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Angle-dependent magnetic-relaxation studies in single-crystal YBazCu40s
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The relaxation behavior of the remanent magnetization vector M& in single-crystal YBazCu408 was
studied as a function of the orientation angle between the c axis and the external field by measuring the
time dependence of the components of M& parallel and perpendicular to the c axis. At low temperatures
(T/T, &0.55& a rotation of M& towards the c axis is observed for all orientation angles. For
T/T, )0.55 and the initial external field not parallel to the c axis Mz turns towards the ab plane both in
time and with temperature. It is suggested that the unusual relaxation behavior may be associated with
a dimensional crossover from 2D to 3D superconducting behavior.

I. INTRODUCTION

Soon after the discovery of the cuprate high-T, super-
conductors, considerable attention was directed to the
anisotropic properties of these materials. For uniaxial su-
perconductors, such as the layered cuprate systems, the
anisotropy is expressed by the parameter y, which, ac-
cording to the anisotropic Ginzburg-Landau (GL) theory,
is related to the eff'ective-mass ratio by y =(m,*/m,*b)'

where m,' and m,*b denote the effective masses in the c
direction and the ab plane, respectively. ' As a conse-
quence, the penetration depth A, and the coherence length

g are also anisotropic and the (lux lattice shows a more
complicated structure than for isotropic superconduc-
tors, which is still not completely understood (Refs. 2 —7).
The origin of this anisotropy in cuprate superconductors
is due to the layered structure of these materials. Al-
though the coherence length in the c direction g„ is, in
general, much larger than the spacing between adjacent
CuOz layers, for temperatures near T„ the value of g, at
low temperatures may, in certain cases, be less than the
distance between adjacent layers. As a result, at low
temperatures, superconductivity is restricted predom-
inantly to the two-dimensional (2D) Cu02 layers. Conse-
quently, the superconducting carrier density n, is modu-
lated along the c direction. In this case, the vortex struc-
ture is not well described by the three dimensional (3D)
anisotropic GL or London theory both of which assume
no spatial variation of n, along a vortex line and the su-
perconducting Cu02 planes are coupled by Josephson
junctions as described by the Lawrence-Doniach model
(LD). ' ' Although the vortex structure of a system con-
sisting of weakly coupled superconducting layers is still
controversial, the vortex dynamics in a LD-type super-
conductor is expected to be significantly different from
that of an anisotropic 3D GL-type superconductor. Be-
cause g, increases with temperatures, a dimensional
crossover from quasi-2D to 3D superconducting behavior
is expected to occur around a certain crossover tempera-
ture due to the increasing coupling strength between ad-

jacent layers. ' '" For example, experimental evidence of
a 2D —3D crossover has been observed in the temperature
dependence of H, 2 in superconducting multilayers. '

This crossover should also give rise to a distinct change
in the vortex dynamics. Note that the GL efFective-mass
anisotropy is only well defined for 3D anisotropic super-
conductors. For 2D superconductors a revised interpre-
tation of y and m, is required. As an example, for
Bi2Sr2CaCu20g magnetization and torque experiments
performed very close to T, (Refs. 13,14) cannot be ex-
plained within the framework of the 3D anisotropic GL
theory. A dimensional crossover from 2D to 3D
behavior in Bi2Sr2CaCu208 is expected to occur very
close to T„where thermal Auctuations prevent a direct
observation. On the other hand, the small anisotropy of
YBa2Cu30& s(y=5) makes a direct observation of a
2D —3D crossover very difficult' due to the broad tem-
perature regime where this crossover should take place.
As will be demonstrated here, the anisotropy of
YBa2Cu40s lies in a suitable range (y = 10) (Refs. 14,15)
to make an observation of a dimensional crossover possi-
ble (see Sec. IV).

