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Mechanics of individual isolated vortices in a

cuprate superconductor

Ophir M. Auslaender'*, Lan Luan’, Eric W.J. Straver’, Jennifer E. Hoffman'?, Nicholas C. Koshnick’,
Eli Zeldov"3, Douglas A. Bonn?, Ruixing Liang*, Walter N. Hardy* and Kathryn A. Moler’

Superconductors often contain quantized microscopic
whirlpools of electrons, called vortices, that can be modelled
as one-dimensional elastic objects'. Vortices are a diverse
area of study for condensed matter because of the interplay
between thermal fluctuations, vortex-vortex interactions and
the interaction of the vortex core with the three-dimensional
disorder landscape?>. Although vortex matter has been
studied extensively"®7, the static and dynamic properties of
an individual vortex have not. Here, we use magnetic force
microscopy (MFM) to image and manipulate individual vortices
in a detwinned YBa,Cu30¢ 907 single crystal, directly measuring
the interaction of a moving vortex with the local disorder
potential. We find an unexpected and marked enhancement
of the response of a vortex to pulling when we wiggle it
transversely. In addition, we find enhanced vortex pinning
anisotropy that suggests clustering of oxygen vacancies in our
sample and demonstrates the power of MFM to probe vortex
structure and microscopic defects that cause pinning.

A superconducting vortex is characterized by two length scales:
the nanoscale core size and the much larger magnetic penetration
depth, A. Pinning can occur when the core is co-located with a defect
that locally suppresses superconductivity. A determines the decay
length for the currents encircling the core and the elastic properties
of a vortex. Here, we probe the dynamics of an individual driven
vortex, which is especially interesting when pinning and elasticity
compete. Furthermore, we establish a dragged vortex as a probe that
extends deep into the bulk of the sample to interact with defects far
from the surface, circumventing disadvantages of other local-probe
techniques that give information only about the immediate vicinity
of the surface®. Previous strategies for manipulating single vortices
in superconductors usually applied forces relatively delocalized on
the scale of A (refs 9—-11). We use magnetic force microscopy
(MFM) to combine imaging and vortex manipulation with a level
of control far beyond what has been demonstrated before'>'*. This
capability may enable testing vortex entanglement' and schemes
for quantum computation'>'®,

Our sample is ideal for studying the interplay between pinning
and elasticity, with weak, well-controlled, pinning and fairly rigid
vortices. In YBa,Cu3;O4991 (YBCO), superconductivity arises in
CuO, planes, parallel to the a and b axes, and in Cu—O chains,
along the b axis. In pristine samples, such as ours, oxygen
vacancies in the chains are the dominant source of pinning'’"°.
The orthorhombic crystal structure gives rise to penetration depth
anisotropy, enabling us to determine the orientation of the crystal
axes in situ (see Supplementary Information, Fig. S1). We mounted

the platelet-shaped sample with the ¢ axis along Z and the a axis ~9°
from % (Fig. 1a).

MFM uses a sharp magnetic tip on a flexible cantilever. Our
tip magnetization provided an attractive tip—vortex force, F. While
rastering in the x—y plane, parallel to the sample surface, we
measured local variations in the resonant frequency of the cantilever
to determine 0F,/dz (ref. 20). We deliberately used the lateral
components of F, F.£ + F, = Fy,,, for vortex manipulation.

Atlow temperature (T ~ 5 K), we observed no vortex motion up
to our largest lateral force, 20 pN. At higher temperatures, pinning
is reduced, and we could reduce the tip—sample distance z to tune
from non-invasive imaging to manipulation. Figure 1 shows typical
examples for individual, well-isolated, vortices. The similarity of
the behaviour of vortices pinned at different locations indicates the
uniformity of the pinning landscape in this sample.

Figure 1d shows one of our two main findings: ‘vortex wiggling’.
Adding an alternating transverse force enhances vortex dragging
markedly. The wiggling occurs because of the rastering associated
with imaging: between incremental steps forward along the ‘slow’
scan direction, we raster the tip left and right along the ‘fast’ scan
axis. If F, = |Fjy| is small, this creates an image of a stationary
vortex (Fig. la,c,e). When F,, is large, the vortex moves as the tip
passes over it (Fig. 1b,d,f). Although this motion is substantial in
the quasi-one-dimensional (1D) scans along the fast axis (Fig. 1f),
it is much larger along the slow axis (Fig. 1d).

