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Observation of a mixed vortex chains —vortex lattice phase in tilted magnetic fields
in YBa2(Cn, „Al„)3O78 single crystals
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A vortex structure consisting of vortex chains embedded into the flux-line lattice (FLL) has been ob-
served in YBa&(Cu& „Al„)30& z single crystals using the Bitter decoration technique. This structure
formed in magnetic fields applied at a high angle, between 50' and 80', with respect to the c axis. Al-
though the vortex chains —FLL mixture looked similar to the vortex structure observed earlier in the
highly anisotropic Bi2Sr&CaCu208+z, its evolution with the tilt angle and the applied field demonstrated
that it represents an essentially different vortex state which, unlike Bi2Sr2CaCu208+q, originates from the
attractive vortex-vortex interaction. The coexistence of the vortex chains with the FLL is attributed to
an incomplete transition from the isotropic vortex lattice to the pure chain state during the sample cool-
ing, owing to pinning.

One of the most fascinating aspects of the properties of
high-temperature superconductor s is the very rich
behavior of the fiux-line lattice (FLL). In particular, a
phenomenon of vortex attraction was discovered when a
magnetic field is applied at an oblique angle with respect
to the principal anisotropy axes. Calculations based on
the three-dimensional (3D) anisotropic London equa-
tions' have shown that, as a result of the tendency of
vortex currents to stay in the Cu-0 planes, one of the
magnetic-field components (inside a vortex) becomes neg-
ative, bringing about an attractive vortex-vortex interac-
tion within the (B,c ) plane. As a result, a highly distort-
ed FLL is formed, with one of the lattice vectors, orient-
ed parallel to the (B,c) plane, significantly shorter than
the others. This state of the FLL is referred to as one of
"vortex chains. " Recently, a pinstripe pattern of vortex
chains was indeed observed by the decoration technique
in twin-free single crystals of YBa2Cu307 & (YBCO).
However, similar decoration experiments on the more an-
isotropic BizSrzCaCuz08+s (BSCCO) (Ref. 5) revealed a
rather different vortex phase, which remains puzzling.
Although the vortex chains were formed, they were em-
bedded in the oriented FLL. In addition, their evolution
with the tilt angle and the applied field was essentially
different from the chain state in YBCO and contradictory
to what is expected from the attractive vortex-vortex in-
teraction. Recently, at least two suggestions were put
forward in order to explain the "mixed phase" in
BSCCO. Both assume a coexistence of two types of vor-
tices: one, parallel to the main anisotropy axis, c, and the
other, parallel to the (ab) plane, or one, parallel to c and
the other, tilted (parallel to the applied field). Such a
split of the applied field into two components may be-
come possible for layered materials with very high anisot-
ropy, like BSCCO or TBCCO. ' Further experimental
evidence is needed to prove that this is the case.

Here we report observations by the Bitter decoration
technique of yet another vortex chain state in tilted mag-
netic fields. It shares some of the characteristics of the

other two vortex states: the vortex chains coexist with
the intervening FLL, as in the case of BSCCO, but their
evolution with the tilt angle and the applied field is con-
sistent with an attractive vortex-vortex interaction, as in
the case of YBCO.

Samples in this study were YBaz( Cu, ,Al„)307
(Al-YBCO) single crystals with x =0.04. It is now well
established that doping of YBCO with trivalent elements
(Al, Fe,Co) causes transformation of the well-known twin
structure into the tweed structure for dopant concentra-
tion x & 0.02—0.03. From high-resolution electron mi-
croscopy studies it is believed that the tweed structure
corresponds to microtwinning, preferentially along
(110), but with the size of orthorhombic domains less
than 10 nm. The dopant atoms substitute primarily at
the Cu(l) sites in the CuO chains causing some local dis-
order brought about by the tendency to increase their ox-
ygen coordination from 2 to 3. This structural transfor-
mation, in turn, results in a decrease of the critical tem-
perature and the upper critical field FI,z (Ref. 10) and the
critical currents (Ref. 11) (the effects are similar for all
three dopant elements). The crystals in the present study
were platelets with the short side parallel to the c axis
and typical sizes 2X2X0.05-0. 1 mm. Details of the
crystal growth were published elsewhere. ' The homo-
geneity and microstructure of the samples were verified
by transmission electron microscopy (TEM) and x-ray
diffraction. To further characterize our samples, we per-
formed dc magnetization measurements in a vibrating
sample magnetometer. The critical currents were calcu-
lated from the irreversible magnetization using the
Bean model J, =306M/d (here M is the width of
the hysteresis loop for the increasing and decreasing
fields in emu/cm, d is the sample thickness). Typical
values were: J,(0,4.2 K) =3. 10 A/cm, J,(0, 50 K)
=10 A/cm, which are at least two orders of magnitude
lower than J, for pure YBCO. Such a remarkable de-
crease of the critical currents in the doped YBCO is be-
lieved to be a result of the suppression of the upper criti-
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cal field H, 2, rather than of a change in the crystal mi-
crostructure. "

