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We report magnetization measurements on single crystals in the system YBa2Cu3 „Fe 07—y,
with Fe concentration x up to 0.24. The relation between the superconducting properties and twin
boundaries is discussed. Our results indicate that a model of higher-T, regions in the twin boun-
daries seems incorrect. An anti-Meissner eff'ect and crossover in the low-temperature inductive J,
measurements are observed, which indicate a possible pinning mechanism due to twin boundaries.
A positive curvature to the H, l-versus-temperature data suggests a strong temperature dependence
of the Ginzburg-Landau parameters. No single pinning mechanism is dominant over the entire
temperature and magnetic-field range in these oxide superconductors.

INTRODUCTION

Since the discovery of high-T, superconductors, ' a
number of studies have concentrated on the mechanism
of the superconductivity. In YBa2Cu307 y and related
systems, one of the most surprising results is the ability to
substitute yttrium by other trivalent rare-earth elements
with little effect on T, . Specifically, superconductivity is
not strongly affected by the large localized magnetic mo-
ments at the rare-earth sites. ' Understanding of this in-
sensitivity to the localized magnetic moments is based on
the argument that the electrons responsible for the super-
conductivity are predominantly in the Cu0 planes.
Hence, the exchange coupling between the conduction
electrons and the rare-earth ions is weak. Secondly, su-
perconductivity is sensitive to oxygen content in high-T,
superconductors, which is believed to be strongly related
to the valence state of Cu at Cu(1) sites (chain sites). '

In other words, the superconductivity of oxide supercon-
ductors is more sensitive to changes in the CuO plane,
such as the concentration of free carriers or the appear-
ance of magnetic moments. Therefore, substantial effects
are anticipated when Cu is replaced by various transition
elements, such as Fe and Co, and Al, ' which make this
substitution.

According to results on polycrystalline
YBa2Cu3 M„O7 (M=Fe, Ni, Zn, Co, and Al, etc.)

samples published by many research groups, ' the intro-
duction of these dopants causes the degradation of super-
conductivity. T, decreases almost linearly with increas-
ing x and the transition width increases slightly with in-
creasing x. ' However, there is an interesting feature in
these transition-metal substitution systems; namely,
high-resolution transmission-electron imaging indicates
that the twin boundary separation decreases as the im-
purity composition increases. "' The formation of twins
in YBa2Cu3 „O7 y is associated with the structural
phase transformation in order to lower the elastic energy
of internal stress. A minor replacement of Cu by Fe
(x =0.06) in YBa2Cu307 results in a reduced twin

boundary separation from 200 to 20 nm. Simultaneously,
the twin boundary thickness doubles from 1 to 2 nm.
Furthermore, the twinning planes disappear for x )0. 1,
because of the structural transformation from the ortho-
rhombic phase to the tetragonal phase. ' These observa-
tions can be explained consistently if the substitution of
Fe occurs primarily on the Cu chain sites.

To our knowledge, the effect of twin boundaries on the
physical properties of oxide superconductors is not yet
completely clear. Definitive experimental work on single
crystals is critical since a number of valuable theoretical
models regarding twin boundaries are under discussion.
Fang et al. proposed the possibility of higher T, in twin
boundaries than in the matrix. ' Chaudhari and Kes also
suggested that twin boundaries can act as strong pinning
centers for vortex lines. ' In order to have a better un-
derstanding the role of twin boundaries in high-T, super-
conductors and to test these theoretic models, direct mea-
surements on transition element substituted
YBa2Cu307 single crystals are presented. In this
study, we emphasize the magnetization measurement on
YBa2Cu3 ~ Fe~07 y single crystals.

EXPERIMENTAL DETAILS

The high-quality single crystals used in our experi-
ments were grown by a modified self-Aux technique. ' '
Measurements were performed on a piece of
YBa2Cu3 „Fe~07 y single crystal with typical dimen-
sions of 0.8 mm X0.6 mm X0.4 mm. The iron component
x varies from 0 to 0.24. Energy-dispersive x-ray (EDX)
analysis was used to confirm that the substitute Fe was
dissolved into the YBa2Cu307 y phase and to quantita-
tively identify the iron compositions.

