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The magnetization of a melt-textured Y-Ba-Cu-O 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 ¢ 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 ¢
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, H ;, it is possible
for a disturbance cycle to become initiated that leads to a
macroscopic ingress of flux usually referred to as flux
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), flux
jumps have been observed* in large single crystals of
Y-Ba-Cu-O (Refs. 5 and 6), Ho-Ba-Cu-O (Ref. 7), and
Bi-Sr-Ca-Cu-O (Ref. 8) as well as in melt-textured
Y-Ba-Cu-O.°"'2 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,'> 18 which are the critical temperature T, and the
specific heat C,. Because of the high T, and large
specific heat C, of HTS, the instability field Hj; is much
larger than in conventional superconductors. The calcu-
lated instability field (under adiabatic conditions) reaches
a maximum value of about uoH ;=8 T at a temperature
of about 50 K for the Y-Ba-Cu-O superconductor and a
maximum value of puoH =14 T at about 90 K for the
TI-Ba-Cu-O 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.!*2°
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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 flux jumps for a melt-textured Y-Ba-Cu-O supercon-
ducting sample in fields up to 5.5 T. Magnetization loops
with solitary flux 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 sufficient
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, H ;, is shown to
cause dramatic changes in the magnetization loop.

II. EXPERIMENT

The Y-Ba-Cu-O sample was prepared by the conven-
tional solid-state reaction and melt-textured growth pro-
cess.?! Compared with the sintered Y-Ba-Cu-O 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, ¢,=1.7 mm, and a,=1.3 mm where the
crystallographic ¢ direction was along the z axis. The
base and one side of the sample were glued to a vertical
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 O 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 ¢ axis of the sample parallel and perpen-
dicular to the applied field.

III. THEORETICAL MODEL WITH FLUX JUMPS

A. Critical state

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

Ho(T)

JC(T,H)=J0(T)H—O(F)+—|'I:I‘|— ,

(1)
where H|, is a phenomenological parameter and J, the
critical current density at zero magnetic field. Both J,
and H depend on temperature 7.

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

dH |*J.[H(x)] in regions penetrated by the field

dx 0 otherwise ,

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=pu,H and can be used for determining
the magnetization as long as the magnetic fields involved
are much greater than the lower critical field, H,,.2>%*
Because the magnetic field used to investigate flux jumps
in magnetization loops of melt-textured Y-Ba-Cu-O are
several Tesla and thus much greater than H,,, which is in
the order of several hundred Gauss at T=0,% 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
(d— ) are

(i) H(x)=—Hy+V (Hy+H,)*+2J,H,x 3)

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

(i) H(x)=Hy—V (Hy—H,?—2J Hx

for 0<x<x, (4

H(x)=—H,+V H +2 Hy(x—%) forx<x, (5
where
(Hy—H,)»—H?3?
F=— (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 Egs.
(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 finite 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, Jojs s established, where
Joj <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 Jj; instead of J, is used in Egs.
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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.

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 AH, (AH, << H,) flux lines move into the
type-1I superconductor. Due to the ingress of flux lines,
the magnetic field increases by AH(x) (see Fig. 3) and the
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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 Hf,. (b) Magnetic-field profiles in a decreasing ap-
plied magnetic field with jumps at H7,", Hf,”, and Hf};.
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FIG. 3. Magnetic-field distribution H(x) in a semi-infinite
slab where the field has been increased after a jump from H; to
H,. The increase of the applied field by AH (x) raises the tem-
perature such that the shielded field drops by AH; (dotted
curve).

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

Q(x)=uo.lc(x)fonH(x')dx' . (7

Because in the HTS materials the electromagnetic
diffusivity D, is much greater than the thermal diffusivity
D, the short lasting fluctuation AH, causes a sudden rise
in temperature at x by AT. Under local adiabatic condi-
tions one obtains

AT(x)=Q(x)/C, , @®)

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

AJ.(x)= & AT(x) 9
cx—aT x) .

