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Vortex matter in YBa,Cu30, single crystals investigated by scanning tunneling spectroscopy
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To focus on the temperature and magnetic field dependence of the transformation of the vortex structure,
systematic and direct investigations on the vortex configuration of YBa,Cu30, (YBCO) have been performed
by scanning tunneling spectroscopy at temperatures up to 90 K and magnetic fields up to 5 T. At low magnetic
fields, we clearly observe a slightly distorted triangular lattice formed by vortices with sixfold coordination,
which is attributed to the Bragg glass phase. This lattice transforms into a disordered structure in the presence
of a high magnetic field. We observe that the disordered vortices form small clusters comprising fivefold and
sevenfold coordination pairs. These microscopically determined vortex structures are in agreement with the
vortex matter phase diagram derived from the macroscopic measurements, thus providing evidence of the
field-driven disordering transition in the vortex solid phase of YBCO.
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I. INTRODUCTION

The nature of the vortex solid phase in high temperature
superconductors (HTSC) is influenced by various factors
(such as d,>_y-wave effect, pinning effect, crystal structure
anisotropy, intervortex interaction, thermal fluctuation, etc.),
and this phase exhibits complicated behavior. This subject
has attracted a considerable amount of attention and, as a
consequence, numerous experimental and theoretical studies
have been performed. Theoretical studies showed the vortex
lattice structures on a magnetic field vs temperature plane of
d2_-wave superconductors and suggested that the symme-
try of the superconducting pair potential has a significant
effect on that of the vortex system."? These studies have
suggested that an increase in the magnetic field results in the
transformation of the vortex lattice from a hexagonal into a
square lattice. Experimentally, such a vortex lattice transfor-
mation was reported by the small angle neutron scattering
(SANS) technique for La, ¢3St ;7CuO,4,s (Ref. 3) and re-
cently for YBa,Cu;0, (YBCO).*

However, real materials inevitably include a certain
amount of disorder (e.g., impurities, atomic vacancies, twin
boundaries, grain boundaries, etc.), which works as effective
pinning centers for vortices and can affect the vortex lattice
structure and alignment. Hence, in order to confirm the con-
sistency between theoretical consideration and experimental
results, it is important to investigate the effect of disorder. In
high quality untwinned YBCO single crystals, the oxygen
vacancies are the major sources for vortex pinning.> These
vacancies are weak and random pointlike pinning centers.
Giamarchi and Le Doussal proposed the concept of the
Bragg glass phase, which, despite the existence of weak but
finite pinning force, has quasi-long-range translational order
without dislocations.® On the other hand, in strongly disor-
dered samples, it was suggested that the low temperature
phase is the vortex glass phase, which transforms into the
liquid phase via the continuous second-order transition.”8
Moreover, for intermediate disorder, the presence of a mul-
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ticritical point Hy,, was suggested on the liquid-solid phase
transition line, where the first-order transition at low mag-
netic fields ends abruptly giving way to the continuous
second-order transition at high magnetic fields at H,,,.,. Thus,
depending on the magnetic field strength, the vortex states at
low temperatures are considered as the Bragg glass phase or
the vortex glass phase. Experimental studies on overdoped
YBCO (Refs. 9 and 10) as well as theoretical studies®!!-!13
suggested that the field-driven disordering transition line H"
is connected with H,,., and divides the vortex solid phase
into the Bragg glass phase and the vortex glass phase. It was
also reported that a slight variation of the oxygen vacancies
included in the sample have a significant influence on the H"
line.'* However, direct evidence of the field-driven disorder-
ing transition in the vortex solid for YBCO has not yet been
provided.

Recently, it has been theoretically suggested that the
boundary between the hexagonal and the square vortex lat-
tice exists in a magnetic field of ~1 T (Ref. 2) and ~6 T
(Ref. 15) in YBCO. The magnetic field strength is compa-
rable with the reported H" line.>'* Experimentally, SANS
results reported the transformation of the hexagonal vortex
lattice into the square vortex lattice.* Thus, there is a conflict
over the understanding of the vortex solid phase of YBCO in
the presence of a high magnetic field. Direct, clear informa-
tion for the vortex solid phase is an urgent requirement.