The low-field dc magnetization was measured using a
commercial superconducting quantum interference de-
vice (SQUID) magnetometer' between 6 and 120 K. A
small single crystal with the typical mass of 0.1 mg was
fixed in place by GE 7031 varnish inside a capsule. In or-
der to have the Aux lines parallel to twin boundaries, the
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specimen was prepared so that the applied magnetic field
was perpendicular to the Cu-0 plane. The gluing step is
required to maintain proper orientation of the crystal
with respect to the applied field. We obtained the shield-
ing data by cooling the sample in zero field and then ap-
plying a low magnetic field of 5 Oe, followed by warming
the specimen to the normal state. The perfect diamagne-
tism and extremely sharp transition indicate the sample
quality is reliable. In our further discussion, we assume
the variation of oxygen contents is very small in all of the
single crystals. The degree of pinning can be determined
from the zero-field-cooled (ZFC) Meissner effect and then
verified by the remnant moment via the trapped Aux
effect. When the applied field is turned off, the shielding
current disappears and only the trapped fIux remains. If
the Aux lines are intrinsically pinned, the difference be-
tween the remnant moment and Meissner moment should
be equal to the shielding moment, i.e.,

MzFC M rem MFC

The inductive critical current density J, is obtained
through the hysteresis-loop measurement with magnetic
fields between —5 and 5 Tesla. For the magnetic field
aligned along the c axis, J, is derived by using the Beam
critical-state formula

J, =20(M+ —M )/[b (1 b/3a)] .—

Here, a is the larger dimension and b is the smaller di-
mension of the single-crystal plane. M+ and M are the
magnetizations for increasing and decreasing fields, re-
spectively.

The lower critical field is determined by using a least-
squares method to fit the magnetization data in the re-
gion around zero field to the expression

M = H, /[4~(1 —D) ]—,
where M is the volume magnetization, H, is the external
applied field, and D is the demagnetization factor. The
magnetic field at which the magnetization starts to devi-
ate from the fitting is defined the lower critical field H„.

EXPERIMENTAL RESULTS AND DISCUSSION

Our results show that the superconductivity is strongly
dependent on the iron composition. The transition tem-
perature drops approximately 40 K as x increases from
zero to 0.24 and the 10—90%%uo inductive transition width
broadens as the iron concentration increases (see Table I).
Figure 1 displays the shielding effect in different iron
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FIG. 1. Shield effect in YBa2Cu3 Fe 07—y single crystal.

composition single crystals with the magnetic field per-
pendicular to the Cu-0 plane. The demagnetization fac-
tor (D) is strongly dependent on the shape of the sample
and the relative orientation between the sample and the
magnetic field. In our case, the values of D ranges from
0.84 to 0.90 for various kinds of shapes with the field ap-
plied perpendicular to the Cu-O plane. With the correc-
tion of the demagnetization factor, we found nearly per-
fect diamagnetism ()95%) in all of our iron-doped
YBa2Cu307 y single crystals. There is a small diamag-
netization near the onset temperature of superconductivi-
ty which extends over about 10 K, in particular, for
high-iron-composition specimens. We are not sure at the
current stage of research that this phenomenon is an in-
trinsic property of iron-doped YBazCu307 y or that it is
due to the inhomogeneities.

The most interesting result in our magnetic response is
the anti-Meissner effect found in some selected low-iron-
composition samples. In the field-cooled (FC) situation,
the single crystal is cooled from the normal state to the
superconducting state under the same applied field (5 Oe).
As shown in Fig. 2, the Meissner effect is 25%%ua of the
shielding signal in the pure YBazCu307 y specimen.
With the field off at low temperatures, the remnant mo-
ment is equal to the difference between the shielding
effect and the Meissner effect data. This result indicates
that the pinning centers are inside the single crystal and
superconductivity is a bulk property in our specimen.
When the same situation is applied in the low-iron-
composition samples, x =0.06 (Fig. 3) and 0.12, we obtain

TABLE I. Inductive transition temperature and width of YBa&Cu3 „Fe„07—y single crystal. Also
shown are the demagnetization factor (D) of each specimen for the field aligned along the c axis.