We study wiggling further in Fig. 2. Figure 2a shows a scan that
we acquired after imaging the same area over and over, resulting
in an enhanced wiggling effect. Line scans along +x from that
image (Fig. 2b) do not differ from Fig. 1f. To study the vortex after
completing the scan in Fig. 2a, we moved the tip back and forth over
the centre of the vortex along £y to obtain Fig. 2¢,d. Details of the
motion along the fast axis (Fig. 2b) are similar to motion along what
was the slow axis (Fig. 2¢,d)—a vortex moves in jerks, reminiscent
of avalanches’—but the total distance moved differs substantially.
Moreover, Fig. 2¢,d shows that although a vortex moves very freely
between the initial and final positions in Fig. 2a, it does not readily
move outside this range. In fact, we were never able to permanently
drag a vortex very far from its original location, contrary to the
case in thin films'?. This tethering suggests that each vortex was
pinned along its full length across the 40-um-thick crystal, and that
we observed the vortex stretching.

A vortex presumably stops moving where elasticity and pinning
balance Fy,,. Qualitatively, wiggling helps segments of the vortex
to depin, facilitating the extra motion along the slow axis.
Confirming this is Fig. 2 with the enhancement of the effect by
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Figure 1| MFM imaging and manipulation of individual vortices in YBCO
at T=22.3K. a,b, Schematic diagrams, not drawn to scale, showing an
MFM tip (triangles) that attracts a vortex (thick lines) in a sample with
randomly distributed point pinning sites (dots): at ‘surveillance’ height, the
applied force F4t is too weak to move the vortex (a); at manipulation height,
the vortex moves right and then left, as the tip rasters over it (b). Here, we
illustrate what happens in a scan along +X, as indicated by the arrow. Also
shown are three configurations of the vortex, previously dragged along —x:
the blue line on the left illustrates the vortex before the tip drags it to the
right, the dashed blue line shows an intermediate configuration as it follows
the tip and the green line on the right shows the final configuration, after
the tip moves away. ¢,d, MFM scans for two different scan heights (colour
scale gives dF,/dz; fast scan and slow scan directions are indicated on the
frame): z= 420 nm (maximum applied lateral force F72* ~ 6 pN), not low
enough to perturb vortices at this temperature (¢); z=170 nm

(FE*~12 pN), low enough to drag the vortices significantly (d). Inset: Scan
at 5.2 K, showing a stationary vortex at tip height and force comparable to
those in the main panel. e, Line cut through the data in ¢ along the dashed
line, showing the signal from a stationary vortex (blue). Overlapping it is a
line cut from the reverse scan (green). f, Line cut through the dataind
along the dashed line, showing a typical signal from a dragged vortex. The
right arrow shows the data acquired with the tip moving along +X, as in d;
the left arrow shows the data acquired with the tip moving back along —x.

adding wiggling cycles (further test in Supplementary Information,
Fig. S2). Wiggling is reminiscent of ‘vortex shaking’, used to
accelerate equilibration in vortex matter by oscillating a magnetic
field perpendicular to the applied magnetic field generating the
vortices**"??, and may be the mechanism for it. The models
presented below describe motion without wiggling, as we observe
along the fast axis. Our single-vortex data should be amenable to
more advanced and quantitative theoretical modelling to describe
the wiggling.

The behaviour along the fast axis can be analysed as individual
one-dimensional scans. As the tip approaches a vortex, F, increases
until, if it overcomes pinning, the vortex moves. The vortex then
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Figure 2 | MFM image and line scans at T = 20 K, showing how wiggling
enhances dragging along the slow direction. a, Scan at z=80nm

(F28* ~ 20 pN), acquired after repeated imaging, reversing the slow scan
direction for each new scan, which enhances the wiggling effect. Scan
directions are denoted on the frame; dashed lines show the trajectories of
the line scans in b-d. Inset: Scan with similar parameters at 5.2 K, where
vortices were immobile. b, Line scans from a along the horizontal dashed
line. Arrows show the scan direction. ¢,d, Immediately after the scanin a,
we scanned back and forth along the vertical dashed line at z=80 nm ((c)
scans down, (d) scans up). Indices: Order of line-scan acquisition.

moves until pinning and the growing elastic force balance Fi,
presumably when Fj,, is maximal, enabling us to treat this as a
static problem. The dependence of w, the distance dragged along
the fast axis, on F3*™ = max(F,) is shown in Fig. 3. We have
constructed a model based on weak collective pinning (WCP) for a
single vortex' to explain this data (see Supplementary Information,
Discussion S2). WCP assumes that pinning is only by the collective,
cumulative, effect of many pinning sites, each too weak to pin a
vortex on its own, and that vortices are elastic strings®, as described
in Ginzburg-Landau theory'. A characteristic length, L., emerges
from the competition between pinning and elasticity: a vortex takes
advantage of pinning by bending on a length L > L, but it cannot
bend for L <« L.. In WCP, the vortex is broken into elastically
coupled L. segments, each pinned by a characteristic force, F,,.

