
Controlled manipulation of individual vortices in a superconductor
E. W. J. Straver,1 J. E. Hoffman,1,2 O. M. Auslaender,1,a� D. Rugar,3 and Kathryn A. Moler1

1Departments of Applied Physics and Physics and Geballe Laboratory for Advanced Materials,
Stanford University, Stanford, California 94305, USA
2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
3IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120, USA

�Received 6 August 2008; accepted 24 September 2008; published online 30 October 2008�

We report controlled local manipulation of single vortices by low temperature magnetic force
microscopy in a thin film of superconducting Nb. We are able to position the vortices in arbitrary
configurations and to measure the distribution of local depinning forces. This technique opens up
possibilities for the characterization and use of vortices in superconductors. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3000963�

Quantized magnetic flux tubes, called vortices, allow su-
perconductivity to survive in high applied magnetic field in
type-II superconductors, making them more technologically
relevant than type I. Each vortex has a nonsuperconducting
core with a radius on the scale of the coherence length � and
a circulating supercurrent that generates one quantum of
magnetic flux, �0=h /2e, over the scale of the London pen-
etration depth �. Although the paired electrons in a supercon-
ductor carry charge without resistance, a current will exert a
magnus force on all vortices, which results in dissipation, if
any of them move. Vortex motion is both a challenge and an
opportunity. The challenge is to understand and reduce un-
controlled vortex motion. A vortex may be pinned in place
by colocating its energetically costly nonsuperconducting
core with a defect that locally suppresses superconductivity.
Decades of materials research have characterized pinning
strengths and engineered defects to increase pinning.1–4 Con-
tinued reduction in uncontrolled vortex motion will open up
applications both for quiet circuits in sensing and communi-
cation and for large currents in high-field magnets and power
distribution.

Controlled vortex motion, on the other hand, has great
prospects for logic applications and for fundamental science.
Collectively controlled vortex motion can serve as a
rectifier,5 a vortex ratchet mechanism can perform clocked
logic,6 and vortices can control spins in an adjacent diluted
magnetic semiconductor,7 while vortices adjacent to an elec-
tron gas in a quantum-Hall state may allow the creation of
exotic quantum states.8 A proposed test9,10 of the long-
standing idea that vortices may entangle like polymers11 re-
quires controlled local manipulation of single vortices. Vor-
tices are of theoretical interest for their own sake,12,13 as
clues to the underlying superconductivity,14,15 as analogs for
interacting bosons,16 and as model systems for soft con-
densed matter.13

Previous experimental manipulations of single vortices
applied relatively delocalized forces17–21 or did not control
the vortex motion.22,23 Here we demonstrate vortex manipu-
lation with nanoscale control and show that we can quanti-
tatively measure the local depinning force. In magnetic force
microscopy �MFM�, the sample exerts a measurable force on
a cantilever with a sharp magnetic tip, such that scanning the

cantilever at a constant height z above the sample provides a
map of magnetic features. MFM has been used for a variety
of vortex experiments.22–27 Many experiments image the
cantilever deflection, which is proportional to the vertical
force Fz. For improved signal-to-noise ratio, we use fre-
quency modulation mode28 in which the imaging signal is a
shift �f in the cantilever’s resonant frequency f0. The
images show the variations in the derivative of Fz, �Fz /�z
=−2k�f / f0, where k is the cantilever’s spring constant.29 We
use the lateral component of the force Flat��Fxx̂+Fyŷ� to
pull or push vortices.

We used a home-built variable-temperature MFM30 to
study a 300 nm thick Nb film sputtered onto a silicon
substrate.31 The midpoint transition temperature is Tc
=8.6 K with a transition width �Tc=0.6 K, as measured by
magnetic susceptibility, and �=90 nm.32

Figure 1 shows controlled vortex manipulation. We
cooled the sample to T=7 K in an external field of a few
Gauss with a polarity giving an attractive tip-vortex force.
Figure 1�a� shows a disordered arrangement of vortices
pinned in the sample. The lack of observed vortex motion
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FIG. 1. �Color� Manipulation of vortices to spell SU. Color bars give �f
�left for �a�–�c�, right for �d��. �a� An unmanipulated configuration of pinned
vortices after initial cooling to T=7.0 K imaged at a scan height z
=300 nm. ��b�–�c�� Intermediate configurations after manipulation of some
vortices in the temperature range 7.0 to 7.2 K, imaged at z=300 nm. �d�
Final configuration after completing the vortex manipulation at 7.2 K, im-
aged at z=120 nm and T=5.5 K for better resolution and stronger pinning.
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during the scan indicates that at this height of z=300 nm we
are imaging vortices without depinning them. To move a
vortex, we position the cantilever tip over it, reduce the os-
cillation amplitude, descend to z�10 nm, move parallel to
the surface, and then withdraw vertically, leaving the vortex
at a new location. Some locations require several attempts at
different heights or lateral offsets to move the vortex or dif-
ferent pulling directions and slightly elevated temperature to
reduce the pinning force. The exact final location of the vor-
tex must depend on the local pinning potential; pinning sites
appear to be dense in the Nb film. Images �Figs. 1�b�–1�d��,
each taken after several manipulations, show the reposition-
ing of vortices to write SU. This procedure is akin to atom
manipulation in scanning tunneling microscopy.33