0
0.06
0.12
0.24

T, (onset)

92.7
87.2
86.1

70.0

T, (50%)

91.2
82. 1

76.0
48.3

T, (10%)

92.2
84. 1

82.8
57.7

T, (90%%uo)

89.6
75.7
68.2
35.5

dT.

2.6
8.4

14.6
22.2

0.86
0.87
0.84
0.90
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FIG. 2. Magnetic response in YBa2Cu307 —y single crystal.
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a negative Meissner to shielding ratio and an almost
100% remnant eff'ect. This observation is reproducible
and completely beyond our prior experience. In Table II,
we list the ratios of the Meissner effect and the remnant
effect to the shielding effect in different iron-doped
YBa2Cu 307 single crystals. The anti-Meissner
phenomenon, which is reproducible and field dependent,
is correlated with the density of twin boundaries in our
selected samples used in this report. Nevertheless, this
phenomenon cannot be directly attributed to the twin
boundaries. In investigations with various shapes of
YBa2Cu3 Fe 07 single crystals, we found that the anti-
Meissner effect does not occur in all low-iron-
composition samples. Similar effects were also reported
by other research groups in the Bi-Sr-Ca-Cu-0 system'
and La2Cu04-related systems which do not have any
twinning. Therefore, this anti-Meissner effect must be re-
lated to some other effects, for example, the shape of the
sample, various pinning mechanisms, vortex pair Auctua-
tions, ' or magnetic relaxation. At this stage, we cannot
confirm the actual mechanism responsible for this
phenomenon. Clearly, additional experimental research
is required in order to determine the origins of the anti-
Meissner effect.

The critical current density basically decreases with in-
creasing iron composition. As shown in Fig. 4, J, gradu-
ally drops from 1.5X10 to 1.8X10 A/cm with in-
creasing x for T= 10 K. The strong suppression of J, in
iron-doped YBa2Cu307 y systems occur for T &10 K.
With the superconducting properties strongly dependent
on the carrier concentration and the presence of local
magnetic moments in the CuO plane. This suppression
of J, is understandable. However, a crossover occurs at
H=2 Tesla for T=5 K. In Fig. 5, one observes that J, in
the x=0.06 sample is about 20% less than for the pure
YBa2Cu307 y

in low magnetic fields, but the reduced
field dependence of J, in low-iron-composition crystals
yields higher J, values than in pure YBa2Cu307 y in this
high-magnetic-field range. In the low-temperature range,
the uncertainty in the J, measurement due to Aux creep is
small. With a conservative estimate, this experimental
uncertainty is less than 5%.

We find that the lower critical field also has a strong
dependence on iron composition. H, &

is corrected with
the demagnetization factor drop from 2.86 to 0.5 kOe as
x increases to 0.24 at T=5 K. The temperature depen-
dence of H„ in YBa2Cu3 „Fe O7 y single crystals is il-
lustrated in Fig. 6. Unlike conventional superconductors,
we find that the temperature dependence of H, &

has a
positive curvature over the entire temperature range.
These upward curvatures were found by many research
groups in direct critical-field measurements. ' ' Our
data of H„ for x=0 and the field along the c axis are
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FIG. 3. Magnetic response in YBa2Cu& 94FeQ O607 —y single
crystal.

FIG. 4. Field dependence of critical current density in
YBa2Cu3 Fe„07—y single crystal at T=10 K.
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FIG. 6. Temperature dependence of lower critical field in
YBa&Cu3 Fe 07—

y single crystal.

quite consistent with the values published by Krusin-
Elbaum et a/. for the temperature range higher than 35
K. In the low-temperature region, our data show a much
stronger temperature dependence in comparison with the
BCS prediction. In addition, a straight application of the
Ginzburg-Landau relation, which is valid at all tempera-
tures in the dirty limit, can be used; namely,