We assume that each vortex is initially along the c axis, that only
the top portion interacts directly with the tip and that L. < Ay,
(where 1, is the in-plane penetration depth). Each L. segment is
subject to elastic forces from neighbouring segments and a pinning
force up to F,, modelled as static friction. We find that the top
portion of a vortex depins when Fi** > F,A/L. (A of order Ag)
and that:

Fmax (Fmax _ [
W~ lat ( lat 1) , (1)
ZFPEL/LC

for F™ > F,A/L. (see Supplementary Information, Discus-
sion S3). Here, F,/F, ~2A/L. and &, is the vortex line tension.

NATURE PHYSICS | VOL 5 | JANUARY 2009 | www.nature.com/naturephysics



NATURE PHYSICS 0o1:10.1038/NPHYS1127 LETTERS

a z(nm)
505 250 140
2w =465 nm
103 5001, P ,
o5k — < ’\ N
N Y 200 Along x
TE xit 0.5um 52' 4007% / N -’
3102} " 2
z <10k S °
= 020k c 300 ™
N — Fast scan position
IS 1o 30k vPosition B
5 100 o35k \ 200}
o 2395k
<42k
100 . . . . 100 |
400 600 900 1,350
z+hg (nm) o 1 : :
5 10 15
N CI)

Figure 3 | Force dependence of the dragged distance, w, along the fast axis. a, Force calibration: magnitude of peaks from vortices,

max(dF,/9z) = dF]'?* /dz, versus scan height at various temperatures. Clearly the temperature dependence in this range is weak. The solid line is a fit to
max(3F,/8z) = (M Po/m)/(z+ho)3 (hg =358 £ 5 nm, i1 = 32+ 1nAm, Supplementary Information, Discussion S1). The excellent fit enables us to use
Fnax = (M g /2m) /(24 ho)?. The maximum applied lateral force is given by FI& = aF"®. For a wide range of tip shapes 0.3 < a < 0.4 (ref. 30). We set
a = 0.35, adding at most 25% systematic error to F72*. Inset: Single line from a scan at z=65nm, T=5.2K, showing the peak height for an immobile
vortex (here, max(dF,/dz) =365 pN um~"). b, Distance moved by the vortex along the fast direction versus z (top axis) acquired at T = 25K versus Fex
(bottom axis). In addition to the maximum w (filled circles), we plot the distribution (diamonds and crosses), which shows the stochasticity of the vortex
motion. Other errors are not shown. Dashed lines are fits to equation (1) (along X:F1 =6.3+0.4pN, Fpey /L =272£12p NZ2um~"; along y:
F1=41£0.7pN, Foey /Lc =212£17 pN? um~"). Inset: Subsequent line scans showing the jerky nature of the vortex motion and how w was extracted from

the difference of the vortex positions in pairs of subsequent line scans.
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Figure 4 | Images and analysis showing the anisotropy of dragging when the fast axis is along the a axis and when it is along the b axis. a,b, Vortex
motion when the fast scan is along X (a) and y (b) (T =20K, z=80 nm, F7# ~ 20 pN). Note the erratic nature of the motion and the abrupt snap-in to the
tip on approaching the vortex along the slow axis, apparent as a sharp onset of the signal. Insets: Images of immobile vortices obtained with the same tip,
scan height and scan directions at T=5.2K. ¢,d, Distance moved along the fast axis, w, measured near the maximum lateral force, versus scan angle
measured from X. Bars denote 70% confidence intervals. Dashed lines show the fit described in the text, with the oxygen vacancy cluster size 2R, as a free
parameter. Fit result: 2R, /&, =0.7. In¢, T=20K at z=80nm, 130 nm, 230 nm (Flr:tax ~ 20,15, 10 pN, respectively). Ind, z=80 nm, for T=20, 15, 10 K.
e, Schematic diagram of vortex core meandering across the crystal in the presence of point defects clustered along the b axis.
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Figure 3b shows a reasonable fit for large F;", where the exact shape
of the top portion of the vortex and the fine details of the pinning
landscape are not important.