Details of the high-resolution Bitter technique are de-
scribed in Ref. 14. All the decorations were performed at
4.2 K, in the field-cooling regime. Figure 1 shows a FLL
image obtained with magnetic field applied parallel to the
c axis. The FLL is isotropic, consistent with the quasi-
tetragonality of the tweed structure, ' and fairly disor-
dered. To implement the tilted field geometry, the sam-
ples were mounted with the c axis tilted at an angle with
respect to the applied magnetic field. About 20 decora-
tions were performed for the tilt angles y=20 —80' and
the applied fields H,„,=10—60 Oe. The average vortex
density at the crystal surface, measured on the decoration
patterns, was induced by the normal component of the
applied field Bo =B,„,cosy as always the case in such ex-
periments. ' ' For tilt angles between 50 and 80, the
isotropic and randomly oriented FLL was replaced by a
mixture of vortex chains, running approximately parallel
to the (B,c ) plane, and the intervening FLL oriented with
one of its close-packed vortex rows parallel to the chains.
Figure 2 shows typical patterns for the tilt angles 63 and
80' and the same value of Bo. For qv & 70' the chains were
typically not straight and somewhat irregular, as in Fig.
2(a), and so were the close-packed vortex rows in the
FLL locked between the chains. With increase of the tilt
angle (for y=75' —80') the chains became more regular,
with the same number of the FLL vortex rows between
them, over the sample [just one row for 80', the highest
tilt angle for which we have successful decorations —see
Fig. 2(b)]. The spacings between the vortices organized
in chains were constant over the sample. The deviations
which occurred were usually associated with the small
defects on the crystal surface. We were able to resolve in-
dividual vortices in decoration patterns for Bo 17 G
(corresponding to an average vortex spacing ao ~ 1.18
pm). In larger fields, the images of vortices, especially
those in the chains, started to overlap.

The evolution of the chains with tilt angle and applied
magnetic field is summarized in Fig. 3. The vortex spac-
ings along the chains, a„depend strongly on the tilt an-

gle showing a pronounced minimum for y=63 . At the
same time they are practically independent of the exter-
nal field, except for very low fields, Bo (6 G, where a, in-
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FIG. 2. SEM images of the vortex chains —FLL mixture for
the same normal component of the applied field, B0= 10 G, and
two tilt angles: (a) y=63, (b) y=80'. The (B,e) plane in the
micrographs is horizontal.
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FIG. 1. Scanning electron microscopy (SEM) micrograph of
the FLL in the magnetic field of 20 G applied parallel to the e
axis.
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FIG. 3. (a) The intrachain vortex spacings vs tilt angle for

the normal component of the applied field B0= 10 G (open cir-
cles). The solid curve is explained in the text. Inset: Intrachain
spacing vs the applied field. (b) The average number of vortex
rows locked between the chains vs tilt angle: (o) B0= 14 G; (5)
B0= 10 G; (+ ) B0=6.8 G and vs applied field (inset).
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creases noticeably. The distance between the chains, L„
also depends strongly on the tilt angle, decreasing mono-
tonically with increasing y, and showing an approximate-
ly linear dependence on the applied field. The solid curve
in Fig. 3(a) is the equilibrium dependence defined by the
attractive part of vortex-vortex interaction calculated in
Ref. 2 for an anisotropy of y=(m, ™,b) =5 ™,and

m, b are effective masses of the superconducting electrons
along the c axis and in the (ab) plane, respectively]. The
fitting parameter here is the value of A,,b taken as 300 nm.
This value, which is much larger than the low-
temperature A,,b known from the literature, implies that
the vortex patterns we observe at 4.2 K are actually
frozen in at a much higher temperature (T"). Detailed
analysis of how this temperature can be estimated is
given in Ref. 4 and we will not repeat it here. Unfor-
tunately, we do not know the exact value of A,,b(0) for
our samples because it is affected by doping. The only
relevant data known to us are for the Co-doped YBCO
A,,&(0)=200 nm for a concentration of x =0.04. Assum-

ing that Al doping has a similar effect on A,,b (by analogy
with other characteristics such as T" J„etc.) and using
the temperature dependence of A, measured in Ref. 16, we
obtain T /T, =0.81—0.82.