The reduction in J, weakens the shielding ability of the

superconductor by AH, (see Fig. 3), where

AH,=— f OAJc(x’)dx’ (Maxwell’s equation) (10)
0

and the magnetic-field configuration is unstable with
respect to a flux jump if AH, > AH,.
From Egs. (7)-(10) one obtains

*o aJc(x') :u'O‘Ic(x’
AH’——fo oT C,

) x
f ’OAH(x”)dx"dx’ .

(11

In the case that a flux jump occurs in the virgin magneti-

zation [Fig. 2(a)] one finds for AH(x'') using Eq. (4) and

replacing H(x) by —H(x) and H, by —H,
(Hy+H,)AH,

AH(x")= . (12)
T H v H, 2T Hox "7

Employing Eqgs. (11) and (12) and assuming that H(T)
does not vary much with T at the temperature of interest,
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one derives for the instability field, Hy, using the cri-
terion AH, =AH,

2 (lHﬁI—IHe|)(|HfiI+HO)
+(|H,|+Hy)(|H,|+H )IHEIH—e|
fi 0 e 0 H0+|Hfl|
2C,J,

" po(—dJ4/aT) =Hjo . (13

The above equation also defines the quantity H;,. 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 Hy; and H, are introduced in Eq. (13) to in-
clude the case where H; <0 and H, <0 [see Fig. 2(b)
where H, =H ;= Hf,z ]

In the limit H,— « (Bean-type J,), Eq. (13) becomes

172

2C,J
v/ o =Hj,, (14)

H . — —_—_—
| ug(—aJy/3T)

which is a commonly used expression?® to estimate the in-

stability field H ;.
Using the fact that in HTS materials Jy(T)
=Jo(0)(1—T/T,) one obtains
o=V 2u5 'C,(TN(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,=H;=Hf" | one derives from Eq. (3)

(Hy+H,)AH,
AH(x")= . (16)
[(HO+Ha )2+2J0H0x”]1/2

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

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

(Hy—H,)AH,
[(Ho—H,—2JoHx"1'?

AH(x")= for 0=x"=<x,

(17)
where X is given by Eq. (6), and from Eq. (5)

(H,—H,)AH,

AH(x")=
(2H3—(Hy—H, ) +2J Hyx"]'/?

for x <x" . (18)

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

1297
H,+|H,|
AH,+|Hp)) |(|H,|—Hylin———L—
HO
H,+|H,|
+(|He‘+H0)In—fI—+lHﬁ|—lHe|
0
2J,C
0 __—pg2z . (19)

T (=87, /3T)

The absolute values of Hy; and H, are introduced in Eq.
(19) to include the case where Hj; >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,, it
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 O 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 Egs. (3)-(5). The instability field Hj; can be
calculated using Egs. (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

M=2 [“Hxax—H, . (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 DISCUSSION

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-O 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
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the magnetization loop at 7.75 K shows no flux jumps,
solitary jumps appear at the slightly lower temperature of
7.55 K [Fig. 4(b)] where the jumps are almost complete
(M ~0). At 7.0 K the first jump in the virgin magnetiza-
tion curve [Fig. 4(c)] occurs. No jump appears in a de-
creasing field between 5.5 and O T and a single jump
shows up between 0 and —5.5 T. At 2.5 K [Fig. 4(e)] two
jumps occur in the virgin curve and now there is a jump
between 5.5 and O T in a decreasing field and three jumps
are present between 0 and —5.5 T. The flux jumps are
less complete at lower than at higher temperatures.

As one can see from the Appendix the magnetization
in our model depends on four parameters which are (i)
H*, the field of full penetration where H*=—H,
+\/H(2) +JoHod, (ii) H}, the field of full penetration at
the maximum temperature the sample reaches during a
flux jump where H' <H*,
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t=—Hy+V H}+JyHyd ,

and J; is the critical current density in zero field at that
maximum temperature, (iii) H,, the phenomenological
parameter in the expression for J, [Eq. (1)], and (iv) Hjg
the Bean-type instability field [Eq. (14)] which depends on
T, T., and the specific heat C,,.

