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Temperature dependence of the magnetization of a Bi,Sr,CaCu,0s, 5 single crystal close to T,
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The magnetization M (T, H) of a Bi,Sr,CaCu,0yq 5 single crystal has been measured above and below
the superconducting transition temperature in externally applied magnetic fields H up to 50 kOe for
H|lc. We find that M(T,H) is independent of H at a particular temperature T* for external fields

exceeding 10 Oe, and exhibits a two-dimensional

(2D) scaling behavior as a function of

[T —T.(H)]/(HT)". The parameters £,,(0)~21.4 A and £,(0)~0.4 A are estimated from fitting the
experimental data to a full Lawrence-Doniach model calculation of the fluctuation-induced magnetic
susceptibility. From the same analysis, we obtain dH,,/dT = —14 kOe/K in the range 5 kOe < H <50

kOe.

The magnetic properties of conventional type-II super-
conductors near the transition temperature T, are well
described by Abrikosov’s solution! of the mixed state in
high fields H close to H,,, where H is an externally ap-
plied magnetic field and H,, is the upper critical field. In
this description, M (T,H) varies linearly with
[H.,(T)—H]. The upper critical field H,, can therefore
be evaluated by extrapolating M (T,H) from the super-
conducting state to the crossing point with the normal-
state M (T,H) curve. This procedure to evaluate H ,(T)
has been shown to be inadequate for high-T, cuprate su-
perconductors.? The failure must mainly be traced back
to strong fluctuations of the superconducting order pa-
rameter, which, for cuprate superconductors, occur
within a sizable temperature range around the supercon-
ducting transition temperature T, and it may at least be
questioned whether a distinct phase transition fixes
H_,(T). These fluctuations have been claimed to be re-
sponsible for the particular temperature dependence of
the electrical resistivity p(T) above T, of these supercon-
ductors,® but more recently they are also believed to
cause a crossing behavior of the reversible magnetiza-
tion* ® at a particular temperature T*, a few degrees
below the zero-field superconducting transition tempera-
ture T,.(0). In rather high fields, i.e., of magnitude com-
parable to H,,, M(T,H) has been found to obey certain
scaling features’ ° in the reversible regime of su-
perconducting YBa,Cu;0,, (La;_,Sr,),CuO, ,and
Bi,Sr,Ca,Cu;0,,,.

In this paper, we report on measurements of M (T, H)
of a Bi,Sr,CaCu,0y, 5 single crystal in external fields be-
tween 1.5 Oe and 50 kOe and H|c. We find that all
M (T,H) curves for H=10 Oe cross at one point in the
[H,T] plane. This implies that a field independence of
the magnetization M* at T* is observed down to very
low fields. We confirm the previously reported scaling
behavior for some cuprate superconductors in high fields
also for Bi,Sr,CaCu,04,5. In addition, the analysis of
our experimental data allows one to evaluate the charac-
teristic parameters &,(0) and §.(0), the zero-
temperature coherence lengths parallel and perpendicular
to the basal plane, respectively.

For our experiments, we used a Bi,Sr,CaCu,0q 5 sin-
gle crystal of mass m =2.65 mg; the dimensions in the a
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and b directions were ~3X3.5 mm>. The crystal was

grown from the melt in a temperature gradient. The
zero-field cooling magnetization M (T, H) was measured
with a commercial superconducting quantum interfer-
ence device (SQUID) magnetometer. The temperature T’
was varied between 60 and 110 K, and external fields H
parallel to the crystallographic ¢ axis between 0 and 50
kOe were available. All M (T, H) data have been correct-
ed for background and demagnetization effects as de-
scribed below. After these corrections, a critical temper-
ature 7,,=90.7 K was deduced from monitoring the
magnetization in an externally applied dc field of H =1.5
QOe. Cooling the sample in a field of 1.5 Oe gave 87% of
perfect flux expulsion, confirming the high quality of the
sample.