We also quantified the forces required to depin vortices
at 5.5 K. Figure 2 shows a series of images, with decreasing
z, of eight isolated vortices at a vortex density corresponding

to 4 G with a polarity giving repulsive tip-vortex force. As z
decreases, the increased �Fz /�z leads to increased signal
strength, while the increasing Flat depins vortices. Vortices
at different locations depin at different heights, indicating a
distribution of depinning forces. In this case, Flat is weak
enough that a depinned vortex simply finds a better pinning
site nearby, but we have also applied larger forces to sweep
the field of view clean of vortices.

We fit the data in Fig. 2, as well as a second data set of
31 vortices at a vortex density corresponding to 17 G, also at
5.5 K. We model the cantilever tip and each vortex as
monopoles.29 Cuts through the fits are shown in Figs.
2�f�–2�i�. The resulting max�Fz� �Fig. 3�a�� has systematic
error bars of less than 50% from the modeling and from the
uncertainty in k. These systematic errors do not affect the
relative distribution of depinning forces.

Most vortices clearly moved by visual inspection during
one or more scans. To quantify our detection threshold, we
bootstrap29,34 the entire eight-vortex data set and one quad-
rant of the 31-vortex data set.29 The upper limit to undetected
vortex motion at the 95% confidence level �R is shown in
Fig. 3�b�. The stationary vortex in Fig. 2 did not move by
more than 9 nm.

Identifying the z-value at which each vortex moved
gives a histogram of vertical depinning forces �Fig. 3�c��
ranging from 12 pN to more than 32 pN. Since it is actually
Flat that causes the depinning, we use modeling to estimate it
based on the measured max�Fz�. Depending on the model,
the ratio between the maximum Flat and the maximum
Fz ranges from 0.3 for a pyramidal tip less sharp than ours35

to 2 /3�3�0.38 in the monopole-monopole model. Using
0.38, the observed lateral depinning force ranges from 4 pN
to above 12 pN or, normalized by film thickness,
15–40 pN /�m. This technique could be advanced further
by using vertical cantilevers with lower spring constants to
directly measure the lateral force.

The manufacturer-specified critical current for similar
films is 50�30 mA per transverse micrometer at 4.2 K,31

equivalent to a depinning force of 104�69 pN. Other single
vortex pinning measurements in Nb used a transport current
to supply a force17–20 and various stationary probes to detect

FIG. 2. �Color� Vortices in a Nb film imaged at T=5.5 K as a function of
decreasing scan height z. ��a�–�e�� Images at five different values of z. Red
right arrows indicate vortices depinning for the first time. A single vortex
remains unmoved even at the largest applied force in �e� �yellow left arrow�.
��f�–�i�� Cross sections along the crosshairs in �a� for the first four z-values.
The lines are from the monopole-monopole model. �j� Closeup on the boxed
region in �e�.

FIG. 3. �Color� �a� Maximum of the vertical force applied to a vortex max�Fz� as a function of the measured tip-sample separation z and the modeled
monopole-monopole separation z+�+d for two data sets taken with the same cantilever. Solid green lines indicate the systematic error associated with
modeling the data. Dashed purple lines also include the uncertainty from the cantilever spring constant. �b� The threshold for detecting vortex motion at the
95% confidence level. The 4 G data set has better resolution because the data were less noisy. The curves are from the monopole-monopole model.29 �c�
Histogram of number of vortices depinned vs max�Fz�. The width of the histogram bars is the difference in force between heights of successive scans. The
arrow on the last blue bin indicates that a single vortex did not move at the largest applied force, as shown in Fig. 2.
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motion. For comparison, we normalize previous results by
the film thickness and extrapolate to our reduced temperature
using the power law F� �1−T /Tc�	, where 	 is an experi-
mentally determined exponent that varies greatly between
experiments. The inferred depinning forces are 123,20 80,17

58,18 5,17 and 0.6 pN /�m.19 These experiments have motion
detection thresholds ranging from a few hundred nanometers
to microns, except for Ref. 19, which reports a resolution of
�20–40 nm, achieved with an array of stationary Hall
probes.

Our best threshold for vortex motion detection is better
than 10 nm and is limited by the signal-to-noise ratio. The
characteristic scale for changes in the pinning potential is the
coherence length ��10–20 nm.17,25 We can therefore detect
all vortex depinning events with a quantitative determination
of the locally applied depinning force. Imaging the vortices
before, during, and after the depinning has great prospects
for correlating pinning with topography, for determining the
pinning landscape directly, and for studying single-vortex
dynamics.
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