Scanning tunneling microscopy and spectroscopy
(STM/STS) detects a local density of state which varies on
the length scale of the coherence length & STS is the only
technique to visualize a local vortex configuration in real
space in the presence of a high magnetic field of the order of
a few Tesla. The pioneering STM/STS study on the vortex
core states and the vortex configuration in YBCO was only
performed at low temperature.' On the other hand, STM/
STS studies of Bi,Sr,CaCu,Og, s showed the presence of the
disordered vortex structure at high magnetic fields.!” How-
ever, systematic investigations on the temperature-magnetic
field plane have not been performed using STM/STS on
HTSC. This paper studies the structural transformation of the
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vortex configuration in YBCO from a microscopic view-
point, using the low temperature (LT) STM/STS. The vortex
images are obtained at various temperatures and magnetic
fields, and changes in the vortex structure are discussed. This
study demonstrates the transformation of the vortex system
from the ordered lattice state into the disordered state with
changes in temperature and magnetic field strength.

II. EXPERIMENT

High quality YBCO single crystals were prepared by the
self-flux method using Y,0;5 crucibles. The samples used in
this study showed a small number of twin boundaries of
density less than 1 um™. Slightly overdoped crystals (7.
~91 K, AT,~ 1.5 K) were prepared by annealing in an oxy-
gen atmosphere of 1 bar at 450 °C. The annealed samples
were chemically etched with 1% Br in ethanol for a minute,
and subsequently rinsed in ethanol, followed by an immedi-
ate transfer into the loadlock chamber to be in a high
vacuum. The surface prepared by the chemical etching pro-
cess is quite stable and does not degrade by the exposure to
an ultrahigh vacuum (UHV) up to room temperature, in con-
trast to the surface prepared by the low temperature cleaving
process.'® Thus, it implies that the topmost layer of the
chemically etched sample is neither the highly reactive BaO
layer nor the CuO-chain layer. We have as yet been unable to
identify the topmost layer since we could not obtain atomic
images of the chemically etched surface. The surface is quite
flat and we observe only the step structures and twin bound-
aries on the surface.!®?° Defects such as etch pits were not
observed on the surface within our ~1 um? scan range. The
LT-STS apparatus used in this study was produced by
UNISOKU Co, Ltd. and was partially improved by us. STS
measurements were done at temperatures 4.5 K<7=<90 K
and magnetic fields up to 5 T (field cooled) parallel to the
crystalline c-axis in UHV of 107'° Torr. A mechanically
sharpened Pt-Ir wire was used as the STM tip, which was
approached perpendicular to the CuO; plane. The typical
tunneling parameters for STS measurements are Ve
=0.03 V and 7/=0.1 nA for the set sample bias and the cur-
rent, respectively, providing a tunneling resistance of
0.3 GQ). Recently, we reported that the spectra inside and
outside the vortex core regions show moderate differences at
the bias voltage |Vimpel <25 mV and cross at |Vempel
~10 mV.!%?0 Therefore, in order to improve the signal-to-
noise (§/N) ratio, all the vortex images in this paper were
obtained by the following procedures. First, the I-V curves
were measured typically at 128 X 128 points on a scan field.
The differential conductance dI(V)/dV was calculated for
each -V curve. The ratio of the integrated differential con-
ductance in the vicinity of the coherence peaks to that at low
energies was then calculated and mapped as follows: The
dI(V)/dV at energy ranging from -5 mV to 5 mV with
1 mV increments were calculated and added; S(-5,5)
=3)_s dI(V)/dV. In a similar manner, S(-25,-15)
+S8(15,25) was calculated and finally the ratio of S(-25,
—15)+58(15,25) to S(=5,5) was mapped. The S/N ratio of
the vortex imaging was improved by the method, and vorti-
ces were observed up to 80 K for our sample. The center of
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the scan area for each vortex image in this paper was con-
firmed to be at least 240 nm away from the twin boundary.
Hence, the effect of the twin boundary on the vortex struc-
ture is expected to be negligible as reported in another
study.?

III. RESULTS AND DISCUSSION

Figures 1(a)—1(e) show the vortex images taken at several
temperatures at 1 T. In these figures, the directions of the
crystalline axis are determined by the directions of the twin
boundaries that are located far away from the displayed
vortices.?? Dark spots correspond to the vortex cores. In Fig.
1, the average density of the dark spots is approximately 5
X 10" m~2, which agrees with the calculated vortex density
at 1 T. While vortices are successfully observed up to 80 K,
a vortex image is not obtained at 7=90 K. The spectrum at
the vortex core at higher temperatures exhibits a very small
difference from that at the superconducting region, making
vortex imaging very difficult; this is one of the reasons that
the vortex image is not obtained at 90 K. It can be supposed
that the vortices at 90 K are in the vortex liquid phase and
their movements make them invisible to STS. However at
this point, we cannot ascertain the reason that the vortices are
invisible at 90 K and 1 T, since we cannot provide evidence
showing that the imaging contrast is preserved up to 90 K.
Figures 1(f)-1(i) show the two-dimensional (2D) power
spectra of the 2D Fourier transforms of the vortex images
presented in Figs. 1(a)-1(d), respectively. The spots in each
figure of Figs. 1(f)-1(i) exhibit a distorted hexagonal pattern
at each temperature up to 80 K. This implies that within the
measured areas, the vortices form the ordered lattice at 1 T.

