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An atomic force microscope is an instrument that is capable of imaging mag

netic, electric and van der Waals forces with a very high resolution. In this 

thesis, different methods for detecting the displacement of the force sensing lever 

in such an atomic force microscope are discussed. Special emphasis is given to 

optical detection methods that are used in conjunction with a vibrating lever. The 

three optical systems that are discussed are based on (1) the heterodyne interfer

ometer, (2) the homodyne interferometer, and (3) a new design that utilizes feed

back into a laser diode. Images of a hard disk drive head and of domains in a 

TbFeCo thin film sample that were obtained with the heterodyne system are pre

sented. Also presented are images of domains in a different TbFeCo sample and 

of interdigital fingers that were collected with the novel laser diode system. 
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General Background 

The atomic force microscope* (AFM). which was derived from the scanning 

tunneling microscope^ (STM). is only one member of a new group of very high 

resolution tip microscopes. This group also includes the near-field scanning optical 

microscope' (NSOM) and the scanning thermal profiler* (STP). The STM was in

troduced in 1982 by Binnig. Rohrer. Gerber. and Weibel.^ Its abilities to produce 

atomic resolution images and to provide highly localized spectroscopic information 

have revolutionized surface science and Binning and Rohrer were awarded the 

Nobel Prize in Physics in 1986 in recognition of their invention. Before concen

trating on the AFM, a short discussion of the STM will be presented since the 

AFM was derived from the STM and has more in common with the it than with 

any other technique. 

At the heart of the STM is a sharp tip, which ideally has a single atom at its 

end and is short and rigid. The tip, mounted on a piezoelectric translator that is 

capable of very fine motion in the x, y, and z durections, is raster scanned in x 

and y over the sample. When the tip is moved in z to within about 10 A or less 

from the sample and a bias voltage is applied between the tip and the sample, a 

tunneling current will flow between them. The tunneling current varies exponen

tially with tip-to-sample spacing, allowing for very high hei^t resolution. It is 

important to note that the sample must be able to conduct current, which pre

cludes the imaging of insulators by the STM. 



There are two modes of operation for the STM. In the constant current 

mode, a fast feedback loop causes the tip to follow the sample terrain and it is 

the z control voltage to the tip as a function of x and y that gives a three dimen

sional image of the surface. In the constant hei^t mode, a slow feedback loop 

keeps the tip at a constant average height above the surface and the tunneling 

current is allowed to vary. In this mode, the image is obtained from the current 

as a function of x and y. The constant current mode is slower, but allows an 

easy interpretation of the surface features and reduces the likelyhood of the tip 

crashing into the surface. 

Due to the small distances involved, it is necessary for the STM to have good 

vibration isolation and low thermal drift. When a good tip is used under these 

conditions, atomic resolution images are readily possible. In addition to being able 

to provide profiles, the STM can also be used to obtain spectroscopic information 

by modulating the bias voltage and monitoring the modulated tunneling current. 

The AFM was invented by Binnig, Quate, and Gerber in 1985 as a tool for in

vestigating both insulating and conducting samples.' There are several different 

types of AFM that are based on different types of displacement sensors, but all of 

them have a number of features in common. Like the STM, the AFM features a 

sharp tip, but the AFM tip is attached to the end of a flexible cantilever. The 

lever senses the sample through small forces acting between the tip and the sample 

rather than by a tunneling current. So that the displacement sensor can remain 

aligned with the lever, the sample, instead of the tip. is raster scanned with the 

piezoelectric scanner. Good vibration isolation and low thermal drift are again 

required for high resolution imaging. 
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The two main types of AFM are those that use tunneling detection and those 

that use optical detection. Since tunneling detection senses a very small area of 

the lever, it is very sensitive to the local roughness of the lever if there is any 

thermal drift present in x or y between the tunneling tip and the lever. Optical 

detection senses a much larger area of the lever and is thus much less sensitive to 

this problem. In addition, tunneling detection is also sensitive to local surface 

contaminations on the lever. For these reasons, several groups have found optical 

detection to be more reliable and easier to implement than tunneling detection.^*^ 

This thesis will concentrate on optical detection, but a brief discussion of tunneling 

detection will be given here first. 

Tunneling Detection 

The first AFM utilized tunneling detection.' As illustrated in Fig. 1.1, there is 

both a force probing tip at the end of the lever and a tunneling tip. The tunnel

ing tip is positioned just above the back of the lever near its end, and since tun

neling is required, the lever must be conducting or have a conducting film on it. 

As the probing tip encounters a force, the lever is deflected, which changes the 

tunneling gap between the tunneling tip and the lever and causes the tunneling 

current to change. 

There are a number of possible modes of operation for this type of system. 

The two most popular modes are the constant force mode and the variable deflec

tion mode. In the constant force mode, a fast feedback network adjusts the 

sample z position to keep the lever deflection constant, and contours of constant 

force are obtained by plotting the sample z piezo voltage. In the variable deflec

tion mode, a slow feedback network controls the tunneling tip z position to main-
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(5  

sample 

Figure 1.1 Schematic iUustration of tumieliag detection. Upper tip senses motion 
of the lever and lower tip senses forces due to the sample. 
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tain a constant average tunneling tip to lever spacing. The feedback network is 

too slow in this case to respond to deflections caused by sample features of inter

est and these are detected as variations in the tunneling current. Images can be 

obtained faster in this mode, but their interpretation is not as simple as for the 

constant force images. 

The discussion of tunneling detection has so far assumed that the lever is not 

vibrating. Due to the fact that tunneling takes place only for gap distances of 

about 10 A or less, the variable deflection mode will only work for very small 

deflections. It is possible to vibrate the lever while using tunneling detection, but 

the amplitude of vibration must be kept very small. This form of operation is 

therefore most often used with optical detection. 

Optical Detection 

As illustrated in Fig. 1.2, in systems that use optical detection the tunneling tip 

is replaced with a laser probe beam that is reflected off the back of the lever. 

With the exception of a system design that uses a position sensitive detector to 

sense the deflection of the reflected beam,^*^ all such systems employ optical inter-

ferometric methods. As the lever moves, the optical path length of the probe 

beam becomes shorter or longer. In both the heterodyne^*"* and homodyne"<*^ 

techniques, this change is sensed by interfering the probe beam with a reference 

beam on a photodiode detector. The probe and reference beams are generated 

from a single source with the use of a partially reflecting surface. 