In this paper magnetic-relaxation measurements on a
single crystal of YBa2Cu408 are presented as a function
of temperature and orientation angle 0 between the c axis
and the applied magnetic field. The possibility to mea-
sure the magnetization vector, using two independent su-
perconducting quantum interference device SQUID sen-
sors, provided information on the relaxation of the angle
between the remanent magnetization and the c direction,
in addition to common magnetic-relaxation studies of the
magnitude of the remanent magnetization. At present
the influence of twin boundaries, impurities, oxygen
deficiencies, granularity, and coupling between adjacent
Cu02 layers on the magnetic relaxation in cuprate high-

T, systems is unclear. For a deeper understanding of the
Aux-line dynamics in these systems, high-quality single-
crystal samples are required. From this point of view,
single crystal YBazCu4O8 is an ideal candidate for
magnetic-relaxation studies. Due to the double chain
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structure of this material, the crystallographic axes are
well defined over the entire sample, and no twin boun-
daries are present, which could affect the relaxation
behavior in an unpredictable way. In addition,
YBa2Cu408 is thermally stable, shows no oxygen
deficiency, and in a single crystal there are no intergranu-
lar weak links.

The organization of the paper is as follows. In Sec. II
we briefly describe the experimental details and discuss
the theoretical background of flux creep, insofar as that is
relevant to the analysis and interpretation of the present
experiments. The results of the angle dependent
magnetic-relaxation experiments in single crystal
YBa2Cu408 are presented in Sec. III. In the conclusion
given in Sec. IV, the experimental results are discussed in
the framework of current models of flux-line structure in
extreme type-II layered superconductors and in terms of
a possible dimensional crossover from 2D to 3D
behavior.

II. EXPERIMENTAL DETAILS

The high-quality YBazCu408 single crystal used in this
study was grown at the ETH Zurich, by a high-pressure
flux method described elsewhere. ' ' The platelike sam-
ple had an approximate size of 1 X 1 XO. 1 mm with the c
axis perpendicular to the plate and a mass of 0.57 mg.
Magnetization measurements in a low-magnetic field (1
mT) showed a sharp transition at 74.1 K (onset) with a
width of 3K (10—90)%. This value of T, is somewhat
lower than those usually found for polycrystalline materi-
al (T, =81 K).' The magnetic-relaxation measurements
were performed with a Quantum Design SQUID magne-
tometer. The apparatus is equipped with two indepen-
dent SQUID sensors, allowing a simultaneous measure-
ment of the longitudinal and transverse components of
the magnetization vector M with respect to the applied
magnetic field along the z axis (see Fig. 1). The signal-to-
noise ratio of the SQUID sensors was improved by an or-
der of magnitude by using an active magnetic-field corn-
pensation system that minimized disturbing effects from
surrounding stray fields. A sample holder made out of
quartz glass was developed, which allowed a precise
orientation of the single crystal in the external magnetic
field. The orientation angle 8 was measured optically us-

z~~eoH=O

MR
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gab plane

FICx. 1. Schematic representation of the sample geometry.
All quantities are defined in the text. The z axis represents the
direction of the external fields which was applied when the sam-
ple was cooled down.

ing a laser with an accuracy of +1. The relaxation
behavior of the remanent magnetization was investigated
as a function of the orientation angle 0 and temperature
T. For each experiment the crystal with fixed orientation
was cooled slowly ( =5 K/min) in an external field of 50
mT to the desired temperature. %'hen the temperature
was stable, the external field was switched off at time
t =0, and the behavior of the remanent magnetization
vector Mz was studied as a function of time.

For the data analysis we made use of the simplest flux-
creep models incorporating only one effective activation
energy. According to the classical Kim-Anderson mod-
el' of thermally activated flux creep, the decay of the
magnitude of the remanent magnetization M~ = ~Mii ~

is
logarithmic in time. A convenient way to define a decay
rate is in the form of the normalized relaxation rate S at
the observation time tb which is given by

Uo tb—ln
k, T (2)

Here Uo is a mean activation energy and
r=(10 —10 '

) s is a characteristic microscopic time of
the relaxation process, normally associated with the flux
bundle hopping. The term 1n(tb /~) is typically 20—34 for
an observation time tb =600 s. For Uo/k&T))ln(tb/r),
this expression reduces to the well-known Kim-Anderson
behavior with a linear increase of S with temperature

S=
Uo

(3)

Note that Eq. (2) is only valid when the related relaxation
process is logarithmic in time and the relaxation rate S is
an increasing function of temperature. In order to ex-
plain the commonly observed maximum or plateau in S
(see, for example, Ref. 21) more detailed relaxation mod-
els are required, such as models including a distribution
of pinning energies ' or glasslike decay models with a
nonlogarithmic time behavior. ' The maximum of S is
not only a characteristic feature of cuprate superconduc-
tors, but also of other short coherence length supercon-
ductors such as Chevrel phase systems or superconduct-
ing C6O compounds.