Figures 5(a)-5(e) show the calculated magnetization
loops which correspond to the measured loops in Figs.
4(a)-4(e). Some formulas for the magnetization M are
given in the Appendix. Because the temperature range of
interest (2.5-7.5 K) is small compared to 7, =92 K, and
H* and HJ decrease approximately linearly with temper-
ature, the same values for H* and H} (u,H*=5.5 T,
poH =1 T) were used for all five calculated loops in
Figs. 5(a)-5(e). For H, a value of p,Hy=4 T was
chosen. The parameter which changes most rapidly with

T
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FIG. 4. Measured magnetization M as a function of the applied field H, for the melt-textured Y-Ba-Cu-O sample at temperatures
between 2.5 and 7.75 K. The magnetic field was applied parallel to the c axis.
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temperature and most strongly affects the shape of the
magnetization loop is Hj, [Eq. (14)]. The values of H;; 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 flux jumps, predicts
that the magnetization exhibits the symmetry M (H)
=—M(—H). A model with a monotonically decreasing

2+ -

Magnetization pg M [Tesla]
(=] [
T
|

1 1 1 ]
-6 4 2 0 2 4 6
Applied Magnetic Field uy Hy [Tesla]

©
S MoHjp=6T

T
\
» 1 I ! I

_6 4 ) 0 2 4 6

Applied Magnetic Field ng Hy [Tesla]

Magnetization gy M [Tesla]
(=}
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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%, flowing in the crystallographic ab-
plane of the material and

H*=—H,+V HX+J,Hya, /2 ,

where J,=J2(H =0) and a, is the width of our cubelike
sample. Because of the square cross section of the sam-
ple, the magnetization M. at saturation is smaller than
the magnetization M, of a slab of thickness d =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

Magnetization py, M [Tesla]
(=] [\
I

4 ] ] 1 1
-6 -4 =2 0 2 4 6

Applied Magnetic Field py Hy [Tesla]

= ¢4 @ T T T
é |J.()Hj0=4T
= 2L -
s A
=3
=
= 0
.2
5 2+ -
=
o0
s

4 1 1 I 1

-6 —~4 -2 0 2 4 6

Applied Magnetic Field py Hy [Tesla)

(e)

I T
u.o HJO =28T

NN

4 1 1

Magnetization g, M [Tesla]
G =
I
|

-6 —4 -2

0 2 4 6

Applied Magnetic Field puy Hy [Tesla]

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 toH o is shown. The other parameters are uoH*=5.5 T, u H *=1T, and

HoH,=4T.
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of the loop), M, =2My,, /3 in the Bean model approxi-
mation.

The main effects 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 effect of H,, on the loop is that it produces maxima
in |[M| at H,~—H,/2 in the upper and at H,~H,/2 in
the lower branch of the magnetization. The maxima be-
come more pronounced with decreasing H,.

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;,/H* and H,/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,. Incontrast, if H, >H", a jump in the virgin
magnetization can only be observed if H; <H"* and no
jump will show up in the field range H*<H,<H,,. Fig-
ure 6 shows different regions in the H;/H* versus
H,/H* diagram for H,,/JH*=1. The parameter range
where solitary flux jumps occur is small compared to the
range where jumps in the virgin magnetization curve (and
in the magnetization loop) appear. The temperature
range (Hj, range) over which solitary jumps exist de-
creases with increasing Hy/H* and vanishes in the limit
H,/H* — « (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 ¢ axis of the melt-textured Y-Ba-Cu-O sample.
Magnetization loops at temperatures higher than 3.9 K
were also measured but did not show any flux 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 O T while two jumps ap-

2.5 T T T
H./H* =1

2.0 No Jumps

Solitary Jumps

0.5 J

Virgin Jump(s)

| | Il
0 0.25 0.5 0.75 1.0

Ho/H*

FIG. 6. Diagram of H;o/H* versus Hy/H* for H, /H*=1
with regions where no jumps, solitary jumps, and jumps in the
virgin magnetization occur.
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pear between O and —5.5 T. At the lowest temperature
of 1.75 K two flux 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 flux 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 uH*=2.2
T, uoH}=1.14 T, poHy=8 T, and the values for poH o
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FIG. 7. Measured magnetization M as a function of the ap-
plied field H, for the melt-textured Y-Ba-Cu-O 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 ¢ direction compared to J2° along
the ab plane. Another essential difference is that now the
virgin instability (jump) field, H f',(l, 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
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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 poH
is shown. The other parameters are uoH*=2.2 T, uoH=1.14
T, and poH,=8T.