In Fig. 1 we show the temperature dependence of the
magnetization for different values of external magnetic
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FIG. 1. Temperature and magnetic-field dependence of the
magnetization of single-crystalline Bi,Sr,CaCu,05.5. The
crossing point T*=86.4 K is indicated. The inset emphasizes
the temperature dependence of the magnetization in low fields.
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fields. Quite prominent is the increasing rounding of the
transition with increasing H. The inset presents the
dependence of M versus T in fields of less than 400 Oe.
This figure reveals the most interesting experimental re-
sult of this paper, namely, that all magnetization curves
M (T, H) pass through one point (M*,T*) for H > 10 Oe.
The crossing temperature T* is 86.4 K, corresponding to
a magnetization M*= —0.33 Oe. In comparison with
previous publications,*® we emphasize that the crossing
behavior of M (T,H) not only occurs in high fields close
to H,,(T), but also in rather low fields, except for fields of
less than 10 Oe, as will be mentioned below. Depending
on the value of the external field, M (T,H) follows the
same trace in a restricted temperature range. This im-
plies that the field independence of the magnetization is
first valid over a varying temperature range which de-
pends on H. The minimum external field for M to reach
M*(T*,H) is found to be 10 Oe. As the applied magnet-
ic field exceeds 400 Oe, the crossing of the M(T,H)
curves at only one point M*(T*,H) sets in; i.e., above
T*, [M(T,H)| increases with increasing H, and the oppo-
site is observed below T*. The latter behavior is ob-
served in conventional type-II superconductors in the
mixed state.

As pointed out above, many of the physical properties
of high-T, cuprate superconductors are considerably
influenced by strong fluctuation effects. Welp et al.®
claimed a fluctuation-related high-field scaling behavior
of thermodynamic and transport quantities of supercon-
ducting YBa,Cu;0, single crystals near T, if plotted
versus the variable [T — T,(H)]/(TH)¥?, where T,(H) is
the mean-field transition temperature in the magnetic
field H. Theoretically, such a scaling behavior is predict-
ed by considering a fluctuation region around T, growing
with H according to a field-dependent Ginzburg cri-
terion.’ If the considered field values exceed the limit
H'(T), where

H'(T)=H(T1)/3+(V8/3VH (T)H,0)T/T,, (1)

with 0 as the Ginzburg fluctuation parameter,’ it may be
assumed that only the lowest Landau level (LLL) is occu-
pied by the quasiparticles, which greatly simplifies the
analysis. In this LLL approximation, the exponent of the
scaling variable [T —T,.(H)]/(TH)" varies with the di-
mension D of the system in zero field. Values of » =1 or
1 for two-dimensional (2D) or three-dimensional (3D)
systems, respectively, have been established.>®

In more recent work,>%? it was claimed that the rever-
sible magnetization of both (La,_,Sr,),CuO, and
Bi,Sr,Ca,Cu;0,, reveal crossing M (T,H) curves and, in
addition, a scaling behavior as a function of
[T—T.(H)]/(TH)'/2. Particularly, the latter compound
is known to be considerably anisotropic, and thus it may
be anticipated that » =1. An alternative attempt to con-
sider the influence of fluctuations in calculations of physi-
cal properties of particularly anisotropic cuprate super-
conductors is due to Bulaevskii, Ledvij, and Kogan.* In
their approach, the quasi-2D character of these supercon-
ductors was taken into account by regarding them as a
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stack of Josephson-coupled layers according to the model
of Lawrence and Doniach'® (LD) and by considering the
entropy contribution of spatially fluctuating vortices.
For high fields H > H ., where

%o Ay /Eap(T)
n———,
7A;  4V/In[A; /£ (D]

a crossing point of M (H) at M*(T*,H) is predicted.
The parameter A;=vs is the Josephson length, y is the
anisotropy parameter, ¢, is the superconducting flux
quantum, and s is the layer separation. The resulting
equation for M (T, H) fits the experimental data quite well
for T <T*, but the agreement between calculation and
experiment is much less satisfactory for T > T*.* In view
of these experiments and the claimed difference in scaling
behavior between YBa,Cu;0, and Bi,Sr,Ca,Cu;0,, it
seemed of interest to check these ideas on
Bi,Sr,CaCu,04 5, a superconductor of known extreme
anisotropy.

In attempts to verify by experiment the above-
mentioned concepts to explain a crossing point or a par-
ticular scaling behavior, various difficulties have to be
kept in mind. First of all, the geometrical configuration
of the experiment requires that the raw data for M (T, H)
be carefully corrected for demagnetization effects. Tests
for the scaling conjectures in particular require a reliable
evaluation of T,(H) from experiment, which in turn also
necessitates a reliable subtraction of background contri-
butions to M in the normal state. Below we discuss the
analysis procedure used in this work.