In strongly anisotropic layered superconductors the re-
laxation process is very complex due to the relaxation of
flux lines which for an arbitrary orientation of the exter-
nal magnetic field are, in general, not parallel to a crystal-
lographic axis and due to the temperature-dependent
coupling strength between adjacent layers. The structure
of an entangled flux-line lattice in either the GL or the
LD model has been the subject of several papers (e.g.,
Refs. 2-7). However, to our knowledge, no relaxation
theory of flux lines has been developed so far for these
models.

dM~S=-
M~ d ln(t)

According to the model of Hagen, Griessen, and Salo-
mons the relaxation rate S can be expressed as follows:
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A convenient way to describe the decay of the
remanent magnetization Mz in anisotropic superconduc-
tors is to write the magnetization as an imaginary quanti-
ty M~ defjned by

0.08—
o e=o
~ e=so
~ e=6~
~ e=88

o

1 o 00
0

M =M (t)e' '"
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4(t)=4prq, (t) .

(4)
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Here Mz(t) denotes the magnitude of the measured
remanent magnetization vector Mi, and %(t) is the angle
between the remanent magnetization and the crystallo-
graphic c axis (see Fig. 1). Mp and %p are the initial
values of M~(t) and 4(t), and rM(t) and r+(t) are the
corresponding relaxation functions, respectively. The re-
laxation of Mz is, therefore, described by a rotation of
M~ with respect to the c axis and a decay of the magni-
tude of Mz. For the present work it is convenient to
decompose the remanent magnetization vector M& into
components perpendicular (Mi, , ) and parallel (MR, b ) to
the Cuoz layers as shown schematically in Fig. 1. Using
the notations defined in Eq. (4) and Fig. 1, one obtains

M~, b =MRsin(%),

MR, =M+ cos(%'),

where both Mz and + are time dependent. According to
Eq. (1) the corresponding normalized relaxation rates S,
and S,b are then given by

dM~
S

M~ ~ dint f=gb

where a =c or ab. For a nonvanishing derivative
d 4/dint, it follows directly that S,b&S, . Therefore,
different relaxation rates in the ab plane and along the e
axis indicate a macroscopic rotation of the remanent
magnetization in addition to a decay of the magnitude of
Mz. The corresponding mean effective activation Uo
can be estimated from S using either Eqs. (2) or (3). To
avoid the difficulties in calculating Up from Eqs. (2) or

0.$2—
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I I I I
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60

(3) (due to the uncertainty of ~) we estimated values of an
effective activation energy only over the temperature
range where S increases. A rotation of Mz strongly
affects the estimated values for Up (a=c,ab); a rotation
toward the cz direction will increase Uo, whereas a rota-
tion away from the a direction will decrease Uo

III. EXPERIMENTAL RESULTS

Magnetic-relaxation experiments were performed as
described in Sec. II in the temperature range of 5 —60 K
and for four orientation angles I9=0, 50', 64', and 88'. In
Figs. 2 and 3 the corresponding normalized relaxation
rates S, and S,b of the remanent magnetization deter-
mined at tb =600 s are plotted as a function of ternpera-
ture, and the corresponding initial values of Mo and %0
[cf. Eq. (4)] are listed in Table I for the four orientation

FIG. 2. Normalized relaxation rates S, (top) and S,b (bot-
tom) as defined in Eq. (6) as a function of temperature and
orientation angles 0=0', 50', 65', and 88' for single-crystal
YBa&Cu408. For 0', no remanent magnetization was measured
parallel to the ab plane, and, therefore, S,b is not defined.

TABLE I. Initial values Mo and 4o as a function of temperature and orientation angles 0. For 0=0', Mo was for all temperatures
parallel to the c axis (4=0, not tabulated).