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 J2°>>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 . ~Mg,,, where the field of full
penetration is

H*=—H,+V H:+J,Hya,/2

with J,=J{(H =0).

Figure 10 shows the virgin magnetization curves for
the applied field perpendicular to the crystallographic ¢
axis for the melt-textured Y-Ba-Cu-O sample at different
temperatures. With increasing temperature the first vir-
gin instability field, H f’,{l, increases as expected from Eq.
(13) because C,(T) increases with temperature. Above
3.05 K the virgin flux jump suddenly disappears indicat-
ing that at this temperature H;; > 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, J2° and J¢. One finds that in zero
field J%/J¢~2.6. Using the Bean-model saturation

— ax -

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 ¢ axis. Because
J%>>J¢, the field distribution is mainly due to the current J¢
flowing in c direction.
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T T
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FIG. 10. Virgin magnetization versus applied magnetic field
at different temperatures. The virgin jump disappears above
3.05 K.

magnetizations M . =J%a, /6 for H,|c and Mg,
~Mg,,=J7a, /4 for H,lc, one finds from Figs. 5(a) and
7(a) the ratio J?/J¢~5.5.

The values for Hj,, 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
Hj, (which is Hy; in the limit of Hy— ) and compares
the result with the experimentally found first jump field,
H },’-1, of the virgin magnetization, one finds a large
discrepancy between both as illustrated in Fig. 11. Here,
Hjj is much smaller than H f',{,. The discrepancy remains
if the first virgin instability field H f',{, is calculated using
Eq. (13) with uoH,=4 T and H,=0. A finite H, reduces
H;, though for uoH,=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-O below and above
26 K. Expressions for C, (T) were taken from Ref. 18
where

C,(1-26 K), Jem ™3 :
2.6868 X107 % T724+1.0135X107* T
+2.5338X107% T3+7.1712%x107° T3
and
C,(26-100K), Jem 3 :
2.0228X107* T2—7.8163X107° T* .

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

8 [ T T
Hjo (LoHg = =)

(=)

1

Instability Field HY, [Tesla]
N

e H,lc

+ Hyllc T.
0 1 L :
0 25 50 75 100

Temperature T [K]

FIG. 11. Measured and calculated first virgin instability field
H /‘,71 as a function of temperature. The calculated instability
field H | decreases with decreasing H,,.

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 H;.

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 Egs. (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 AH,.”

V. CONCLUSIONS

The magnetization loops of a cubelike melt-textured
Y-Ba-Cu-O sample were measured using a SQUID mag-
netometer in the applied magnetic-field range between
—5.5and 5.5 T. For a field applied parallel to the crys-
tallographic ¢ axis of the sample, flux jumps were ob-
served at temperatures below 7.6 K. For an applied field
perpendicular to the ¢ axis the appearance of jumps was
suppressed by the small size of the sample and the weak
current along the ¢ 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 employing a crit-
ical state model which takes into account the flux jump
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 H* values and from the saturation of the mag-
netization.
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APPENDIX

This appendix deals with magnetization loops which
contain solitary flux jumps, i.e., no jump 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

1303

H

H L

X

X11

FIG. 12. Virgin magnetic-field profile H(x) in a semi-infinite
slab.

Here

x (Hy+H,)»—H?
%=——9“—° (see Fig. 12)

2 Hyd (A3)

with

JoHod =(H*?+2H,H* , (A4)
where H* is the field of full penetration. (A flux jump in
the virgin magnetization cannot be observed if the insta-
bility field H; of Eq. (13) where

He = ‘_H0+[(Ho +Ha )2—2J0H0a11 ]1/2
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

ay 2
M= —HOT————SJOHOd {([(Hy+H,)*—2J,Hya, "
—(Hy,+H,’}—H,, (Al
where a;, i=1,2,...;j=012,...is defined as
a;/d= 1 otherwise . (A2) 0<H <H.:
<H,<H,:
j
M=—2Hoﬁ‘—1+——2—{[(HO+H 420 Hya,,*—(Hy+ H, )}
d 3]0H0d a 0£+£0%12 0 a

2
3J,Hod

where

xy; (Ho+H,P?—(Hy+H,)?

