence of solitary flux jumps and the asymmetry be-
tween upper and lower magnetization branches, a field-
dependent critical density is required in the critical-state
model. The assumption that the critical-state field
profile, formed during the jump, is frozen-in after the
completion of a jump, leads to an excellent description of
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the magnetization loops which contain partial jumps.
The commonly used expression for the instability field
failed to predict the first virgin instability field because
the heat exchange between sample and coolant is neglect-
ed. The ratio J,' /J,' could be estimated from the
different K' values and from the saturation of the mag-
netization.
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APPENDIX

CK)iM= —H0
2

{[(Ho+H4) 2J0Hoa»] i
0 0

This appendix deals with magnetization loops which
contain solitary Aux jumps, i.e., no jurnp in the virgin
magnetization and only one jump in the upper and one in
the lower branch of the magnetization loop.

(a) For an increasing positive applied field H„where
0&H, (H, the virgin magnetization M for a slab of
thickness d is given by

(Ho+H, ) Ho
(see Fig. 12)

0 0
(A3)

with

J0Hod=(H ) +2HpH*, (A4)

where H' is the field of full penetration. (A fiux jump in
the virgin magnetization cannot be observed if the insta-
bility field Hf; of Eq. (13) where

—(Ho+H, ) ] H, , —

where a;., i = 1,2, . . .; j= 1,2, . . . is defined as

x; /d if x; /d( —,
'

otherwise .

(A 1)

(A2)

H = Ho+[(Ho+H ) 2JoHoa„]

is greater than the maximum applied field H or greater
than the field of full penetration H'. }

(b) For a decreasing positive applied field H, where

M= —2H0 + {[(Ho+H, ) +2J0Hoai2] i —(Ho+H, ) ]
0 0

{[(Hp+H ) —2J0Hoa„] —[(Ho+H ) —2J0Hoa, 2] ] H, , —
0 0

(A5)

where

and

(Ho+H~ ) —(Ho+H, )
(see Fig. 13)

0 0
(A6)

(A7)

It follows from Eqs. (13) and (19) that if no jump exists in
the virgin magnetization, no jump can occur when the
applied field is decreased from K to 0.

(c) For an increasing negative applied field H„where
Hf i

(H, (0 (Hf, i is the first instability field):

M = Ho —2Ho + {[(Ho —H. )'—2JoHoai3]'" —(Ho H. )']
0 0

+ {[(Hp +2JpHp(a, 4
—ai3 } Hp ]

0 0

{[(Ho+Hm )' 2J0Hoaii]'" [(Ho—+Hm }'—2JpH—oai4]'"] —Ha
0 0

(A8)
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FIG. 13. Magnetic-field profiles H(x) in a semi-infinite slab
for a decreasing positive and an increasing negative applied field

H, .

FIG. 14. Magnetic-field profiles H(x) in a semi-infinite slab
for an increasing negative applied field H, . A flux jump occurs
at H, =H&;&.

where H, =Hii Q(H—p H, )
——2JpHpaii . (A12)

and

(Hii H, } ——Hii
(see Fig. 13)

0 0
(A9)

&i4 2H0H +H x (3+ (see Fig. 13) . (A10)
0 0

H. = Ho+ +H—o+2JoHo(a, 4 a„)—
if x&/id & —,

' and otherwise by Eq. (13) where

(Al 1)

The instability field H&;i, is given by solving Eq. (19)
where

During a flux jump the temperature inside the sample in-
creases and reaches a maximum temperature T* which is
assumed to be approximately independent of the position
x inside the sample. The critical current density at T* is
denoted by J0 where J0 & J0. During the jump the
magnetic-field distribution H (x } changes to a profile ac-
cording to J0 which is frozen-in when the sample tern-

perature drops back to the bath temperature T. For our
experimental magnetization loops with solitary jumps,
one finds that a,i) a» (see Fig. 14) and thus the case
(x ]3

~ a
& &

will not be considered here.
(d) For an increasing negative applied field H„where

—IH I~H. (Hgii..

M=2Hii + [[(Ho H, ) —2JpH—pai5] —(Hii —H, ) ]
0 0

+ [ [(Hp H&, )
—2Joq—Hoais] [(Ho H& i ) 2JoqHoais] ] Ha

3J0~H08

where

(A13)

X)5

d
and

(H H) —(H —H)—
2Hiid(Jo) Jp)

(A14)

x,i (Hp Hg;, ) Hp- —
(see Fig. 14) . (A15)

2Jo,H0

Here Jp Hpd=(H*) +2HoH" where H 'is the field of fu. ll penetration during the jump process when the maximum
temperature T* has been reached.

(e) For a decreasing negative applied field H„where —~H ~
5 H, (0 we have the following.