In the heterodyne technique, the reference and probe beams are separated by a 

beamsplitter and one of them is frequency shifted by passing it throu^ an 

accousto-optic modulator. The lever is vibrated perpendicular to the sample sur-
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Figure 1.2 Schematic of different optical detection methods, (a) Deflection detec
tion. (b) Heterodyne or homodyne detection, (c) Laser diode fe^back detection. 
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face at a constant frequency, which is near its resonant frequency, by a piezoelec

tric bimorph. The probe beam is phase modulated by the vibrating lever and the 

resulting sidebands contain the vibration amplitude information. When the tip 

experiences a force derivative along the direction of vibration, the lever's resonant 

frequency shifts, resulting in a change in the amplitude of vibration. Alterna

tively, the sample can be vibrated and any force derivative will induce a vibration 

in the lever. With the proper detection electronics, the heterodyne system can be 

made to be immune to random variations in the optical path difference between 

the probe and reference beams."*'* One of the systems that will be presented in 

this thesis is a heterodyne system. 

Similar to the constant force and variable deflection modes used with tunneling 

detection are the constant force derivative and variable amplitude modes used with 

heterodyne detection. The constant force derivative mode uses a fast feedback 

network to control either the tip or sample z position in order to maintain a con

stant amplitude of vibration. The z control signal as a function of x and y pro

vides a surface of constant force derivative. In the variable amplitude mode, a 

slow feedback network maintains a constant average amplitude and the local amp

litude values are plotted. 

In the homodyne version, neither the probe nor the reference beam is fre

quency shifted with an accousto-optic modulator. The resulting interference signal 

is sensitive to any optical path difference changes between the probe and refer

ence beams. As a result, the lever can be operated in a non-vibrating dc mode or 

in a vibrating ac mode, but random path difference changes can be a problem in 

either case. In the dc mode, the lever's deflections are monitored and either con

stant force or variable deflection images are produced. In the ac mode, the lever's 



vibration amplitude is monitored and either constant force derivative or variable 

amplitude images are produced. 

Several methods have been used to generate the homodyne reference beam, in

cluding reflection from an optical flat" and reflection from the end of an optical 

fiber.^^ The latter method has the advantage of minimizing unwanted optical path 

difference drifts by minimizing the distance between the end of the fiber and the 

lever. 

A novel compact laser diode based AFM design'̂  will be presented in this 

thesis. In this system, the lever is placed directly in front of the output window 

of a laser diode and a portion of the phase modulated probe beam is intentionally 

fed back into the laser. This modifies the operation of the laser and, like in a 

homodyne system, a signal at the vibration frequency of the lever is produced. 

Capabilities 

Despite its name, the AFM is not restricted to atomic forces. In addition to 

being able to sense van der Walls attractive forces and short range repulsive 

forces, the AFM can be used to sense magnetic and electric forces. A niunber of 

groups have demonstrated atomic resolution of both insulating and conducting sam

ples while sensing short range repulsive forces.^*"*'̂ ^ A resolution of SO A has 

been reported for profiling with the attractive van der Walls force," and it has 

been predicted that 10 A should be possible." Magnetic forces have been used to 

image domains with a resolution on the order of 1000 A in magneto-optic thin 

films'̂  and 200 A wide Bloch walls in Fe-Nd-B have been imaged.^ Electrostatic 

forces have been used to study variations in the dielectric constant and in voltage 

across a sample and a resolution of 1000 A has been obtained. '̂ In general, the 
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resolution is determined by the tip-to-sample spacing, the tip shape, and the type 

of force involved, as well as by noise. 

Like the STM, the AFM can operate in air, in vacuum, at low temperatures,'̂  

and in liquids.'̂  Operation in liquids however is not practical for those systems 

that use a vibrating lever due to the damping of the resonance of the lever by the 

liquid. 

Other Technologies 

For comparison, the stylus profilometer images surfaces by sensing repulsive 

forces with a tip or stylus at the end of a lever, but it has much poorer resolution 

than the AFM for this type of force, works only with much stronger forces, and 

can deform the surface under study.^*>^ As mentioned before, the STM is capa

ble of atomic resolution, but it only works with conducting or semiconducting 

samples. NSOM, which confines light with a tiny aperture, has demonstrated a 

resolution down to about 200 A,' an order of magnitude better than conventional 

optical microscopy. With a scanning electron microscope (SEM), a resolution of 

about 100 A is possible,^^ but it requires a conducting sample and a vacuum. In 

transmission electron microscopy (TEM), atomic resolution is possible, but the 

sample must be thinned and a vacuum is required. 

For magnetic samples, special modifications of electron microscopy have been 

developed. Lorentz microscopy, which is a variation of TEM, has resolved a 

Bloch wall as narrow as SO A across. '̂' With SEM with polarization analysis 

(SEMPA), a resolution of 2000 A has been shown^ and 100 A has been pred

icted^, but it requires sophisticated electronics and surface contamination can 

affect the image contrast.^ When high resolution is not required, the magneto-



optic Kerr effect '̂ or the Bitter decoration technique^ can be used. 
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Organization 

Chapter 2 will present the theory of various aspects of the AFM. Chapters 3 

and 4 will discuss the heterodyne and laser diode based systems and soma of their 

results. Finally, future issues and prospects will be covered in Chapter S. 
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CHAPTER 2 

THEORY OF OPTICAL AFM SYSTEMS 

Tips and Levers 

The critical components in the AFM are the lever and its tip. The important 

charactaristic of the tip is its sharpness. When the short range repulsive forces 

are being sensed, only the very end of the tip is involved. In this case, a single 

atom at the end of the tip is required for atomic resolution imaging. If there is 

more than one atom at the end of the tip. anomalous images result.^^ Longer 

range forces involve a larger volume of the tip and the radius of curvature of the 

tip becomes important. 