Angle
T

(K)

5
10
15
20
25
30
35
40
45
50
55
60

0=0'
Mo

(10 emu)

12.941
12.463
11.577
9.953
7.625
5.184
3.251
2.174
1.207
0.747

0.322

0=50'
Mo

(10 ' emu)

9.579
7.916
7.306
6.329
5.182
3.779
2.484
1.527
0.935
0.571
0.342
0.197

+p
(deg)

16.5
12.3
10.0
6.9
3.6
1.3
0.2
0.1

0.0
0.0
0.0
0.1

0=64'

o

(10 emu)

6.666
6.403
6.005
5.434
4.684
3.868
2.926
1.933
1.190
0.726
0.428
0.258

%o
(deg)

18.5
17.9
15.5
11.8
7.9
4.3
2.0
1.2
1.0
1.2
1.8
2.7

0=88
Mp

(10 emu)

2.175
1.579
0.962
0.597
0.389
0.274
0.210
0.163
0.133
0.101
0.093
0.082

0'p

(deg}

76.9
75.7
7.39

72.0
69.6
69.1

68.8
68.4
68.8
69.3
74.4
78.0
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angles of 0. For 0=0' no remanent magnetization in the
ab plane was detected (M~,b=0), indicating that the
remanent magnetization was perfectly aligned along the c
axis (Mz =M+, ). The relaxation rate S, (Fig. 2) shows a
broad maximum at T=40 K for all orientations, except
for 0=88, where the initial magnetic field was almost
parallel to the ab plane. As shown in Figs. 2 and 3, how-
ever, the relaxation behavior of the remanent magnetiza-
tion in the ab plane Mz, b was quite different. In the
low-temperature region ( T (40 K) S,b was larger than S,
for all orientation angles of 0. As an example, for 0=50
the relaxation rate S,b increases very rapidly with rising
temperature, reaching a value of about 0.6 at 30 K, which
is an order of magnitude larger than the corresponding
value for S, . For T) 35 K no remanent magnetization in
the ab plane Mz, b could be detected for 0=50', and thus
S,b is not defined. For 0=64' and 88', on the other hand,
S, approached S,b at about 40 K, and in the high-
temperature region (T)40 K) S, was even larger than
S,b.

The different temperature behavior of S, and S,b im-
plies that the corresponding activation energies Uo, and
Uo, b are also quite different. The positive curvature of
S, ( T) and S,b( T) at low temperatures observed in Figs. 2
and 3 suggests that the quantity Uolkz T in Eq. (2) is of
the same order of magnitude as In(t&/r). In order to ex-
tract estimates of the mean effective activation energies
Uo, and Uo, b from the relaxation data, we made use of
the simple relations (2) and (3). The results are summa-

I I I I I

0 20 40 60
temperature (K)

FICx. 3. Temperature dependence of the normalized relaxa-
tion rates S, and S,b for single-crystal YBa2Cu4O8 for orienta-
tion angles 9=50', 64 and 88'. For 0=50 and T) 35 K, no
remanent magnetization in the ab plane was detected and,
therefore, S,& is not defined.

rized in Table II. The values of Uo, range from 30—150
me V and are comparable to those reported for
YBa2Cu307 &. Somewhat smaller effective activation
energies were found for Uo, b =25 —60 meV. We further
note that Uo, increases with increasing orientation angle
0, whereas Uo, b decreases. For 0=88', however, a
change in the mean effective activation energy was ob-
served at T=40 K. This is evident from the temperature
dependence of the normalized relaxation rates S, and S,b
for 8= 88' (Fig. 2). S, shows a plateau in the temperature
region between 20—35 K and then increases almost
linearly above 40 K. A similar behavior of S,(T) was
previously reported for single-crystal Bi2SrzCaCu208
(Ref. 13) and TlzBa~CaCu20 (Ref. 26). For both materi-
als the normalized relaxation rate as a function of tem-
perature showed two pronounced peaks, which were as-
sociated with two distinct pinning barriers with different
energy scales. Analyzing our data as described in Ref.
26 [using Eq. (3)] one obtains rough estimates of the cor-
responding effective pinning energies: Uo, =30 meV for
T(25 K and Uo, =100 meV for 45 K (T (60 K (see
Table II).