Thus, the chain state in our Al- YBCO crystals
represents a new vortex phase which can be described as
intermediate between the two phases already found. The
facts that the whole structure is defined mainly by the tilt
angle, and that the a, (y) dependence shows a pro-
nounced minimum, suggest that the formation of chains
in our samples is caused by anisotropy-induced vortex-
vortex attraction, i.e., has the same origin as the pinstripe
vortex pattern in pure YBCO. At the same time, the
coexistence of the chains with an intervening FLL makes
it look similar to the vortex state in BSCCO. However,
there are two important differences from the latter case:
first, for A1-YBCO, the intrachain vortex spacings change
nonmonotonically with the tilt angle and are only weakly
dependent on the applied field. For BSCCO, they change
linearly with the average vortex spacing, ao, which is pro-
portional to the magnetic field (ao-8 '~

) and decrease
monotonically as the tilt angle increases. Secondly, the
average number of vortices between chains, L, jao, for
our samples decreases rapidly with y and depends notice-
ably on B,„„whilein BSCCO it is nearly independent of
both.

The main difference between YBCO and BSCCO, as
far as the fIux lattice behavior is concerned, lies in their
substantially different anisotropy: y =5 —8 for YBCO
and & 150 for BSCCO. It rejects a difference in coupling
between the superconducting Cu-0 layers: it is generally
accepted that in YBCO the coupling is strong enough for
vortices to behave as 3D objects, and the FLL in this ma-
terial is well described by the anisotropic London theory.
In BSCCO a much weaker coupling leads to the forma-
tion of 2D vortices ("pancakes") and the 3D London
theory is replaced by the I awrence-Doniach model. In
particular, detailed calculations of the FLL geometry in
tilted fields showed that in cases of very high anisotropy,
such as in BSCCO or Ta-Ba-Ca-Cu-O, the tilted lattice in
the vicinity of H

&
should transform into a new vortex ar-

rangement, the so-called combined lattice, which consists
of two sets of coexisting vortices: parallel and perpendic-
ular to the c axis. This division of the FLL into two
species was proposed as an explanation of the peculiar
chain structure observed in BSCCO which may be a re-
sult of the interaction between the two sets of vortices.
It is, however, unlikely to explain the coexistence of vor-
tex chains and the intervening FLL in the present experi-
ment. First, because doping of YBCO with Al, Fe, or Co
does not affect the anisotropy at all (according to the
measurements of H, 2 in Fe-doped samples' ) or affects it
only slightly (according to the measurements of A,, and
A,,b from ac susceptibility of Co-doped YBCO for the
Co content x =0.04, y =10 was found, while for the pure
YBCG the same measurements have given y=7.5).
Second, the minimum in the angular dependence of a,
(Fig. 3) contradicts this scenario because the latter would
mean -Bo '~ scaling of a/l vortex spacings with the ap-
plied field, as was the case in BSCCO.

Recently, an alternative proposal has been advanced.
By taking into account the boundary conditions imposed
by the slab geometry, typical of copper oxide single crys-
tals, Daemen et al. have shown that the appropriate ther-
modynamic potential is a minimum when some of the
vortices lie parallel to the c axis while others lie at an ob-
lique angle to it. In this case, the coexistence of the two
vortex species should become favorable in higher fields
starting from some minimum field H„.It is the magni-
tude of H„that defines the difference between the vortex
chain states in BSCCO and YBCO: for YBCO it is es-
timated as =200 Oe, much larger than the largest field
used in the experiment, while for BSCCO H„is as low
as 30 Oe.

As far as the present study is concerned, this recent
proposal produces a natural explanation for the angular
dependence of both the intrachain vortex spacing, a„and
the distance between chains, L, (the latter, in other
words, represents the fraction of chains in the mixture).
However, we have not found any evidence of the ex-
istence of H„which is inherent in this model. The mix-
ture of chains and the FLL was observed for the fields as
low as H,„,=10 Oe, which corresponds to BO=3—4 G,
depending on y. At the same time, the magnitude of the
critical field in our case should be similar to that for
YBCO, i.e., much larger than the fields we used in the ex-
periment.