The important charactaristics of the lever are the spring constant k and the 

resonant frequency fg. If the lever's dimensions are known, its spring constant 

and resonant frequency can be calculated." For a lever fixed at one end and 

free at the other, k and fo are given by 

where E is Young's modulus of elasticity of the lever material. I is the area 

moment of inertia of cross section, L is the length, m - /[(L/4.12 is the effective 

mass, and is the mass per unit length. I and n depend on the shape of the 

lever. For a circular rod of diameter d. 

k - M (2.1) 

and 

(2.2) 
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I - ^ . (2.3) 

and 

l i - (2.4) 

where p is the density of the material. Making the approximation m ^ iiL/4 and 

substituting for I and n yields 

and 

k - . C.5) 

«.6) 

From these equations, it can be seen that both k and fp decrease with decreasing 

diameter and increase with decreasing length. The dependence on d and L is 

stronger for k than it is for fo. If a certain k and fg are desired, the required L 

and d can be obtained as follows: 

and 

d - 4irfoL2^^j'/2 . (2.8) 

If the lever is a rectangular bar of width b and thickness h, then 

I - ^ . (2.9) 

and 



/I - bh/) . 
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(2.10) 

which leads to 

. - f (£]., (2.11) 

and 

(2.12) 

Again, both k and fo decrease with decreasing cross section and increase with 

decreasing length. Since there are only two equations, it is not possible to com

pletely solve for b, h and L. thus allowing some freedom when designing for spec

ific k and fg values. 

The spring constant and resonant frequency given for the rectangular lever 

shape are for bending in the thickness direction. As long as b > h, the spring 

constant in the width direction will be higher. If a rectangular lever is mounted 

with its width parallel to the sample surface, it will have an advantage over a 

circular lever by being less responsive to forces that are parallel to the sample 

surface than to forces that are perpendicular to the sample surface. 

Although only the tip interacts with the sample, the lever is also affected, since 

the tip is an integral part of the lever. In the absense of any interaction, the 

lever has a resonance curve of the form 

ao(fo/f) 
(2.13) a -
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where a is the amplitude of vibration, ao is the amplitude at resonance, Q is the 

quality factor and f is the driving frequency. A constant force F simply deflects 

the lever by an amount k/f. As the tip vibrates perpendicular to the sample sur

face, any force derivative F • along the direction of vibration changes the 

effective spring constant of the lever. A positive F acts against the restoring 

force of the lever and a negative F acts to increase the restoring force. This 

produces a shift in the resonant frequency from the value given in Eq. (2.2) to 

»o • «»-1 
2n ^ • <2.14) 

m 

If F is small compared to k. the shift is Afg Si Ffo/2k. When the lever is driven 

at a constant frequency, the shift of the resonance results in a change in the 

vibration amplitude. This change will be maximized by operating on the steepest 

part of the resonance curve. As noted in Ref. 10, for a large Q, this occurs at 

f S£ f- 1 ± (2.15) 

and at this point the slope is 

^ 3V3fo 
(2.16) 

The resonance shift due to a small F results in an amplitude change Aa at this 

point that is given by 



. 2aoQF 
Aa - . 

3>/3k 
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(2.17) 

Although it would appear to be desirable to reduce the spring constant as 

much as possible in order to maximize the change in amplitude, it will be seen 

later in this chapter that there are several limits as to how small it should be. It 

will also be seen that the resonant frequency should be made high. Given these 

guidelines, it is necessary to produce a lever with very small dimensions. A large 

Q will also maximize the change in amplitude. The lever will have a large Q 

when the damping is small and this requires a stiff bond of the lever to the bim-

orph. 

Phase Modulation 

When a probe beam is reflected from the vibrating lever, it is phase modulted 

and its amplitude Ap is given by 

Ap - (2Pp)*Acos[WLt + mpCos(S2t)] , (2.18) 

where Pp is the probe beam power, Q and a are the angular frequency and amp

litude of vibration, mp - 4ffaA is the phase modulation index, and uni^ and X are 

the angular frequency and wavelength of the laser. This signal contains an infin

ite number of sidebands, but if the vibration amplitude is kept small compared to 

X. only the carrier at and first pair of sidebands at (<}£^ ± 0 are important. 

With this approximation, Eq. (2.18) becomes 
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Ap - (2Pp)'/2cos(wLt) - ^(2Pp)V2{sin[(«L + 0)t] + sin[(ci}£^ - 0)1]} . (2.19) 

The amplitude of the sidebands will vary as the vibration amplitude varies. 

Heterodyne Detection 

In the heterodyne scheme, the final result is the same whether it is the probe 

or reference beam that is frequency shifted with an accousto-optic modulator. So 

that Eq. (2.19) will be valid for both the homodyne and heterodyne cases, it will 

be assumed that it is the reference beam that is shifted. Its amplitude is given 

by 

Af - (2Pi.)V^COS[(ci)L + Wm)*^ + • (2-20) 

where Pf is the reference beam power, cJjq is the accousto-optic modulator angu

lar frequency, and 0 is the phase difference between the -two beams due to a 

difference in optical path lengths. The two beams interfere at the detector and 

the resulting power P, neglecting terms with 2S, is 

P - Pj + Pp + 2(PrPp)»/^cos(Wmt + e) (2.21) 

+ mp(P|.Pp)*/^{sin[(ci>ni h- Q)t + 6] sinKuQ^ - G)t + fl]} . 

The output current i from the detector is pven simply by i - oP where a is the 

detector responsivity. The information is contained in the Ugj ± Q sidebands and 

their amplitude is proportional to the amplitude of vibration. For a fixed amount 



of total optical power P^, the sidebands are maximized when Pp - Pj. - Pj/2. 

The sidebands include 6, which will vary as the path lengjths drift. This 

unwanted effect can be removed by mixing one of the sidebands with the CI>Q| 

carrier, since both include An alternate method is given in Chapter 3. Eq. 

(2.21) was written assuming perfect interference between the two beams, but if the 

two phase fronts do not perfectly match, the ac terms will all be reduced by an 

equal amount. If it is necessary to know the actual vibration amplitude, it can be 

obtained from the ratio of the amplitude of one of the sidebands and the ampli

tude of the carrier. 

Homodyne Detection 

In the homodyne scheme, the accousto-optic modulator is not used. In this 

case, Eq. (2.21) becomes 

P - Pf + Pp + 2(PrPp)V2cos(e) + 2mp(PrPp)V2sin(0)cos(nt) , (2.22) 

where terms with 2Q have been ignored. In this case, the O term contains the 

vibration amplitude information and it will be maximized when Pp « Pj. - P^/2. 

Unfortunately, if there is any path length drift, B will drift and the Q signal amp

litude will change and can even fall to zero. Thus, 6 must be adjusted to 90" 

before the beginning of a scan and must not vary significantly during the time it 

takes to obtain an image. It has again been assumed that there is perfect interfer

ence. Otherwise, the interference terms involving the product PpPp will be 

reduced. If the actual amplitude of vibration needs to be knoMm, it is useful to 

go back and look at the previously neglected second harmonic term. This addi-
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tional tenn is given by 

P2n • —^(PrPp)'/^cos(e)cos(2nt) . (2.23) 

If the first and second harmonics are individually maximized by adjusting 0, their 

ratio can be used to find the vibration amplitude. If the second harmonic proves 

too small to measure, then it is necessary to isolate the third term in Eq. (2.22) 

from the other dc terms and to use a ratio of this term and the first harmonic to 

find the vibration amplitude. 