H, 2=(2~ /1n~)H„,

where ~ is the ratio of the penetration depth to the coher-
ence length. However, this argument ignores any tem-
perature dependence for ~ and ignores paramagnetic lim-
iting arising from the spins of the conduction electrons.
The twin boundaries might also limit the spatial extent of
the vortices; therefore, the upper critical field of the
Ginzburg-Landau expression has to be modified by
H, &~go/(g s), where $0 is the Aux quantum, s is the
spacing between the twin planes, and g is the supercon-
ducting coherence length. Through either relation, the
upper critical field has the similar curvature in the H, 2

versus T graph as found in H„(T). The coherence length
derived from the upper critical fields is expected to be
strongly temperature dependent, even for the tempera-
ture much less than the critical temperature. In Kes and
van den Bergs' paper, they point out that crystal de-
fects which include twin boundaries give rise to local in-
homogeneities which then couple to the normal vortex
cores. That core interaction is the major mechanism of
Aux pinning in YBa2Cu307 y and related systems. More-
over, the most effective pinning occurs when the defect
size is the same order as the coherence length. Due to
the increasing twin thickness and strong temperature
dependence of the coherence length in the low-iron-
composition specimens, the crossover observed in the
low-temperature J, measurement is believed to be caused
by the match of the twin thickness and coherence length.

The other possible pinning centers in a
YBa2Cu3 „Fe 07 y single crystal include impurity
phases, dislocation, growth-flux inclusions, or oxygen-
vacancy clusters. From our limited measurements, we

cannot tell which defect is dominant in various tempera-
ture and field ranges. However, twin boundaries seem to
play an important role in the pinning process, at least in
the low-temperature range, in the low-iron-composition
YBa2Cu3 Fe„07 systems. This conclusion may not
be valid for the pure YBa2Cu307 y system because the
thickness of the twin boundary does not match the coher-
ence length. Liu et ah. measured the magnetic crystal
current density before and after detwinning. In the
case of the applied magnetic field parallel to the c axis,
their results suggest that twin boundaries are not the pri-
mary pinning centers responsible for high J, at 6 K in the
pure YBazCu307 single crystal. The various types of
macroscopic defects must play different role of pinning
centers in different temperature and field ranges. Clearly
the pinning mechanism is more complicated in high-T,
super conductors because of the strong temperature
dependence of Ginzburg-Landau parameters.

CONCLUSION

In conclusion, we have studied the magnetic properties
of iron-doped YBa2Cu307 single crystals. The super-
conducting properties, such as transition temperature,
transition width, lower critical field, and critical current
density, are suppressed as the iron composition increases.
The suggestion of stimulated superconductivity in twin
boundaries seems incorrect. The field-dependent anti-
Meissner effect observed might indicate some dynamic
Aux pinning. The crossover of the critical current density
at low temperature occurs in low-iron-composition sam-
ples, suggesting that Aux lines can be pinned effectively
by twin boundaries. Due to the characteristics of short
coherence length in oxide superconductors, the supercon-
ducting behavior shows great sensitivity to crystal disor-
ders. The defect size relative to the coherence length is a
very important factor in determining the pinning mecha-
nism. From our critical-field measurements, the positive
curvature of H, &

versus temperature indicates the



43 EFFECTS OF Cu SUBSTITUTION BY Fe ON THE MAGNETIC. . . 12 993

Ginzburg-Landau parameters, such as coherence length
and penetration depth, are strongly temperature depen-
dent in the low-temperature region. Therefore, we con-
clude that no single mechanism can dominate the Aux-
pinning effect in the whole superconducting range.

ACKNOWLEDGMENTS

This research was supported by the U.S. Department
of Energy and Lawrence Livermore National Laboratory
under Contract No. W7405-ENG-48.

J. G. Bednorz and K. A. Muller, Z. Phys. B 64, 189 (1986).
M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng,

L. Gao, Z. J. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev.
Lett. 58, 908 (1987)~

C. W. Chu, P. H. Hor, R. L. Meng, L. Gao, K. J. Huang, and
Y. Q. Wang, Phys. Rev. Lett. 58, 405 119871.

4R. Micnas, J. Ranningev, and S. Robaszkiewicz, Rev. Mod.
Phys. 62, 113 (1990).

5M. B. Maple, Y. Dalichaough, J. M. Ferreira, R. R. Hake, B.
W. Lee, J. J. Neumeier, M. S. Torikachvili, K. N. Yang, H.
Zhou, R. P. Guertin, and M. V. Kuric, Physica B 148, 155
(1987).