- 4 oHod (see Fig. 13) (A6)
and
|
ag a 2
M=4H,—>—2H,— +——"—
0y o7y +3J0H0d{
2
+ 3J0H0d“ {[(H%+2JoHo(al4—‘113)3/2"H3}

2
3J,Hod

[(Hy+H,,*—2JHya,, *?—[(Hy+H,, ?—2JoHea,*} —H, ,

{([(Ho+H,, =2 Hoay >~ [(Hy+H,, —2oHoa1s '} —H, ,

(AS)

ay=aylpg,-n, - (A7)
It follows from Eqgs. (13) and (19) that if no jump exists in
the virgin magnetization, no jump can occur when the
applied field is decreased from H,, to 0.

(c) For an increasing negative applied field H,, where
Hy = H, =0 (Hg, is the first instability field):

[((Hy—H,?*—2JHya3*—(Hy,—H, )’}

(A8)
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X2
X4

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

where
xuy _ (Ho—H, )~ H (see Fig. 13) (A9
d  2J,Hod see Tlg. )
and
X 14 ZHOHm+Hr%: X13 .
—_—_——t— Fig. 13) . A10
4 4 Hod d (see Fig ) ( )

The instability field Hy;, is given by solving Eq. (19)
where

H,=—Hy+V H}+2J,Hyla,,—a,3) (A11)

if x3/d <1 and otherwise by Eq. (13) where
J

H
Hm ]
‘)Z“ il}
7 X
//
Xi5 _-—
H, T

FIG. 14. Magnetic-field profiles H(x) in a semi-infinite slab
for an increasing negative applied field H,. A flux jump occurs
at Ha :Hfil’

H,=H,—V/(Hy—H,?—2J Hya,, . (A12)

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 Jj; where Jy; <J,. During the jump the
magnetic-field distribution H (x) changes to a profile ac-
cording to J,; which is frozen-in when the sample tem-
perature drops back to the bath temperature 7. For our
experimental magnetization loops with solitary jumps,
one finds that &;;=>@,, (see Fig. 14) and thus the case
@3 =@,, will not be considered here.

(d) For an increasing negative applied field H,, where
—|H,|<H,<Hg::

M=2H0%i+~3j—oi{75[(Ho—Ha R—2J Hyays 2 —(Hy—H, )}
+W3Joj'2flod {({(Ho—H P —2Jo;Hoat 3 —[(Hy—Hp; )} —2J o Hoa 51} —H,, (A13)
where
%i= (H°—ZZ£[;)(2J;(fI;;H“ " (see Fig. 14) (A14)
and
%3*2 (HO;JIZ;Z;:—H% (see Fig. 14) . (A15)

Here JHod =(H} 2+2H,H ;' where H} is the field of full penetration during the jump process when the maximum

temperature T* has been reached.

(e) For a decreasing negative applied field H,, where —|H,, | < H, <0 we have the following.

(1) If x4 =X ,5 (see Fig. 15) then

a3 2
MZZHOT—W[[(HO_Ha)2+2‘,OH0a16]3/2_(H0_Ha)3}
0440
——._—.—2 o~
+ 3JyHyd {(H,—H,, )2_2J0H0a15]3/2—[(H0 —H, )2_N0H0a16]3/2}
2 Va7 —
MY (((Ho—H ) —=2Jo;Hoay3 2 — [(Ho— Hpy ' =20 o;Hoat s}/ —H, (A16)
0jHo
where
ais=aysly -y, (see Fig. 15) (A1)
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H } H
H, —
| X3 X
H, L] 7
//
_ X
_-
H, _L W
Hfi| —— z -
“H, — T Xie 7P
FIG. 15. Magnetic-field profiles H (x) in a semi-infinite slab FIG. 16. Magnetic-field profiles H(x) in a semi-infinite slab
for a decreasing negative applied field, H,. for an increasing positive applied field H,.
and
2 2
xs _(Hy—H,)—(Hy—H,) .
—= see Fig.15) . (A18)
d 47 Hod (see Fig