This discussion has assumed that the homodyne system is being operated with 

the lever vibrating. If the lever is not vibrating, Eq. (2.22) will be reduced to its 

first three terms. In this case, the third term contains the deflection information 

through 9. 

Sensitivity 

One limit to the sensitivity of the AFM is set by thermal vibrations. Thermal 

energy excites the lever to vibrate with an amplitude of 

(2.24) 

where Kj, is Boltzman's constant, and T is the temperature of the lever.^ Fluctua

tions in these thermal vibrations result in an rms vibration noise Bq that is given 

by 



®n 
2KbTQB 

kfffn 
' A .  

27 

(2.25) 

where B is the bandwidth in which the noise is measured.^*'" This noise sets a 

limit on the minimum force derivative that can be detected. By setting Eq. (2.17) 

equal to Eq. (2.25) the noise equivalent force derivative (NEFD) is found to be '̂"* 

NEFD - J-
ao 

27kKbTB 
2trQfo 

1/2 (2.26) 

This suggests that k should be as small as possible, but it must be large enough so 

that a^ does not approach the size of the tip to sample spacing. A high fg and Q 

will also lower the minimum force derivative that can be detected. In addition, a 

high fo will also move the operation away from low frequency building vibrations 

and 1/f noise. 

Another source of noise is shot noise generated in the photodiode. The rms 

shot noise current ig is given by 

in - (2eaPtB)'A . (2.27) 

where e is the charge of an electron. This noise is equivalent to noise in the 

vibration amplitude. The amount of equivalent amplitude depends on whether 

homodyne or heterodyne detection is used. If homodyne detection is used, it cor

responds to" 
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(2.28) 

If this noise is larger than the thermal vibration noise, the noise equivalent force 

derivative will be set by 

The sensitivity of the AFM can be reduced due to a number of factors. The 

signal will be reduced if the two wavefronts are not identical or if their powers 

are not equal. The noise will be increased by vibrations that make it through the 

vibration isolation system and by Johnson noise in the detection electronics. In 

the homodyne case, the signal will be reduced and the shot noise will be increased 

if 9 is not properly adjusted. 

The remainder of this chapter will focus on the optical feedback detection 

scheme, in which the probe beam is reflected from the vibrating lever back into 

the laser diode.^^ Since the returning light interacts with the laser diode, the 

theory for this system is more complicated than that for the conventional homo-

dyne or heterodyne systems. Acket et al.^ have developed a theory that describes 

the effects of feedback in index-guided single-mode diode lasers. Their theory 

was developed for feedback from a nonvibrating surface and multiple reflections 

were ignored. They identified a key parameter that describes the strength of the 

feedback interaction. This parameter is given by 

NEFD (2.29) 

Basic Laser Diode Feedback Theory 
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(2.30) 

where r - 2L/c is the round trip time of the light and L is the distance between 

the laser and the external reflecting surface. The parameter y is defined by 

-y . r fc t - R" 
[2Ld,eff RIA 

where c is the speed of light, L^^eff effective optical pathlength of the laser 

diode cavity. R and r are the reflectivities of the laser diode mirrors and that of 

the tip, and f is the fraction of the light that couples back coherently into the 

lasing mode. Also, 

ri/2 (2.31) 

where n and N are the refractive index and density of carriers inside the laser 

diode cavity. They found that <f> st -76** for a typical laser diode. 

The presence of feedback causes a change in the operating frequency and 

power of the laser diode. The frequency shift Aw is determined by 

Aun m Csin[0 - (idg + Aci))r] , (2.33) 

where Wq is the frequency of the laser in the absence of feedback. The relative 

change in power I? - AP/Pq is given by 
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1) - K7COS[(CI>O + AW)T] . (2.34) 

where 

2 J/Jth 
" r„ j/Jth -1 • 

(2.35) 

Here, Tq is the loss inside the cavity, and J and Jth are the current and threshold 

current of the laser. A plot proportional to the change in power as the external 

round trip transit time is varied is shown in Fig. 2.1.^^ 

The importance of the parameter C is that the case C « 1 separates the low 

feedback (C < 1) and high feedback (C > 4) regimes. For the case C > 1, opera

tion of the laser becomes multistable. while for C < 1. the laser has only a single 

stable state. When C ss 1. the operation of the laser is noisy. 

So far. this discussion of feedback has only concerned feedback from a nonvi-

brating surface. The theory has been extended to cover feedback from a vibrat

ing surface, such as the lever in an AFM.'̂  Due to the small amount of light that 

that is reflected back into the laser by the lever, the rest of this discussion will 

only concern values of C less than unity. 

The round trip transit time associated with the vibrating lever is given by 

Feedback Detection in an AFM 

T " t' + T"cos(Qt) , (2.36) 
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Figure 2.1 Theoretical plot of cos[uo + ^u)t] as the external round trip transit 
time r varies when C « O.S. The y axis is proportional to the power variation. 
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where cr'/2 and cr"/2 are the lever to laser distance, and amplitude of vibrations 

of the cantilever, respectively. It can be seen from Fig. 2.1 that if the lever is at 

a location corresponding to the linear portion of the AP/P curve, odd harmonics of 

the vibration frequency will be developed, and if it is at a location corresponding 

to a turning point, then even harmonics will be developed. From Eq. (2.34), it is 

found that the first harmonic will be maximized when 

cos(«oT' + AWT") » 0 . (2.37) 

From Eqs. (2.33) and (2.37) it is found, for integer n, that 

Awr' - (-1)0+1 Ccos0 ^ (2.38) 

and 

«oT' - (n + 0.5)ff + (-l)nCcos0 . (2.39) 

This determines the optical pathlength for maximizing the first harmonic. The rel

ative power change contams Aut phase terms due to both r' and r"cos(Qt). In 

order to calculate the term associated with r", it is necessary to calculate the deri

vative 3AtoT/9woT. This derivative is 

aAcjT _ (-l)°-*-lc:sin(^ 
" I + (-l)ncsin0 ' 

(2.40) 
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by assuming n » 1 and dC/duaT « C. Finally, use of this derivative leads to an 

expression for the relative power of the first harmonic 

M - K7 
1 + (-l)nCsin0 

CDOT"COS(Ot) (2.41) 

as long as WoT'7(I + (-l)°Csin^) « 1. 