Gang Xiao, F. H. Streitz, A. Gavrin, and C. L. Chien, Solid
State Commun. 63, 817 (1987).

7M. Tokumoto, H. Ihara, T. Matsubara, M. Hirabayashi, N.
Tereda, H. Oyanagi, K. Murata, and Y. Kimura, Jpn. J.
Appl. Phys. 26, L1565 (1987).

~H. Oyanagi, H. Ihara, T. Matsubara, M. Tokumoto, T. Matsu-
chita, M. Hirabayshi, K. Murata, N. Terada, T. Yao, H.
Iwasaki, and Y. Kimura, Jpn. J. Appl. Phys. 26, L1565 (1987).

Youwen Xu, M. Suenaga, J. Tafto, R. L. Sabatini, A. R.
Moodenbaugh, and P. Zolliker, Phys. Rev. B 39, 6667 (1989).

oChan-Soo Jee, D. Nichols, A. Lebede, S. Rahman, J. E. Crow,
A. M. Ponte Goncalves, T. Mihalisin, G. H. Myer, I. Perez,
R. E. Salomon, P. Schlottmann, S. H. Bloom, M. V. Kuric, Y.
S. Yao, and R. P. Guertin, J. Superconduct. 1, 63 (1988).
Y. Zhu, M. Suenaga, Youwen Xu, R. L. Sabatini, and A. R.
Moodenbaugh, Appl. Phys. Lett. 54, 374 (1989).
K. Sekizawa and Y. Takano (unpublished).
H. Obara, H. Oyanagi, K. Murata, H. Yamasaki, H. Ihara, M.
Tokumoto, Y. Nishihara, and Y. Kimura, Jpn. J. Appl. Phys.
27, L603 (1988).

M. M. Fang, V. G. Kogan, D. K. Finnemore, J. R. Clem, L. S.
Chumbley, and D. E. Farrel, Phys. Rev. B 37, 1334 (1988).

~5P. Chaudhari, Jpn. J. Appl. Phys. 26, 2023 (1987).
' J. Z. Liu, G. W. Crabtree, A. Umezawa, and Li Zongquan,

Phys. Lett. 121, 305 (1987).
D. L. Kaiser, F. Holtzberg, B. A. Scott, and T. R. Mcguire,
Appl. Phys. Lett. 51, 1050 (1987).

'sQuantum Design, Inc. , San Diego, CA.
P. Svedlindh, K. Niskanen, P. Norling, P. Nordbland, L.
Lundgren, and T. Lundstrom, Physica C 162-164, 1365
(1989).
T. K. Worthington, W. J. Gallagher, and T. R. Dinger, Phys.
Rev. Lett. 59, 1160 (1987).
K. A. Delin, E. J. McNiff, Jr., S. Foner, T. P. Orlando, R. B.
Van Dover, L. F. Schneemeyer, and J. V. Waszczak, Physica
C 162-164, 719 (1989).
L. Krusin-Elbaum, A. P. Malozemoff, Y. Yeshurun, D. C.
Cronemeyer, and F. Holtzberg, Phys. Rev. B 39, 2936 (1989).
R. A. Klemm and J. R. Clem, Phys. Rev. B 21, 1868 (1980).

~4V. G. Kogan and J. R. Clem, Jpn. J. Appl. Phys. 26-3, 1159
(1987).
R. B. Huebener, in Magnetic Flux Structures in Superconduc-
tors, edited by M. Cardona, P. Fulde, and H. J. Quiesser
(Springer-Verlag, Berlin, 1979).

A. P. Malozemoff, in Physical Properties of High Temperature
Superconductors, edited by D. M. Ginsberg (World Scientific,
Singapore, 1989).
P. H. Kes and J. van den Berg, Studies of High Temperature
Superconductors, edited by A. V. Narlikar (Nova Science,
Commack, NY, 1989).

~~J. Z. Liu, M. D. Lan, P. Klavins, and R. N. Shelton, Phys.
Lett. A 144, 265 (1990).