We believe that the coexistence of the vortex chains
and the FLL in our samples represents a metastable vor-
tex state, i.e., it is a result of the competition between
vortex attraction, which tends to form a pure chain state,
and pinning, which reduces the vortex mobility. As the
superconductor is cooled down, a high mobility is re-
quired for vortices to rearrange from the isotropic FLL,
which nucleates at T„to an equilibrium state at lower
temperatures —vortex chains. For instance, strong pin-
ning by twins in YBCO completely eliminated any sign of
the effects considered here. ' One can conclude from the
fairly disordered FLL in Fig. 1 that collective (bulk) pin-
ning is definitely more effective than in the twin-free
YBCQ. However, the more relevant characteristic, as far
as formation of the vortex chains is concerned, must be
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FIG. 4. Irreversibility field vs reduced temperature for our

Al-YBCO crystals (0). For the sake of comparison, data from
Ref. 17 for pure (twinned) YBCO (+) and 4% Co-doped YBCO
(6) are also shown.

the irreversibility temperature rather than just the
strength of bulk pinning. In pure YBCO, although pin-
ning was low and the FLL exhibited long-range order,
the pattern of vortex chains was "frozen in" close to
T,—at T*/T, =0.83—0.88. The irreversibility temper-
ature for YBCO at the relevant field 50 G is higher still:
T;„/T,=0.998. Therefore, one can assume that the
domain in the 0-T phase diagram, where vortices are
mobile enough to reach their positions of lowest energy,
includes the region of reversible behavior plus a portion
of the H-T plane immediately below the irreversibility
line, where pinning is still low. [Note that the critical
current in high-T, superconductors decreases with tem-
perature as J, ~ exp( —T/To). ] Remarkably, the irrever-
sibility temperature is shifted greatly by Al doping. Fig-
ure 4 shows the irreversibility line calculated from our
measurements of irreversible magnetization, where
H;„(T) was defined by the onset of detectable irreversibil-
ity of dc magnetization [the experimental error is about
10% (Ref. 17)]. At 50 G, the irreversibility temperature
estimated as the temperature where the field cooling and
zero-field-cooling magnetization curves separate, was
T;„(50G)/T, =0.9—0.92, also lower than in YBCO.
Thus, the wider region of reversible behavior gives the
vortices more room for maneuver towards their equilibri-
um positions that can partly compensate for the more
effective pinning in our samples.

A rapid and monotonic decrease of the number of vor-
tex rows locked between chains, L, /ao, with y [Fig. 3(b)]
would also seem to conform with this scenario. In other
words, it corresponds to a rapid increase in the fraction
of the sample volume occupied by the vortex chains and
can be interpreted as an increase in the average distortion
of the isotropic FLL imposed by tilt. On the other hand,
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a monotonic increase of the distortion of the FLL unit
cell on increasing the tilt is expected from the numerical
calculations of the vortex geometry in tilted fields. Fi-
nally, a further argument is given by the following con-
sideration. If, as argued above, the FLL vortices would
have rearranged into chains provided there was no pin-
ning, then an area occupied by each of the chain vortices
must be equal to the area per one vortex of the interven-
ing FLL S,h/N, h=(S —S,h)!(N N, i,

—), where S,h is
the area occupied by the vortex chains; N, h is the number
of chain vortices; S is the total area analyzed and N is the
total number of vortices. Analysis of the decoration
patterns for different tilt angles and fields have
shown that the above relation always holds to a good
accuracy. For example, for H,„,=20 Oe, &p=63' [Fig.
2(a)] we get S,h/N, h =(1.92+0. 11)X 10 cm and
(S —S,h ) /(N N, h ) =—(20+0. 11 ) X 10 cm; for y =7S',
H,„,=40 Oe, respective numbers are (1.97+0.07) X 10
cm and (2.04+0.07) X 10 cm, etc. (the accuracy of the
vortex spacing measurements is taken 0.2ao).

In summary, direct observations of the vortex struc-
ture of 4% Al-doped YBCO in tilted magnetic fields were
performed using the decoration technique. For high tilt
angles, between 50 and 80 the usual FLL transformed
into the new vortex phase looking similar to the one ob-
served in the highly anisotropic BSCCO: vortex chains
running in the direction of tilt and embedded into the
FLL oriented parallel to them. The intra- and interchain
vortex spacings depended strongly on the tilt angle and
only weakly on the applied field. These dependencies,
very different from those for BSCCO, indicate that the
chains originate from the anisotropy-induced vortex at-
traction and the observed vortex phase is a new one
which can be described as intermediate between the pure
chain state in twin-free YBCO and commensurate arrays
of vortex chains in BSCCO. The coexistence of vortex
chains with the FLL is attributed to the effect of pinning
which reduces the vortex mobility during the sample
cooling and does not allow complete transition from the
isotropic FLL to the pure chain state.
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