(1) If x,6 (x i~ (see Fig. 15) then

M =2H0 [[(Ho H } +2JoHoai6] ~ (Ho H ) ]
3J0H()d

where

+ I [(Hp H) —2JpHpa„] —~ —[(Hp H) —2JoHoa, 6]i~~]—
0 0

+ [ [(Hp Hy i ) 2Jp&Hpaii ] [(Hp Hy i ) 2Jpl Hpa»] ] H, —
3J0.H0d

(A16)

ai~=ai~l~ =~ (see»g. 15) (A17)
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FIG. 15. Magnetic-field profiles H(x) in a semi-infinite slab
for a decreasing negative applied field, H, .

FIG. 16. Magnetic-field profiles H(x) in a semi-infinite slab

for an increasing positive applied field H, .

and

+16

d

(Hp —H ) —(Hii —H, )
(see Fig. 15) .

0 0
(A18)

(2) If xi6 )Xi& (see Fig. 15) then

M =2Hp I [(Hp H ) +2JpHpa, 7]
—(Hp H )

d 3JoHod

+ [ [(Hii —Hf, , ) —2J, .Hiia, 3] —[(Hii Hj;, ) ——2IpjHpa, 7]
~

] H, , —
Oj 0

where

(A19)

x i7 (Hii Hf; i ) —(H—ii H, )—
d 2Hiid(Jpj+Jp)

(see Fig. 15) . (A20}

(f} For an increasing positive applied field H„where 0&H, ~Hf, 2 (Hf, 2 is the second instability field) we have the
following.

(1) Ifx,s
& X is (see Fig. 16) then

M = 4Hii +2—H0
2 [[(Ho+H ) 2IoHoaiio] ~ (Ho+H )

0 0

[ [Ho+ ~OHO(a is allo) 1 Ho ]
2 2

0 0

+ [ [(Hp H ) 2JpHpa, 5] [(Hp H ) 2IpHpa„]
0 0

2
d [ [(Hp Hf i) 2JpjHpai3] [(Hp Hf i) 2Jp&Hpai5] ] H

pj 0
(A21)

where

xiip (Kp+H ) Hp
(see Fig. 16)

0 0

and

(A22)

(Hp H ) Hp+2J0Kpx iiii
(see Fig. 16) .

0 0

(A23)

H, i, iH

Hf12 11

X13~
Tj X11P

~ ~ g

H, =Ho —+H02+2I0H0( is
— iio} (A24)

[In a, io and x»0 the subscripts are i =1 and j=10 ac-
cording to the definition of a;j. in Eq. (A2}.) The fiux
jump at H, =Hf;z is determined by Eq. (19}where FICx. 17. Magnetic-field profiles, H(x) in a semi-infinite slab

for an increasing positive applied field H, . A Aux jump occurs
at H, =Hf;2.



1306 K.-H. MULLER AND C. ANDRIKIDIS 49

if x»o/d (1/2 and otherwise by Eq. (13) where

H = Ho+ tr/(Ho+H ) 2JoHoaito .

(2) If x
&&

&x &5 then

(A25)

+110
M = —4H +2H

G 6
[(Ho+H ) 2JoHoaiio] (Ho+Ha) I

0 0

[[Ho+2JoHo(ai9 —atio)] Ho I
0 0

2+ [ [(Hp Hf i ) 2JpjHpa, 3] [(Hp Hf &
) 2JpjHpai9] ] H,

0 0
(A26)

H, =Ho +Ho+2JoHo(ai9 a»o) (A28)

I

where

xi9 (Hp Hf , ) Hp+. 2JoHpx ihip
2

d 2Hpd(Jo +Jp)
(see Fig. 16) .

(A27)

The fiux jump at H, =Hf;2 is determined by Eq. (19)
where

if x&tp/d(1/2 and otherwise by Eq. (13) where H, is

given by Eq. (A25).
The different types of field profiles that might evolve

after a jump are shown in Fig. 17 (dotted curve and upper
dashed curve). Only the jump where x &tp & xt3 (see Fig.
17) was needed to describe the experimental data in Figs.
4(b) and 8(b), and therefore only this case is discussed
here.

(g) For an increasing positive applied field, H„where
Hf, 2+H, (H

+110M= —2H 1 [[(Hp+H ) 2JpHpa]&&] —(Hp+H, ) ]
3JOHOd

where

X 110

d

and

3Jo Hod I I:(Ho+Hf 2) 2JojHoatio] I:(Ho+Hf z) 2JojHoaiti]

(Hp +Hf, 2 ) Hp-
(see Fig. 17)

Oj 0

(A29)

(A30)

xtit (Hp+He) —(Hp+Hfi2)
(see Fig. 17) .

0 0 Oj

(A31)
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