It has previously been found that fluctuation-induced
diamagnetism appears at temperatures below ~27,.!! In
our experiments, the magnetization above 150 K is tem-
perature independent. Therefore we evaluated the
normal-state background from data between 150 and 180
K and subtracted a corresponding constant value for
each field H. For the demagnetization corrections, we
used the demagnetization factor N of the crystal, deter-
mined independently by measuring, after zero-field cool-
ing, the susceptibility x,, at T =6 K in external fields H
between O and 60 Oe. The magnetization M varies per-
fectly linearly with H, implying that y,, =M /H is con-
stant and the sample is completely magnetically screened.
The deviation of x,, from —1/4m is thus ascribed to
demagnetization effects, and the demagnetization factor
N is calculated from N =(1/4mwy,, )—1. We obtained
N =0.965, and this value is used for correcting all the
measured X, data according to 1/x.=(1/x,,)—47N.

For the evaluation of T,(H), we compare our data Y.
for the fluctuation-induced contribution to the magnetic
susceptibility }; in the normal state, with theoretical pre-
dictions available in the literature. The problem was first
investigated theoretically by Schmid'? and subsequently
was treated for a lower-dimensional system by Lawrence
and Doniach.!® The latter model has been used in previ-
ous work,>'*!* where the 2D limit for y, due to
superconducting-fluctuation diamagnetism in low fields
parallel to c,

H (T)= 2)

nwkpE2, (O)T  T,(H)
3gss T—T.H)’

XalT)=— (3)
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was employed for this type of analysis. Here n is the
effective number of independently fluctuating CuO, lay-
ers per unit cell and kp is Boltzmann’s constant. It is,
however, not clear whether this approximation is valid
close to T, and therefore we have chosen to use the more
complete solution of the Lawrence-Doniach model for H
perpendicular to the layer planes (H||c), given in Ref. 15,
2
W T)=— wkggabz(O)T
665
T.(H)/[T—T,(H)]

X s
V EO)T,(H) /[T —T,(H)]+(s/2n)?

4)
where, in comparison with the original solution, s now
denotes the distance between pairs of CuO layers in
Bi,Sr,CaCu,04,5 (Refs. 11 and 16) and n=2. The
temperature dependence of the coherence length
in the ¢ direction, £.(T), is assumed as
EAT=EO)T./(T—T.)]"% In the case of
£ (T)<<s/2n, x4(T) in Eq. (4) approaches the two-
dimensional limit as given in Eq. (3). If, however,
EA(T)>>s/2n, Eq. 4) is a good approximation for a
three-dimensional system,'? as expected for T approach-
ing T,.'° We take s =15.4 A for Bi,Sr,CaCu,0O4 5. The
LD low-field regime requires H << H,,(0).® According to
a previous estimate for our crystal, H,,(0)=~900 kOe,!’
and therefore we selected the fit region as 7.(0) < T <110
K and H <50 kOe. First, we fitted our data to y4(T) for
each field value using Eq. (4) and a starting value
£,5(0)=19 A."7 The resulting fitting parameters &,(0)
and T.(H) are subsequently used to establish an im-
proved value for £,,(0). Repeating this procedure itera-
tively results in a self-consistent set of parameters. Al-
though &,,(0) and £,.(0) vary slightly with H, we found
that the fit quality is not significantly worse if we keep
these parameters constant. The quoted values
£,,(0)~(21.4£0.5) A and £,(0)=(0.4%0.04) A are ob-
tained for H =1000 Oe. Figure 2 displays a y4(T) fitting
curve for H =50 Oe using Eq. (4). The variation of the fit
parameter T,(H) is shown in Fig. 3. The inset in
Fig. 3 gives the H dependence of T.(H) in external
fields less than 1000 Oe. Here H_,(0)=~720 kOe is
given by H_,(0)=¢,/2mE%,(0) and is consistent with
H,(0)>>H oy

As may be seen in Fig. 3, fitting our experimental data
with Eq. (4) results in a somewhat unexpected field
dependence of T, in low fields, where this approximation
should be particularly valid. The slope —dH,,/dT,
which is constant for external fields exceeding 5 kOe (see
Fig. 3), decreases progressively as T increases, and T.(H)
extrapolates to the same value 7.(0)=90.7 K as is ob-
tained from the onset of diamagnetism by measuring the
magnetization in an external field of 1.5 Oe. This
behavior is clearly revealed by the inset of Fig. 3. Similar
phenomena have been observed in YBa,Cu;O, and
Ba,_,K,BiO; superconductors,’®” % where T,(H) has
been evaluated from measurements of thermal conduc-
tivity, magnetization, or resistivity, respectively. If we
attempt to fit our data M /M * by using Eq. (13) of Ref. 5,
where the slope (dH.,/dT )TCO is the only fitting parame-