Figure 3b also highlights our second main finding—in-plane
anisotropy due to the crystal: we can drag a vortex farther along the
fast axis if it is along the YBCO b axis than if it is along the a axis.
This is also apparent in Fig. 4. Figure 4c,d shows the dependence of
w on the fast scan angle (see Supplementary Information, Fig. S3,
for w here). We found a similar effect using different tips (see
Supplementary Information, Table S1) and for every vortex that
we probed.

Equation (1) explains the anisotropy qualitatively. The pene-
tration depth imparts in-plane anisotropy to &, (refs 1,24), im-
plying that it is easier to tilt a vortex towards the b axis. In
addition, because of the in-plane anisotropy of the vortex core
radius, even for point pinning, the effective pinning potential is
less steep along the b axis, implying a smaller depinning force.
Equation (1) thus naturally explains the weak dependence of the
anisotropy on F* and T, seen in Fig. 4c,d. When F™* > F,
the only dependence on F}™ is an overall scale. The same is
true for the T dependence, because both the superconducting
parameters and the defect structure depend only weakly on T in
our range®.

For quantitative analysis, we have determined the angular
dependence of w o< L/, F, (see Supplementary Information,
Discussion S4), which depends on the anisotropy factor ¢. Fitting
all five data sets in Fig. 4c,d, we find ¢ = 1.6 (see Supplementary
Information, Fig. S5), in clear disagreement with our direct
measurement (see Supplementary Information, Fig. S1) and the
known value?, ¢ = 1.3. We surmise that there is an extra source
of anisotropy.

A likely source for extra pinning anisotropy is nanoscale
clustering of oxygen vacancies along the Cu-O chains**?’
(Fig. 4e). We modified our model (see Supplementary Information,
Discussion S5), imposing ¢ = 1.3, and fit the data in Fig. 4c,d
for the cluster size. We find clusters of order 10 vacancies along
the Cu-O chains (see Supplementary Information, Discussion
S5), large but reasonable for the sample’s length of time at room
temperature, where oxygen vacancies migrate slowly and cluster?.
It is also possible that non-Ginzburg-Landau physics affects the
core structure®’, changing details of the pinning-force anisotropy.
These results demonstrate that single-vortex manipulation is
a local probe of both the core and the defect structure on a
scale down to the core size. For example, in samples without
intrinsic a—b anisotropy and with known defect structure, MFM
could be used to probe the intrinsic structure of the vortex
core itself.

Despite the fact that YBCO is one of the most studied
superconductors, our data reveal major surprises about the
behaviour of individual vortices. A model based on weak collective
pinning for a single vortex quantitatively describes quasistatic
aspects of vortex motion with the incorporation of anisotropy
in the local microscopic pinning. This demonstrates that single-
vortex manipulation is a local probe of the structure of both
the vortex and the pinning defects. Further work is required
to describe the dynamic aspects of individual vortex motion
that we revealed: its stochastic nature and the marked effect of
transverse wiggling. In particular: how do the dynamics alter the
effective pinning landscape? How do they affect the mechanical
properties? Practically, wiggling is an important tool for future
experiments that require pulling vortices long distances, for
example, in the study of vortex entanglement'. Our results show
the utility of local force probes for accessing the pinning properties
and mechanical behaviour of individual vortices, the collective
behaviour of which is of great importance for the properties
of superconductors.
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Methods

Frequency-modulated MFM (ref. 20). We oscillate the cantilever along Z and
measure the resonant frequency, fy, which shifts by Af in a force gradient.
Assuming small oscillation amplitude, dF,/dz ~ —2cAf /fy (where ¢ is the
cantilever spring constant, see Supplementary Information, Table S1).

Sample details. The platelet-shaped single crystal was grown from flux in a
BaZrO; crucible for high purity and crystallinity'”. The (001) surfaces were free
of visible inclusions. Mechanical detwinning was followed by annealing to oxygen
content 7 — 8 = 6.991, implying T, ~ 88 K (ref. 19). The sample was stored at
room temperature for a few years. The finite a—b anisotropy enabled us to identify
crystal orientation by determining the directions along which vortex spacings
were extremal (see Supplementary Information, Fig. S1). The ratio between these
spacings is { = 1.3, corroborating previous results on similar samples®.
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