The degree of disorder in a vortex configuration is also
demonstrated by performing a Delaunay triangulation analy-
sis to find the number of nearest neighbors (coordination
number) for each vortex, which should be six for the perfect
triangular lattice. The triangulation analysis directly demon-
strates the position of disorder in the vortex lattices and the
degree of topological disorder can be estimated by counting
the number of disordered positions. The triangulation results
of Figs. 1(a)-1(d) are shown in Figs. 1(j)—1(m), respectively.
In these figures, the triangles correspond to the vortices with
coordination number z<<6, while the squares mark the vor-
tices with z>6 (not shown in Fig. 1). The positions without
these symbols show the vortices with coordination number
z=6. It is clearly seen that the vortices with sixfold coordi-
nation are dominant, but at the same time, they are not per-
fectly aligned. A certain degree of vortex lattice distortion
can be observed over the scan area. This implies that the
vortex alignment is affected by the finite pinning force. As
described earlier, the effect of the weak impurity or disorder
on the vortex system is not negligible in HTSC; hence, such
a slight distortion of the vortex lattice will be inevitable.
Almost all the vortices exhibit sixfold coordination, despite
the fact that they were slightly displaced. These results
strongly suggest that the vortices are in the Bragg glass
phase forming the distorted hexagonal lattice in this tempera-
ture and magnetic field region. Our results at 1 T are consis-
tent with the results of Bitter decoration’’ and SANS
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FIG. 1. STS images at temperatures (a) T=4.5 K, (b) T=30 K, (¢) T=60 K, (d) T=80 K, and (e) T=90 K at magnetic field of 1 T. (f)—(i)
represent the 2D power spectra of the vortex images shown in (a)—(d), respectively. (j)—(m) show the triangulation results of the vortex
images shown in (a)—(d), respectively. In the case of the data at T=30 K, a twin boundary was not observed within ~1 gm? scan range; thus,

the crystalline axis could not be determined.

measurements*?> at low temperature. Furthermore, our re-

sults demonstrate that vortices continue to form the distorted
lattice state up to 80 K at 1 T. A fivefold coordination vortex
can be seen only at 4.5 K [Fig. 1(j)], implying the presence
of disorder in the vortex lattice. This observation is explained
by the increase in the effective pinning force on vortices with
decreasing temperature.

The symmetry of the superconducting order parameter be-
comes significant with an increasing magnetic field, since
quasiparticle correlations between vortex cores become
dominant. Thus, the vortex lattice aligns along the direction
of the superconducting gap minimum, resulting in the forma-
tion of the square lattice.'2 At the same time, the effective
disorder on the vortex system also increases with an increase
in the magnetic field.!" It causes disorder in the vortex lattice
and the vortex system transforms into the disordered vortex
glass phase. The systematic investigation of the vortex states
in the presence of a higher magnetic field reveals anomalous
and complicated vortex behavior.

Figure 2(a) shows a vortex image at 60 K and 3 T. The
2D power spectrum of Fig. 2(a) is shown in Fig. 2(b). Clear
elongated spots are observed, suggesting the presence of the
distorted hexagonal lattice rather than the square lattice. The
orientation of the vortex lattice at 60 K and 3 T is slightly
different from that at 60 K and 1 T [Fig. 1(h)]. Though the

origin of the difference in the orientation is still open, it
should be noted that the vortex lattice orientation and sym-
metry are expected to change gradually with an increase in
the magnetic field."? Thus, our results at 60 K and 3 T ap-
pear to demonstrate that the vortices are on a process to
transform from the hexagonal into square vortex lattice. The
triangulation result of Fig. 2(a) is shown in Fig. 2(c). Only
three among 29 vortices are detected to have fivefold or sev-
enfold coordination, implying that approximately 10% of the
vortices have disordered configurations. The number of dis-
ordered vortices in the vortex system is slightly enhanced at
3 T as compared to that at 1 T.