BRIEF REPORTS 49

0 L)
S04
<
= g
B4
| =
D
i
-2x10-4 |- =
Fitting by eq. (4)
« Experimental data with H=50 Oe
_3x10-4 N L . L L
310 88 90 92 94 96 98 100 102

T(K)
FIG. 2. Temperature dependence of Y.s for H =50 Oe close
to T, (solid circles). The solid line is a fit to the experimental
data using Eq. (4).

ter, this latter quantity again turns out to be temperature
dependent for T close to T,y This, of course, is not con-
sistent with Ginzburg-Landau theory where H,,(T) is ex-
pected to vanish linearly with (T —Tq).

Our observations and their analysis demonstrate that it
is difficult to unambiguously evaluate the mean-field tran-
sition temperatures 7,(H) for cuprate superconductors,
particularly in cases where the superconducting parame-
ters are extremely anisotropic, as in our material. We are
led to conclude that the T,(H) values extracted from fits
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FIG. 3. Temperature dependence of the upper critical field
for H||c deduced from T,(H) by fitting Y. to X5 as expressed in
Eq. (4) (solid circles). The solid line is a linear approximation
for H>5 kOe. The inset emphasizes the apparent dependence
of H.,(T) at temperatures very close to 7,.(0).
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to our curves obtained in fields of less than 5 kOe can
merely be regarded as fit parameters to describe the
fluctuation-induced magnetic response by using Eq. (4).
It is even doubtful whether the T.(H) curve for H>5
kOe is more than representing some sort of a crossover
field. Nevertheless, it may be noted that evaluating
H,(0) by using the conventional equation
ch(O)=—0.693TC(dH02/dT)TC (Ref. 21) and inserting

the constant slope dH,,/dT =~ —14 kOe/K from Fig. 3
results in a value H_(0)=860 kOe, not significantly
different from the estimate quoted above.

All this said, it is again not obvious that the T .(H)
values obtained in this way are meaningful quantities to
test the previously demonstrated scaling behavior of
M(T,H) now also for Bi,Sr,CaCu,04 5. It is also not
clear whether in our case, as has been claimed in previous
work, a single scaling variable is sufficient to cover the
whole temperature range of interest. In general, it may
be expected that a 2D behavior for temperatures well
within the normal state will turn into 3D behavior for
temperatures close to T,(H). Since in our case T,(H)
crosses T* with increasing field, such behavior cannot a
priori be ruled out. It seems therefore rather surprising
that the attempt to scale our data for H = H'(T) with a
single variable is quite successful even for T < T,(H) if
2D behavior (n =) is assumed, and it appears to work
quite well also for small fields (see Fig. 4). A similar at-
tempt assuming n =2 is obviously much less convincing
(see inset of Fig. 4).

As mentioned above, the crossing of magnetization
curves at a particular point M*(T*, H) in arbitrary field
exceeding a lower limit [see Egs. (1) and (2)] may be
justified with calculations based on the LLL approxima-
tion,” taking into account thermal motions of the vor-
tices.* Our experiments clearly reveal the existence of this
crossing point to extend to very low fields, where that
type of calculations is obviously no longer valid. In other
words, the onset of occupancy of higher Landau levels
has no obvious consequences.

From the present investigation, we conclude that the
magnetic response of superconducting Bi,Sr,CaCu,04. 5
is characterized by a special feature, namely, a field-
independent magnetization M* at a particular tempera-
ture T* for external fields exceeding 10 Oe. It seems re-
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FIG. 4. M/(HT)? vs [T—T.(H)]/(HT)'? for

H(T)ZH'(T)~H_(T)/3 [see Eq. (1)]. The inset is a plot of
M /(HT)*? vs [T —T.(H)]/(HT)*" in the same field region.

markable that this field independence of M *, which pre-
viously was found in high fields, persists to such low field
values, at least in Bi,Sr,CaCu,Oq 5.

The temperature dependence of the magnetic suscepti-
bility, in varying external magnetic fields, corrected for
background and demagnetization effects and hence
representing the contribution due to superconducting
fluctuations, is very well described by a full calculation
based on the Lawrence-Doniach model.

Although not a priori expected to be applicable, a scal-
ing ansatz involving a single scaling variable describes the
experimental M (T,H) remarkably well, again in a
surprisingly wide range of external magnetic fields.
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