The condition for maximizing the second harmonic is 

cos(«o'''' + AWT") " ±1 (2.42) 

Consequently, one obtains 

Aut' » (-l)™Csin0 . (2.43) 

for integer m. Also, 

(i>oT' « mff + (.l)m+lcsin0. (2.44) 

which determines the optical pathlength for maximizing the second harmonic. The 

derivative for this case, assuming again that m » 1 and dC/dugT « C. is given 

by 

SAcjt (-iffl+l Ccos(^ 
awoT 1 + (-i)inCcos^ • 

(2.45) 



By using this derivative, the component of the second harmonic is 
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[1 + (-l)®Ccos0p 
'Cos(2Qt) . (2.46) 

The phase shift cOgT" is related to the amplitude of vibration 5L by 

where Xg is the wavelength of the laser. By taking the ratio of the amplitude of 

the second to first harmonics, Eqs. (2.41) and (2.46), one obtains 

for m - n. where the plus (minus) sign refers to even (odd) values of m. Or, 

for m - n 1, where the upper (lower) sign refers to even (odd) values of m. 

The first and second harmonics can be obtained experimentally by using a 

lock-in amplifier. By applying a dc voltage to the bimorph to adjust the optical 

pathlength between the front mirror of the laser and the lever, it is possible to 

maximize either the first or the second harmonic. The phase angles associated 

with these pathlengths are ^ven in Eqs. (2.39) and (2.44). The optical pathlength 

(2.48a) 

^ n t ccos(fey 
1 + Csin0 

(2.48b) 
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difference between two successive first harmonic maxima, AL^, and between two 

successive second harmonic maxima, AL2fl, are given, respectively, by 

4jr^ = ff ± 2Ccos0 , (2.49) 

and 

4jr ^ 2J2 = f - 2Csin0 (2.50) 

which allows C to be determined experimentally. 

Figure 2.2 shows the relative power of the first harmonic ii(0) (solid line) and 

second harmonic i](2Q) (dashed line) as a function of the parameter C. The upper 

and lower curves refer to odd and even values of n or m. Note that for C - 0 

there is no feedback, and clearly no first and second harmonic. As C approaches 

unity, the curve associated with the first harmonic and with odd n approaches 0.5, 

while for odd n the curve grows very large. Although Eq. 2.41 suggests that 

there will be an infinite amount of power in the first harmonic when C takes on 

a value such that 1 + Csin0 - 0, this is clearly not possible and ii(S2) is limited to 

a maximum value of K7 by Eq. 2.34. For the second harmonic and for values of 

C approaching unity, the curve associated with m even goes to -0.65, while for 

the m odd the curve goes to 1.74. 

Figure 2.3 shows the amplitude of vibration of the lever scaled to the value it 

obtains for a simple homodyne process. This value is obtained from Eqs. (2.48a) 

and (2.48b) by setting C « 1. These curves can be used for the measurement of 
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Figure 2.2 Theoretical plot of the relative power of the first harmonic 
iKQ) * (-l)^Csia0] (solid line) and the second harmonic 
i](20) oc (-lyD+lC l̂ -t- (-D^Ccos^F (dashed line) as a function of C. 



Figure 2.3 Plot ctf [vSL/Xo]ii(Q)/ii(2S) as a function of the parameter C with m - n 
(solid line) and m • n+1 (da^ed line). Note that for a simple homodyne process this 
ratio is unity. 
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Rgure 2.4 Optical phase difference between successive first harmonic (solid line) 
and successive second harmonic (dashed line) maxima as a function of the parameter 
C. Note that for a simple homodyne process the optical phase difference is *. 
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the amplitude of vibrations of the lever once the value of C is determined using 

Fig. 2.4. The four curves refer to the following four cases (top to bottom); n=m 

even, n even and m odd, n odd and m even, and n=m odd. Note the divergence 

of the top two curves. 

Figure 2.4 shows the dependence of the separation in optical phase difference 

[OPD] between two successive first harmonic maxima (solid line) and successive 

second harmonic maxima (dashed line). The upper (lower) curves for each refer 

to the + (-) sign of Eqs. (2.49) and (2.50). The importance of Fig. 2.4 is that it 

enables one to measure the value of the feedback-dependent key parameter of the 

interaction, C, without having to measure the change in frequency of the laser as 

Acket et al.®^ had to for the nonvibrating case. Since the amount of light ref

lected back into the laser by the lever is predicted to be extremely small due to 

the small size and round shape of the lever, it is believed that the experiment, 

which will be described in Chapter 4, was performed under simple homodyne 

conditions. 
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CHAPTER 3 

AN AFM USING HETERODYNE DETECTION 

Experimental Apparatus 

The first AFM used in this study employs heterodyne detection. The hetero

dyne interferometer is based on a design developed by Royer, Dieulesaint, and 

Martin'̂  and is shown in Fig. 3.1. The laser is a 2 mw linearly polarized HeNe 

laser operating at X - 633 nm. The horizontally polarized laser beam is split into 

the reference and probe beams by the non-polarizing beamsplitter. After reflect

ing off of mirrors Ml and M2. the reference beam passes through the polarizing 

beamsplitter. At the same time, the probe beam is incident upon the accousto-

optic modulator (AOM), which operates at fm - 80 MHz. If the incident angle 

meets the Bragg condition, the accoustic waves in the AOM will cause a portion 

of the light to be both deflected and frequency shifted by fm* The shifted beam 

then passes through the polarizing beamsplitter and the quarterwave plate and is 

focussed onto the lever by the microscope objective. After being phase modulated 

by the vibrating lever, the reflected probe beam returns back throu^ the objec

tive and quarterwave plate on its way back to the polmzing beamsplitter. The 

axis of the quarterwave plate is oriented at 45° to the polarization of the incoming 

unmodulated beam. The returning phase modulated beam, having passed through 

the quarterwave plate twice, has its polarization rotated by 90° and is thus ref

lected by the polarizing beamsplitter. With the proper alignment, the probe and 

reference beams are collinear coming out of the polarizing beamsplitter, but have 

orthogonal polarizations and thus can not interfere. In order to allow interference 

to take place, a polarizer is placed in front of the photodiode detector. The in-
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Figure 3.1 iXagram xiX the heterodyne interferometer used to detect the vibrations of 
the lever. 
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terference is optimized when the transmission axis of the polarizer is oriented at 

45° to the polarization of the two beams. As given in Eq. (2,21), the resulting in

terference signal at the detector is a phase modulated signal centered about fg^. 