Figure 2(d) shows a vortex image at 40 K and 3 T. From
this figure, we extract several areas with the same scan size
as that shown in Fig. 2(a), and the 2D power spectrum analy-
sis is performed for each of these areas. One of the 2D power
spectra for the extracted images is shown in Fig. 2(e). The
2D power spectrum exhibits an elliptical ringlike pattern and
no more spots, indicating that the vortices form a disordered
structure. The triangulation result of Fig. 2(d) is shown in
Fig. 2(f). On the basis of the result, it can be observed that 38
among 83 vortices have fivefold or sevenfold coordination,
implying that approximately 46% of the vortices have disor-
dered configurations. This is very different from the results
obtained at 60 K and 3 T (10% of the vortices are disor-
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FIG. 2. (a) STS image (160X 160 nm?) at 60 K and 3 T. (b) 2D
power spectrum of the vortex image of (a). (c) Triangulation result
of (a). (d) STS image (250X 250 nm?) at 40 K and 3 T. (e) 2D
power spectrum of the vortex image surrounded by the square
(160 160 nm?) in (d). (f) Triangulation result of (d). (g) The av-
eraged cross sections of the power spectrum signals over the three
radial directions represented as dashed lines in (b) and (e). The solid
and dashed lines correspond to those in (b) and (e), respectively.
The transverse values are normalized at the position at which the
signal has the maximum value and then averaged.

dered). Power spectrum intensities at 3 T along the radial
directions are also shown in Fig. 2(g) for 60 K (solid line)
and 40 K (dashed line). The intensity at 40 K exhibits a
broader and lower peak than that at 60 K, which indicates
both the broader distribution in the intervortex distance and
the suppression of the translational correlation. Thus, the
temperature dependent enhancement of the disorder in the
vortex system is clearly observed at 3 T. If we compare the
triangulation results, we observe that the enhancement of the
disorder at 3 T is very sharp between the vortex images for
60 K and 40 K. The origin of the disorder will be discussed
later.

The vortex configuration is then shown in the presence of
a higher magnetic field at 4.5 K. As shown in Fig. 1(a) (the
vortex image), Fig. 1(f) (the 2D power spectrum), and Fig.
1(j) (the triangulation), the vortices form the distorted hex-
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FIG. 3. (a) STS image (280X 205 nm?) at 4.5 K and 3 T. (b)
2D power spectrum of the vortex image surrounded by the square
(160 160 nm?) in (a). (c) Triangulation result of (a). (d) STS im-
age (160X 160 nm?) at 4.5 K and 5 T. (e) 2D power spectrum of
the vortex images shown in (d). (f) Triangulation result of (d).

agonal lattice at 4.5 K and 1 T. Figure 3(a) shows a vortex
image at 4.5 K and 3 T. While the vortices are clearly ob-
served over the 280 nm X 205 nm scan area, subareas are
extracted over a 160 nm X 160 nm scan area [e.g., the area
surrounded by the square in Fig. 3(a)]; the 2D power spec-
trum is calculated, and shown in Fig. 3(b). The 2D power
spectrum shows an elliptical ringlike pattern, indicating a
disordered vortex configuration. Moreover, as shown in Fig.
3(c), the triangulation result demonstrates that 23 among 57
vortices (40%) have nonhexagonal coordination numbers.
Figure 3(d) shows a vortex image at 4.5 K and 5 T. The 2D
power spectrum and the triangulation result of Fig. 3(d) are
also shown in Figs. 3(e) and 3(f), respectively. The triangu-
lation result reveals that 22 among 36 vortices (61%) have
disordered configurations. Moreover, it should be noted that
the disordered vortices form small clusters, which are com-
posed of almost the same number of vortices with fivefold
and sevenfold coordination, as seen in Figs. 2(f), 3(c), 3(f).
Since the disordered vortices form small clusters in the pres-
ence of a high magnetic field, the fraction of the disordered
vortices depends on the specific area. More statistics are nec-
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FIG. 4. Summary of the STS measurements on the structure of
the vortex system. Measured points in the vortex solid phase are
represented as circles on the H-T plane. Numbers near the circles
denote the number of disordered vortices and the total number of
vortices used in the triangulation analyses. The open and closed
circles represent the positions at which the 2D power spectra of the
vortex images show the distorted hexagonal spots and the ringlike
pattern, respectively. The macroscopically determined melting tran-
sition line H,, and the field-driven disordering transition line H" for
the sample with the same oxygen content are also plotted in the
form of solid and dashed lines, respectively. An open triangle indi-
cates the position at which the STS measurement does not observe
any vortex images.

essary to compare the number of disordered vortices at 3 T
with that at 5 T. However, from the available statistics, it can
be concluded that the vortices form highly disordered con-
figurations at 4.5 K above 3 T.