The different behavior of the relaxation rates S,b and
S, (Figs. 2 and 3) as a function of temperature and orien-
tation angle may be interpreted in terms of a slow rota-
tion of the remanent magnetization Mz as a function of
time (see Sec. II). The time evolution of the angle 4 (an-
gle between Mz and the c axis, see Fig. 1) was derived
from Eqs. (4) and (5), assuming a logarithmic time depen-
dence of M~, and Mz, b, which, indeed, was observed.
In the framework of the extended Anderson model pro-
posed by Hagen and Griessen, ' one finds for small an-
gles,

M~,.bV(t)= ' =%'0 1—
M~,

k~T
ln 1+—

Uo, 7

TABLE II. Mean values of the effective activation energies
Uo, and Uo, b for various orientation angles 0 as obtained ei-
ther from Eqs. (2) or (3).

0 (deg)

0 (T &40 K)
50 (T&40 K)
64 (T &40 K)
88 (T &25 K)
88 (T)45 K)

Uo, (meV)

90
95

145
30

100

Uo, b (meV)

~ ~ ~

60
25
30

Equation

(7)

In Fig. 4 the time dependence of '0 is shown for 0=64'
and T=30 and 60 K, respectively. For T=30 K the an-
gle 4 decreases with time, indicating a slow rotation of
M~ toward the c axis, whereas for T=60 K, 4 increases
with time and Mz rotates away from the c direction. Ac-
cording to Eq. (7), the rotation angle 4 is expected to
vary logarithmically in time for

tlat))1.

This is clearly
demonstrated in Fig. 4. For both cases, the relaxation of
4 is in a first approximation logarithmic in time, al-
though at 60 K the scattering of the data points is quite
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64', and 88', on the other hand, Mz turns towards the ab
plane and + increases with temperature at t =600 s.

4 4—
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CJ
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3.8 „50
time (min)
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FIG. 4. Time dependence of the angle 4 between the c axis
and the remanent magnetization measured for 0=64 at 30 and
60 K, respectively. For T=30 K, a rotation of M& towards the
c axis was observed, whereas for T=60 K, M& turned away
from the c direction. In both cases a logarithmic time depen-
dence of 0 was observed.

90
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~ e=64
~ 6=88
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~—i—~ —4 —~ —~
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FIG. 5. Temperature dependence of the angle 4' between the
c axis and the remanent magnetization determined at t =600 s
for the 0= 50', 64', and 88'.

large due to the weak signals. Moreover, one has to dis-
tinguish between two cases: For Uo, ) Uo, b, 4(t) de-
creases and the remanent magnetization Mz turns to-
ward the c direction, whereas for Uo, (Uo,b, 4'(t) in-
creases and consequently Mz rotates away from the c
axis. Indeed, both cases were observed experimentally, as
evidenced in Fig. 4.

Figure 5 shows the temperature dependence of the ro-
tation angle 4 determined at t =600 s for the orientation
angles 0=50, 64, and 88'. At low temperatures, 4 first
decreases with increasing temperature for all orienta-
tions, exhibiting a broad minimum around 40 K and then
increases with increasing temperature. This behavior is
observed for all three orientation angles, even for 0=50',
where %(t) is practically zero above 40 K. Finally, we
note that for T) 40 K, the remanent magnetization Mz
remains parallel to the c axis only for 0=0 . For 0=50',

IV. CONCLUSIONS

The results described above cannot be explained in
terms of a classical Aux-creep model. In the cuprates, the
vortex structure and dynamics are very complex. Several
models have been proposed in order to describe the vor-
tex structure in these systems. For example, anistropic
London and Ginzburg-Landau (GL) models, ' includ-
ing a phenomenological anisotropic effective-mass tensor,
and Lawrence-Doniach-type (LD) models. ' ' When the
external magnetic field is parallel to the c axis both
classes of models predict essentially the same overall vor-
tex structure. However, for an arbitrary field orientation,
the intrinsic structure of a vortex core looks quite
different for the two types of models. In the GL case, a
vortex line is a 3D object, whereas in the LD models, 3D
vortex lines are formed by stacks of coupled 2D vortices
(pancake vortices) confined to the layers. So far, no flux-
creep theories (either for the GL or LD model) have been
developed describing the vortex dynamics in strongly lay-
ered superconductors for an arbitrary orientation angle
of the external magnetic field.