The offset of the sidebands is equal to the lever's vibration frequency and their 

amplitude is proportional to the vibration amplitude. 

A schematic of the electronics is shown in Fig. 3.2. The photodiode has a 

bandwidth of 300 MHz. which is fast enou^ to respond to the interference signal. 

The photodiode output is fed into the antenna input of the receiver. The receiver 

is operated in either the upper or lower single sideband mode and is tuned to a 

frequency that is near one of the signal sidebands. In this mode, the receiver has 

a bandwidth of 2.4 kHz. Since, for this study, the sidebands are at least 20 kHz 

away from the carrier, the carrier and other sideband are effectively rejected. 

The output of the receiver has the frequency that is the difference between the 

tuned frequency and the sideband frequency. This signal goes to the lock-in 

signal input and also to the zero crossing detection circuit which provides the 

signal for the lock-in reference input. If there is a drift in the phase of the side

band due to a thermal drift in the optical path difference, both the signal input 

and the reference input will drift together. The lock-in output, which is propor

tional to the amplitude of vibration, is amplified to produce a feedback signal. 

The feedback signal is added in to the vibration drive signal and sent to the bim-

orph. The drive signal causes the bimorph to vibrate and the bimorph's vibration 

drives the lever's vibration. The feedback signal is used to control the tip to 

sample spacing. 

The sample is mounted on three Piezomikes (Physik Instrumente) for x, y, and 

z translation. The Piezomikes include a micrometer that allows 6 mm of manually 



43 

LEVER 
PHOTODIODE 

FEEDBACK BIMORPH 

8IQ 
RCVR 

REP I— 

VIBRATION 
DRIVE 

ZERO 
CROSSINQ 
DETECTOR 

APPROACH t 
VOLTAGE IscAN 

SYNCH 

BLANMNQ 
STORAGE 

SCOPE 

Bgure 3.2 Schematic of the detection, control and display electronics. 



44 

adjustable translation, as well as a piezoelectric translator that is capable of up to 

27 jum of electrically driven translation. The piezoelectric translators were cali

brated to have a dc response of 270 A per volt by interferometric means. Since 

the scan frequencies used were 1 ttz or less, this value was used to calibrate the 

scan size. The signals from the x and y signal generators are amplified by the 

high voltage amplifiers and are sent to the x and y piezo translators to raster scan 

the sample. The z piezo is controlled with a manually adjustable 0 to -280 V 

fine approach voltage. Vibration isolation is supplied by a commercial vibration 

isolation table. 

The image is displayed on a storage oscilloscope. The oscilloscope is operated in 

the x-y display mode. A portion of the feedback signal is added to the unampli-

fied y scan signal to produce the y input. The x input comes from the unampli-

fied X scan signal. A sync signal from the x scan generator is used to blank one 

half of each x scan cycle so that only one scanning direction is displayed. A per

manent record of the image is obtained by freezing the signal on the scope and 

photographing it. 

Operation 

The first step in obtaining an image is the production of a tip and lever. This 

is done by electrochemically etching a 25 im diameter iron wire in a 1 M solution 

of H2SO4 with a 2.S to 4.S V bias voltage applied. The larger voltage is used at 

the beginning to etch the wire away faster and the lower voltage is used at the 

end to allow greater control. A length of l.S to 2 mm is etched down to a diam

eter between around 6 to 10 jttm and the final 200 to 250 /um is reduced to about 

1/2 to 2/3 of this diameter. The wire then is backed out of the solution by about 
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100 to 150 lua and the remainder in the solution is etched away. Since this pro

cess often fails to produce sharp tips, the tip must be checked for sharpness under 

a microscope. If it is sharp, the wire is glued to the end of the bimorph. with 

0.75 to 1.5 mm of wire sticking off the end of the bimorph. The resulting cantil

evers have resonance frequencies in the range of 20 to 50 kHz. The lever is bent 

at approximately a 90*> angle about 100 to 150 jum from its end. This is done by 

bracing the lever with a razor blade from one side at the desired bending point 

and pushing with another razor blade from the other side at a point just slightly 

closer to the end. 

The next step is to align the interferometer. First, the probe beam is focussed 

by the microscope objective onto the back of the lever near its end. This is 

optimized by viewing both the lever's shadow and the reflection. The reference 

and probe beams are then rendered collinear by adjusting orientation of the mir

rors and the polarizing beamsplitter. This is verified by observing that the two 

beams overlap at a point right after the polarizing beamsplitter and at a point far 

away from It. 

Once the interferometer is aligned, the vibration drive signal is turned on and 

is varied until the lever resonance is found. The alignment is then fine tuned to 

maximize the signal. After the Q of the resonance is measured by finding the 

frequencies at which the vibration amplitude is .707 times the amplitude at reso

nance. the operating frequency is set with reference to Eq. (2.15). For this study, 

the resonant frequency varied from 20 to 50 kHz and Q varied from about 50 to 

175. 

With the aid of an optical microscope, the sample is brought in as close as 

possible to the tip with the z micrometer. The x and y scan signals are then 
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turned on. Movement to the final operating distance is accomplished by slowly 

adjusting the manual approach voltage. 

Results 

All of the images in this thesis were generated by sensing magnetic forces. 

The images presented in this chapter were collected with the feedback system on, 

but the feedback was not strong enough to to keep the amplitude of vibration con

stant. Cosequently. the images are between constant force derivative images and 

variable amplitude images. It was not possible to accurately measure the vibration 

amplitudes that were used while collecting these images due to the fact that the 

carrier signal was contaminated by leakage from the AOM driver, but they were 

kept small enough such that the second pair of sidebands were not detectable. 

Due to roughness of the lever and the fact that the lever was round rather than 

flat, it was not possible to match the curvature of the probe and reference beam 

wavefronts and this resulted in a lower signal than is indicated in the ideal case 

given by Eq. (2.21). The dominant source of noise was neither shot noise nor 

thermal vibration noise, but rather noise from the receiver. 

In Fig. 3.3, two images of a hard disk drive head are shown. The first image. 

Fig 3.3a. was taken with the current flowing through the coil in one direction. 