The results of the 2D power spectra and the triangulation
analyses are summarized in Fig. 4. In this figure, the circles
represent the positions at which vortices are observed, and
the numbers near the circles represent the number of disor-
dered vortices and the number of vortices used in the trian-
gulation analyses. The open and closed circles represent the
positions at which the 2D power spectra of the vortex images
exhibit distorted hexagonal spots and ringlike patterns, re-
spectively. The vortex system at high temperatures and low
magnetic fields clearly displays a relatively ordered configu-
ration. On the other hand, at low temperatures and high mag-
netic fields, the vortices form disordered vortex structures.
Our systematic investigations demonstrate microscopically
this typical behavior of the vortex system.

In our STS measurements, the effect of the twin boundary
on the local vortex configuration is negligible. Further, we
have no evidence of surface defects such as etch pits. Thus,
the only origin of the disorder is considered to be random
point disorder such as oxygen deficiencies. The effect of ran-
dom point disorder on the vortex phase diagram has been
investigated intensively, and the presence of the field-driven
disordering transition line H" crossing the vortex solid phase
has been suggested.®?~'* In Fig. 4, the macroscopically de-
termined H" line for the sample with the same oxygen con-
tent is represented by the dashed line.” The boundary be-
tween the ordered and the disordered region derived by the
STS measurements agrees well with the H" line, except at
4.5 K and 3 T. With an increase in the pinning force at low
temperatures, the phase transition detected by the macro-
scopic methods (e.g., magnetization) becomes unclear, re-
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sulting in large errors in the H" line (The errors below 30 K
are estimated to be +0.5 T, while they are estimated to be
+0.2 T at 60 K). We speculate that the vortex system at
45K and 3 T is in the critical region between the Bragg
glass phase and the vortex glass phase or just above the H"
line. Thus, our results confirm that the increase in the disor-
der of the vortex system in the presence of a high magnetic
field is due to the field-driven disordering transition. Accord-
ing to Giamarchi and Le Doussal, dislocations, formed as
vortex pairs with fivefold and sevenfold coordination, do not
exist in the Bragg glass phase.® However, in actuality, a small
number of dislocations are observed below the H" line in the
vortex images, as shown in Fig. 4. It should be noted that
even in the Bragg glass phase, the pinning force will be
enhanced at low temperatures or in the vicinity of the phase
boundary to the vortex glass phase and will result in the
generation of a small number of dislocations.

Recent SANS results for YBCO have reported the trans-
formation of the hexagonal vortex lattice into the square lat-
tice with increasing magnetic field up to uoH=11 T.* This is
apparently inconsistent with our results. However, it should
be noted that a fully oxygenated sample with oxygen content
y~7 was used for the SANS measurement unlike the sample
employed in this study (y~6.96). We have reported that a
marginal decrease in the oxygen concentration y from y~7
to y~6.88 leads to a drastic change in the vortex phase
diagram.'* In the fully oxygenated sample, the H~ line is
expected to exist at uyH =10 T; hence, it appears that the
disordering transition does not occur in magnetic fields ap-
plied in the SANS measurement.* In the case of the slightly
overdoped sample used in this study, the disordering transi-
tion line lies in the lower magnetic field of 1 T<u H"
<5 T at low temperatures. Thus, the disordering transition
of the vortex system can be observed in our study. However,
since the vortex system forms the disordered state before it
transforms into the square lattice, the transformation from
the hexagonal to square lattice cannot be detected. In order to
verify this, further experimental studies on samples with
various oxygen deficiencies should be performed.

IV. CONCLUSION

We have performed scanning tunneling spectroscopy on
the chemically etched surface of YBCO at various tempera-
tures and magnetic fields. The vortex configuration in the
vortex solid phase has been systematically investigated on
the basis of the 2D power spectra and the triangulation
analyses of STS images. The vortex solid phase is divided
into two regions, the distorted hexagonal lattice state and the
completely disordered state with a number of nonhexagonal
coordination vortices. The structural transformation in the
vortex solid phase is clearly detected in real space in YBCO
for the first time in this study. It is also demonstrated that the
microscopic vortex structures in the vortex solid phase agree
well with those expected from the vortex matter phase dia-
gram determined by the macroscopic measurements. Our re-
sults provide strong evidence for the presence of the field-
driven disordering transition in the vortex solid phase of
YBCO.
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