In the following we discuss the relaxation experiments
presented in Sec. III. When the external magnetic field is
switched off, the superconductor relaxes to the thermo-
dynamic equilibrium state which can be reached via
difFerent decay channels: (i) decay of the remanent mag-
netization Mi, at a fixed angle, (ii) first, a rotation of M~
with constant magnitude of Mz, then decay of Mz, and
(iii) rotation and decay of Ms combined. Over which de-

cay channel the relaxation of Mz occurs depends on the
relative height of the pinning barriers. The present data
suggest that the relaxation behavior of Mz, b and M~,
are strongly correlated. The rotation of Mz is a manifes-
tation of a microscopic rotation of individual flux lines or
bundles of Aux lines toward the c direction ( T (40 K) or
ab plane (T) 50 K), respectively. This interpretation is
supported by the fact that for T &40 K and increasing
orientation angle 0, the effective activation energy in the
c direction, Uo, increases, whereas in the ab plane a de-
crease of the activation energy Uo, b is observed (Table
II).

The most striking result of this investigation is the
unexpected temperature and time behavior of the angle
+. It is evident from Figs. 4 and 5 that there are two dis-
tinct temperature regions, where the behavior of 4 is
quite different. Below 40 K, 0 decreased with increasing
temperature and time (rotation of M~ toward the c direc-
tion). Above 40 K, on the other hand, + increased with
increasing temperature and time (rotation of Mz toward
the ab plane). Similar relaxation experiments were previ-
ously performed in single-crystal Bi2Sr2CaCu208 by
Tuominen et al. ' In contrast to our results, they found
that over the entire temperature range, Mz always aligns
with the c direction, even for large 0=90, which leads us
to conclude that there is a significant difference in the
vortex structure and dynamics of YBa2Cu408 and
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Bi&Sr@CaCuz07.
A common feature of all cuprate superconductors is

their short coherence length g„which, at low tempera-
tures may even become smaller than the spacing d be-
tween the superconducting CuO2 layers. When g, is
sufficiently smaller than d the system has essentially
quasi-2D character. With rising temperature g, in-
creases, and for g, (T„)=d/&2 a crossover from 2D to
3D behavior should occur at the crossover temperature
T„,which is given by the relation, '

CO

C

where y denotes the anisotropy parameter, and g,b(0) is
the in-plane coherence length. For YBazCu40s g, b

-—4
nm, d=1.06 nm (Ref. 14), y =10 (Refs. 14,15)], Eq. (g)
predicts a crossover for T„=45 —55 K. To our
knowledge no evidence for such a crossover from relaxa-
tion experiments has been given so far. It is suggested
that the unusual temperature and time behavior of +
(Figs. 4 and 5) is associated with a dimensional crossover
from 2D to 3D. In the low-temperature region Mz re-
laxes toward the c direction for all orientation angles.
This behavior was previously observed in single-crystal
Bi2SrzCaCuzo3 (Ref. 13) and may be interpreted in the
framework of a simplified pancake model, as suggested in
Ref. 13. For arbitrary angles, the pancake vortices in ad-
jacent layers form Aux lines parallel to the external field,

which align parallel to the c axis when the field is turned
off through a thermally activated process indicated in the
present experiments. Above 40 K the system behaves
more like a 3D anisotropic superconductor, and Mz
turns toward the ab plane (Fig. 5). This is most pro-
nounced for high orientation angles. As mentioned in
Sec. III, the relaxation rate S, for 0=88' exhibits an
unusual temperature behavior (Fig. 3), which may be as-
sociated with two different effective pinning barriers
(Table II). In the context of the proposed 2D to 3D tran-
sition, we note that above 40 K, where the system has 3D
character, S, ( T) increases very fast and almost in a linear
way, while S,b(T) is decreasing. This clearly reflects the
observed rotation of M~ away from the c direction. We
therefore conclude, that, in contrast to the quasi-2D case
for large orientation angles the flux lines tend to line up
parallel to the ab plane after the external magnetic field
has been removed. In summary, the experimental results
and the simple arguments given above are consistent with
a possible crossover from 2D to 3D behavior in
YBa2Cu&08.
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