The decrease in the size of the feature at the top corresponds to the end of the 

head gap. The current direction was reversed and the second image. Fig 3.3b. 

was captured using the same tip. The reason for the change from an asymmetric 

to a symmetric shape is not known. The second image was taken in an area 

away from the gap end. but the feature had the same left to right symmetry at 

the end. 



Figure 3.3 Images of a hard disk drive head, (a) and (b) were taken with the 
current flowing through the coil in opposite directions. 
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The remaining images shown in this chapter are all features from a magneto-

optic data storage sample supplied by Dan Rugar of IBM. The magneto-optic mat

erial consisted of an 800 A film of TbFeCo which was overcoated with 200 A of 

SiN. The sample was delivered with an several arrays of circular magnetic doma

ins or bits and a line leading to the bits. The features were thermomagnetically 

written in the sample with a focussed laser beam. Sometime after delivery, a 

large number of additional lines appeared, as a result of stress to the sample. 

These lines were generally parallel and typically ran for hundreds of /m. An 

image of a pair of crossing lines is shown in Fig. 3.4. The diagonal line is both 

wider and stronger than the vertical one. Since one line shows up as an increase 

in signal and the other as a decrease in signal, the two lines represent regions of 

force derivatives with opposite signs. At this magnification, other lines had shapes 

either like those in Fig. 3.4 or like that in Fig. 3.3b. Fig 3.5 shows the internal 

structure of one line and the transition region on the right side from inside the 

line to outside the line is approximately 3000 A across. Close ups of other lines 

did not reveal such a structure. The top half of the image shows display lines 

obtained while the x piezo was expanding and the bottom half is for a contracting 

X piezo. Hysteresis is clearly observable, with the offset being about 0.7 jitm. To 

avoid this problem, all of the other images were collected showing lines from only 

one scan direction. A low resolution image showing a portion of one of the bit 

arrays is shown in Fig. 3.6. A close up image of one of the bits is shown in 

Fig. 3.7 and the smallest feature is approximately 2000 A wide. It is not known 

if the original structure of the bits was altered by the stress that produced the 

lines shoMm in the previous images. The time it took to collect these images 

ranged from 40 seconds for Fig. 3.4 to 8 minutes for Fig. 3.S. 



Figure 3.4 Image of a faint vertical line crossing a strong diagonal line in a 
TbFeCo thin film sample. 

Figure 3.S Image showing the internal structure of one line. 
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Figure 3.6 Low resolution image of an array of circular domains in a TbFeCo 
thin film sample. 

Figure 3.7 High resolution image of one of the circular domains. 
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CHAPTER 4 

AN AFM USING A LASER DIODE WITH OPTICAL FEEDBACK 
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Experimental Apparatus 

In this new design.'̂  as illustrated in Fig. 4.1, the laser diode package replaces 

all of the optics that are used in the heterodyne system. The laser diode package 

includes an index-guided laser diode and an integrated monitor photodiode. A 

portion of the unfocussed 780 nm light emitted from the front of the laser diode is 

incident upon the vibrating lever. A small amount of this light is reflected back 

into the laser diode. This feedback modifies the operation of the laser. With the 

laser to lever distance properly adjusted, the power contains a signal at the vibra

tion frequency that is proportional to the amplitude of vibration. The output from 

the back of the laser diode is detected by the monitor photodiode and the current 

from the photodiode is converted to a voltage by the preamplifier. Since the in

formation is not superimposed on a carrier, it is not necessary to have a receiver 

in front of the lock-in and the preamplifier output is sent directly to the signal 

input of the lock-in. The synch signal from the bimorph drive signal generator is 

used as the reference signal, thus eliminating the zero crossing detection circuit 

used in the heterodyne system. The lock-in output voltage is low pass filtered 

and amplified to produce a feedback signal, but it was not connected to the z 

piezo or the bimorph for reasons given later in this chapter. A portion of this 

signal is added to the y scan signal and, together with the x scan signal, is used 

to generate the image in the same manner as in the heterodyne system. The same 

translators and their associated drive electronics that were used in the heterodyne 

system are used in this system, but the translators are arranged in a different 
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Figure 4.1 Schematic of the atomic force microscope using feedback into a laser 
diode. The following abbreviations have been used: preamplifier ^A). lock-in amp
lifier O'l). photodiode (PD), laser diode 0J)). power supply signal generator (SG). 
dc offset (dc), bimorph ^M). cantilever (CL) and sample and the x. y and z 
denote the electronically controlled translation stages. 
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manner. The sample is placed horizontally on top of the x and y scanners and 

the z translator moves the arm that carries the laser and the lever. Vibration iso

lation is supplied by steel plates separated by tygon tubing and by a commercial 

vibration isolation table. 

Operation 

It is necessary to avoid illuminating the bimorph while illuminating the lever in 

order to prevent false signals from the vibrating bimorph; therefore, longer levers 

are needed for this system. Two methods for making these levers were used. In 

the first method, rou^ly S mm of the wire is placed in the solution and a few 

microns in diameter are etched off. The wire is backed out of the solution by 

about 1 mm and several more microns are etched off. This process of stepping 

more of the wire out of the solution and etching more of the remaining diameter 

away is repeated a number of times. As less of the wire remains in the solution, 

the step size and the voltage are reduced. Finally, the very end is etched off. 

This produces levers that are step wise tapered, but they tend to have thin spots 

at the steps due to a faster rate of etching right at the surface of the solution. In 

the second method, the wire is repeatedly dipped in and out of the solution in a 

continuous manner. This results in levers that have a smooth taper and it more 

often produces tips that appear to have a sharp point. The lever must be placed 

as close as possible to the output window of the laser diode package in order to 

get enough feedback from the lever, which means that the lever must be glued to 

the top rather than the bottom of the bimorph. So that the tip can reach the sur

face, it must extend below the bimorph and thus the bent over part must be 

longer for this system. This makes the bending easier to do. The etched wire is 
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placed on a pad of paper with roughly 1/2 nun of the wire hanging off of the 

paper. About 1 mm from the end of tip, a dull razor blade is used to press the 

wire against the paper and the long end of the wire is carefully pulled up on to 

bend the wire. The wire is glued to the bimorph about 2.S to 3 mm from the 

bend. The resulting levers have resonant frequencies in the range of 700 to 2000 

Hz. The bimorph is glued to the head of a screw which is attached to the arm 

by tightening a nut against a spring. This allows the screw to be rotated to align 

the lever in the center of the laser beam. This is done by observing the shadow 

of the lever on a piece of paper with the aid of an infrared viewer. The bim

orph drive is scanned to find the resonance frequency. Once it is found, the first 

harmonic signal is maximized by adjusting the dc voltage to the bimorph. The tip 

is then brought in to the sample by adjusting the z micrometer and the z piezo 

voltage and the sample is then scanned. 

