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Magnetic Force & Scanning Tunneling Microscopy
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Figure I.  On the left, a MFM magnet and sample holder.  On the right, a STM tip.
Magnetic Force Microscopy

Magnetic force microscopy (MFM) images the spatial variations of magnetic forces on a sample surface.  For MFM, the tip is coated with a ferromagnetic thin film.  The system operates in non-contact mode, detecting changes in the resonant frequency of the cantilever induced by the magnetic field’s dependence on tip-to-sample separation.  An image taken with a magnetic tip contains information about both the topography and the magnetic properties of a surface.  Which effect dominates depends upon the distance of the tip from the surface.  
The tip-to-sample spacing typically lies in the range of ten to hundreds of angstroms, or in the non-contact regime.  This range of spacing for MFM operation can be further divided into far-field and near-field regimes (as indicated on Figure II).  The far-field and near-field regimes are defined based on whether the force gradient is dominated by the magnetic, or the van der Waals’ force gradient term.

The net force between the atoms on the cantilever tip and atoms on the sample surface is the sum of the magnetic force (repulsive or attractive) and the van der Waals’ force;
F = Fm + Fv


(1.1)
Similarly, the net force gradient experienced by a vibrating cantilever is the sum of the gradient of the magnetic force and the gradient of the van der Waals’ force;
dF/dz = dFm/dz + dFv/dz
(1.2)
where z is the tip-to-sample spacing.
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Figure II.  Magnetic force and van der Waals force.
In the far-field regime, the gradient of the magnetic force is greater than the gradient of the van der Waals’ force.  The dominance of the magnetic force gradient in the far-field regime means that the Topography signal, a signal that represents changes in the force gradient, is dominated by the magnetic properties of the sample surface.  Thus, if you take an image using the Topography signal, you can set the scan parameters to position the tip far enough away from the sample that it is in the far-field regime.  Then, the image will represent magnetic features on the sample surface.
In the near-field regime, the gradient of the van der Waals’ force is greater than the gradient of the magnetic force.  The dominance of the van der Waals’ force gradient in the near-field regime means that the Topography signal that represents the force gradient is dominated by changes in the topography of the sample surface.  Thus, if you take an image using the Topography signal, you can set the scan parameters to position the tip close enough to the sample that it is in the near-field regime.  Then, the image will represent topographic features of the sample surface.

Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) is the ancestor of all scanning probe microscopes. It was invented in 1981 by Gerd Binnig and Heinrich Rohrer at IBM Zurich. Five years later they were awarded the Nobel Prize in physics for its invention. The STM was the first instrument to generate real-space images of surfaces with atomic resolution.
STMs use a sharpened, conducting tip with a bias voltage applied between the tip and the sample.  When the tip is brought within about 10Å of the sample, electrons from the sample begin to “tunnel” through the 10Å gap into the tip or vice versa, depending upon the sign of the bias voltage.  See Figure III below.  The resulting tunneling current varies with tip-to-sample spacing, and it is the signal used to create an STM image.  For tunneling to take place, both the sample and the tip must be conductors or semiconductors.  Unlike AFMs, STMs cannot image insulating materials.
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Figure III.  Schematic of tip and sample interaction for STM, adapted from http://www.veeco.com.
The tunneling current is an exponential function of distance; if the separation between the tip and the sample changes by 10% (on the order of 1Å), the tunneling current changes by an order of magnitude.  This exponential dependence gives STMs their remarkable sensitivity.  STMs can image the surface of the sample with sub-angstrom precision vertically, and atomic resolution laterally.
STMs can be designed to scan a sample in either of two modes: constant-height or constant-current mode, as shown in Figure IV.
In constant-height mode, the tip travels in a horizontal plane above the sample and the tunneling current varies depending on topography and the local surface electronic properties of the sample.  The tunneling current measured at each location on the sample surface constitutes the dataset, the topographic image.
In constant-current mode, STMs use feedback to keep the tunneling current constant by adjusting the height of the scanner at each measurement point.  For example, when the system detects an increase in tunneling current, it adjusts the voltage applied to the piezoelectric scanner to increase the distance between the tip and the sample.
In constant-current mode, the motion of the scanner constitutes the dataset.  If the system keeps the tunneling current constant to within a few percent, the tip-to-sample distance will be constant to within a few hundredths of an angstrom.
Each mode has advantages and disadvantages.  Constant-height mode is faster because the system does not have to move the scanner up and down, but it provides useful information only for relatively smooth surfaces.  Constant-current mode can measure irregular surfaces with high precision, but the measurement takes more time.
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Figure IV.  Comparison between constant-height and constant-current mode for STM, adapted from http://www.veeco.com.
As a first approximation, an image of the tunneling current maps the topography of the sample.  More accurately, the tunneling current corresponds to the electronic density of states at the surface.  STMs actually sense the number of filled or unfilled electron states near the Fermi surface, within an energy range determined by the bias voltage.  Rather than measuring physical topography, it measures a surface of constant tunneling probability.

From a pessimist’s viewpoint, the sensitivity of STMs to local electronic structure can cause trouble if you are interested in mapping topography.  For example, if an area of the sample has oxidized, the tunneling current will drop precipitously when the tip encounters that area. In constant-current mode, the STM will instruct the tip to move closer to maintain the set tunneling current.  The result may be that the tip digs a hole in the surface.
From an optimist’s viewpoint however, the sensitivity of STMs to electronic structure can be a tremendous advantage.  Other techniques for obtaining information about the electronic properties of a sample detect and average the data originating from a relatively large area, a few microns to a few millimeters across.  STMs can be used as surface analysis tools that probe the electronic properties of the sample surface with atomic resolution. 
Questions:

1. What type of surface properties are measured in MFM in the near-field and far-field regimes? (3)
2. Using Figure II, explain why you get a particular surface property in a particular regime.  Pick one to explain. (3)
3. Why must you use a non-magnetic sample holder for MFM? (3)
4. What AFM mode are you using for MFM and why? (3)
5. Why do you need a functionalized tip for MFM? (3)
6. What type of information does a STM image offer about a sample (beyond topography)? (3)
7. Explain why STMs can image the surface of a sample with sub-angstrom precision vertically and atomic resolution laterally. (3)
8. What is the difference between the two STM modes constant-height and constant-current?  (3)
9. When would you use one STM mode over the other? (3)
10. What issues might you have with a STM tip? (3)
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