(2) If x4 > X5 (see Fig. 15) then

a3 2
M=2H07_ml[(Ho_H‘z )2+2"0H0a17]3/2_(H0_Ha )3}
2
NET ([(Ho—H P —2J ;Hotty3 P2~ [(Hy—Hpyy *—2J o;Hoay, P72} —H, (A19)
J
where
X117 _ (HO_Hfil)Z—(HO_Ha )2 .
d - 2H0d(-’oj +Jo) (See Flg. 15) . (Azo)

(f) For an increasing positive applied field H,, where 0=H, =H;, (Hp, is the second instability field) we have the
following.
(1) Ifxls 5215 (Sec Flg. 16) then

Q10 a3 2
=—4H,— +2HOT———3JOHOd{[(H0+H,,)2—N0H0a110]3/2—(H0+H,,)3}
2
—‘m[[Hé+N0H0(a18—a110)]3/2—H8}
2 ~
+ 3J,H,d {[(HO—Hm )2_2JOHO‘115]3/2"[(H0"Hm )Z_UoHoaxs]a/z}
2 ~ -
+ 3J,,Hyd [[(Ho—Hfil)Z_UOjH0a13]3/2"[(Ho“an)Z—ZJOjHoa15]3/2}—Ha ’ (A21)
j
where H, _u
X110 _ (Ho+H, —Hj} . Hei, —
P 2 Hod (see Fig. 16) (A22)
and
X188 (Hy—H,, )2_H<2)+2-70H0x110 .
i 4o Hyd (see Fig. 16) .
(A23) _
) He —————"
[In @y and x;;y the subscripts are i=1 and j=10 ac-

cording to the definition of @;; in Eq. (A2).] The flux
jump at H, =H ;, is determined by Eq. (19) where FIG. 17. Magnetic-field profiles, H (x) in a semi-infinite slab

5 for an increasing positive applied field H,. A flux jump occurs
H,=H,—V H3+2J Hyla;3—a,) (A24)  at H,=Hjy,.
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if x,9/d =1/2 and otherwise by Eq. (13) where

H,=—H,+V (Hy+H,)?*—2J,Hya,, - (A25)
(2) If x 13 > X5 then
a a 2
M= —4HO%+2HO§—W[[(HO+HG =2 Hyoty 10> —(Hy+H, )}
2
- 3J,H,d f[H(ZJ+2]oHo(al9—a110)]3/2“H(3)}
2 ~
+ 3J,H,d {[(Ho—H ) —2Jo;Hoa3 1> = [(Hy—Hpy P —2J o Hoaryo 1) —H, (A26)
f
where if x,,0/d £1/2 and otherwise by Eq. (13) where H, is
_ 2 g2 given by Eq. (A25).
Xi9 _ (Ho=Hyi = Ho+2JoHox 110 (see Fig. 16) . The different types of field profiles that might evolve
d 2Hyd (Jo;+Jp) after a jump are shown in Fig. 17 (dotted curve and upper

(A27)

The flux jump at H,=Hp;, is determined by Eq. (19)
where

H,=H,—V H}+2J,Hyla,—ay) (A28)

dashed curve). Only the jump where X ;o > X5 (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
H;<H,<H,:

M=-2H, aclilo _Tilod{[(Ho*‘Ha )’ —2JoHa,, *—(Hy+H,)*}
_3"—()1'2}1;;{[(Ho+Hfiz)2—2J0jH0auo]3/2_[(Ho+Hf12)2‘2J0jHoa111]3/2}—Ha , (A29)
where
’7‘1110 = Ho ;Zf;:;_H% (see Fig. 17) (A30)
and
i _ (HotH '~ (HotHpg)? Fig. 17) . (A31)

d 2H0(J0—Joj)
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