Results 

Since the feedback was not used to control the tip to sample spacing while 

obtaining these images, the images presented in this chapter are variable amplitude 

images. These images took between ICQ and 200 seconds to collect. The vibra

tion amplitudes and the feedback parameter C that were used were not determined 

since the necessary theory had not been developed at the time the images were 

collected. The lever was not the only source of feedback. A relatively large 

amoimt of light was also reflected back into the laser by the sample. Although 

this feedback only produces a chwge in the dc level of the laser output and does 

not produce an ac signal, the size of the ac signal caused by the vibrating lever 

depends on the dc level. It was not possible to have the tip follow a surface of 
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constant force derivative by applying feedback to the z piezo that supports the 

arm carrying the laser and the tip since the dc level depends on the laser to 

sample spacing. It was also not possible to apply feedback to the bimorph since 

the ac level depends on the laser to lever spacing. The dominant source of noise 

was noise in the laser diode power supply. 

Fig. 4.2 shows an image of a portion of a row of interdigital fingers. The in-

terdigital fingers, which consisted of two sets of interleaved strips of metal film 

overcoated with gold, are similar to those used to generate surface accoustic 

waves. The image was collected during an attempt to generate an image using 

electric forces by grounding the tip and one of the sets of wires and applying a 

voltage to the other set of fingers. It was noticed that the features remained even 

when no voltage was applied. To be certain that the signal was not due to 

charges remaining on the tip and the fingers, they were all connected to ground 

and the features remained. Atomic forces were not responsible since the features 

were visible with tip to sample spacings much larger than the range of atomic 

forces. It was thus concluded that the fingers were magnetic. 

The final two images are features from a magneto-optic data storage sample 

supplied by Wolfgang Reim of Siemens. The magneto-optic material consisted of 

1000 A of TbFeCo that had a 400 A protective layer of AIN on top of it. The 

sample was supplied with several arrays of bits that were thermomagnetically 

written in the sample. The image in Fig. 4.3 is of a portion of one of the arrays 

of bits. The scanning area was reduced and the image in Fig. 4.4 was obtained. 

Optical images using the magneto-optic Kerr effect lead to an estimate of 2 to 2.5 

Hm for the diameter of the bits. The AFM image shows a feature larger than 

this, suggesting that the tip senses the domain before it is over the domain. The 



Figure 4.2 Image of interdigital fingers. The fingers consisted of a gold film 
on top of a magnetic layer. 
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Figure 4.3 Low resolution image of an array of circular domains in a TbFeCo 
thin film sample. 

Figure 4.4 High resolution image of one of the circular domains. 
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resolution of this image is comparable to the resolution of a bit obtained with a 

heterodyne system by Martin et. who claimed a resolution on the order of 

1000 A Both images show a different force derivative level in the exterior and 

the interior of the bit. This is in contradiction to models that predict a sharp 

peak of the force derivative in the vicinity of the domain wall and an equal level 

for the exterior an interior regions.^**^ The interaction of the tip and the sample 

is clearly not well understood. 
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CHAPTER 5 

CONCXUSION 

Future Issues and Prospects 

Althou^ atomic force microscopy has progressed rapidly, it is a very young 

field that is still under development. Therefore, there are a number of important 

issues that must be resolved, as well as a number of exciting prospects for the 

future, and a few of these issues and prospects will now be discussed. 

In the case of images that are obtained from magnetic forces, a better under

standing of the interaction between the tip and the sample must be developed in 

order to properly interpret the images. Before this can be done, a better knowl

edge of the magnetic structure of the tip will have to be developed. Although a 

smooth spherical tip shape is usually assumed, it has been suggested that devia

tions from this shape are likely to produce significant effects. Wadas'̂  calculated 

that the interaction would double if the bottom ten atomic layers of the tip were 

removed and Hartman^ noted that the fringe field of the tip depends strongly on 

the tip geometry. Saenz et al.^ and Wadas*^ have both suggested that only the 

very end of the tip is involved in the interaction, while Mamin et al." feel that 

more than just the very end is involved. So far. only one group^ has reported a 

resolution better than 1000 A, but it is possible that a better understanding of the 

tip will lead to a breakthrough in the production of tips that give a better resolu

tion. If this technique is to become widely useful, it will be necessary to be able 

to produce well charactarized high resolution tips on a regular basis. If the inter

action between the tip and the sample can become better understood and the reso

lution improved, this technique will be very valuable in studies of the size and 
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shape of oiagnetic domains in various materials used for data storage applications. 

Such studies could lead to an increase in the storage density when writing the 

data or an increase in the signal-to-noise ratio when reading the data.. 

One of the strengths of the AFM is its ability to image nonconducting samples, 

which allows it to image the profile and atomic structure of samples that can not 

be imaged by the STM. Since biological samples are generally poor conductors of 

electrons, the SIM has had very'limited success in imaging them and it is possible 

that the AFM will have more success.'' Early AFM results with organic samples 

are encouraging,^* '̂ but special sample preparation techniques to anchor and orient 

biological samples must be developed.'' There are also questions as to whether 

most biological samples are rigid enough to be imaged without being damaged by 

the forces applied by the tip.^ If these issues can be favorably resolved, high 

resolution images of biological samples would have a very strong impact on medi

cine. 

In addition to using the AFM to conduct scientific studies, it could also be 

used, like the STM has been used,' to monitor manufacturing processes. Of a 

more speculative nature is the possibility that the AFM could be used to manipu

late surfaces on a very small scale. As an example, it has been demonstrated that 

the AFM can be used to deposit as few as 1200 electrons on the surface of an in

sulating sample.*" 

O)nclusion 

Magnetic images from two different atomic force microscopes that employed 

different optical detection techniques have been presented. The first system used 

a heterodyne interferometer, while the second system employed a novel design that 
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used feedback into a laser diode. Although it is difficult to compare the images 

from the two different systems since different tips and different samples were 

used, the images from the new optical feedback system appear to be as good as 

those from the heterodyne system. Since the optical feedback system is much 

easier to operate, requires less equipment and is more compact, it is concluded that 

this new system is superior. 
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