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Physical interpretation of frequency-modulation atomic force microscopy
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Frequency modulation atomic force microscopy is a method for imaging the surface of metals, semiconduc-
tors and insulators in ultrahigh vacuum with true atomic resolution. The imaging signal in this technique is the
frequency shiftAf of an oscillating cantilever with eigenfrequenty, spring constank and amplitudeA,
which is subject to tip-sample forc€ss. Here, we present analytical resultsof(fq,k,A) for several basic
classes ofs. With these results, a method to calculate images is derived and demonstrated with an example.

The scanning tunneling microscog®TM) has provided ~-100Hz k~20N/m, f,~200kHz and A~10 nm—see
spectacular images of conducting surfaces on the atomiTable | in Ref. 18 for an overview.
scale’ After the invention of atomic force microscopy  The frequency shifAf as a function ofFg= —dV,s/dz
(AFM) by Binnig, Quate, and Gerber in 198&he possibil- has been calculated by first order perturbation theory using
ity of imaging insulating surfaces with atomic resolution in the Hamilton-Jacobi approath
real space seemed to be very close. True atomic resolution
with static AFM on inert samples has been reported in 993.
However, imaging reactive surfaces like($11) in ultrahigh
vacuum by static AFM has proven to be impractical because _
of chemical bonding between tip and sample and wear on th@ith the CL deflection q/(t):Afos(Z’T,fot) and Xgp
atomic scalé. The application of frequency modulation = [XcL_b*constyci p,ZcL p+q'()]". This result has
AFM (FM-AFM) (Ref. 5 with large amplitudes in noncon- been confirmed by other approaci&s’® First-order pertur-
tact mode has helped to overcome problems with tip-samplation theory yields excellent results because [Max
bonding and finally, the %7 reconstruction of S{111)  =10eV, while E=0.5«A’~5keV. A Fourier approach
could be resolved also by AFRT’ The initial experiments q'(t)=X_oam,cos(2rmff) (Refs. 20—22 shows that both
have been refined and the quality of FM-AFM imagesthe dc deflection §o=AAf/fy) and the higher orders are
reaches that of the STRI® Other semiconductord,ionic  very small [|ay|<2A/(1—m?)|Af/f,| for m=2 with
crystalst! metal oxides? metals'®!* organic monolayers,  Af/f,=10 %] compared to the fundamental amplitude
a film of xenon physisorbed on graphifeand deliberately =A. At the lower turnaround point of the tndfg the precise
created defects on Cgf11) (Ref. 17 have been imaged value of the deflection of the CL is given by the condition of
with atomic resolution. The first and second internationalconstant energﬁ:o_&ql’tg+vts(x't}g)=0_5kA2, thus g, ~
workshop on noncontact AFNNC-AFMS8 in Osaka, Japan  — A+ A-V,(xi)/2E. Since|V, is small compared t, the
and NC-AFM99 in Pontresina, Switzerlanbave helped to  F\M-AFM image z¢, o(x,y,Af) is approximately equal to
establish FM-AFM as a powerful experimental technique.the mao described E»;)‘p
While the number of surfaces which are imaged by FM- b de: tip * .

The scaling properties akf are such that it is useful to

AFM with atomic resolution is growing rapidly, open ques- . " ) 19
tions in the quantitative interpretation of the FM-AFM re- introduce a “normalized frequency shiff

main. The imaging signal in FM-AFM is the shift in kA2
resonance frequencxf of an oscillating cantileve(CL). Y(z,A):=

Here, we derive for the first time analytical solutionsfof fo
for three classes of tip-sample potendgl : inverse power-, Substitutingz’ = A[ 1+ cos(2rf4t)] in Eg. (1) we find
power- and exponential potentials. With this relations, we
establish a powerful method for the calculation of FM-AFM

f2 [
MGt fok A= o | Fubupa’ 0t @)

Af(z,o,k.A). )

images.
In FM-AFM, a CL with a very highQ factor (~10F), z CL Zay, f*c oY)
eigenfrequencyf, and spring constark is subject to con- ZeL B
trolled positive feedback such that it oscillates with a con- Z}.g =+
stant amplitudeA. When this CL is brought close to a s z:;”(xﬁ,y)
sample, its frequency changes frdmto f=fy+Af. This Zg Looo000
frequency changeAf is used to create an image 0 X
ZcL p(x,y,Af) by scanning the CL in the—y plane while sample

adjusting thez position of the base of the Cic,_p such that FIG. 1. Schematic of an oscillating cantile\&L) with tip and
Af stays constanfsee Fig. 1 Typical parameters arAf front atom(fa) at its lower turnaround poirittp) close to a sample.
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In typical experimentsA is very large compared to the range 0.1 —8—power, m=1.5
of Fs and the second factor in the integral is close to unity in 0
regions whereF ¢ is nonvanishing. Therefore, the “large- 0.1 1 10 100 1000
amplitude” normalized frequency shift Ald, Ax
= (X"p+ 2'e) FIG. 2. Ratio between normalized frequency shitind large-amplitude
¥ (Xltp) _ f ts\ Mip & dz' (4) approximationy,, as a function ofA/z andAx, respectively.
IA\ Atip/ — \/—,
22

, o ) (b) Fis(2)=C(—2)™ for z<0 and Fs(z)=0 for z>0
is a good approximation foy for any class of tip-sample  (Hertzian contact forces witm=3/2 for a spherical tip on a

forces, provided that the range of the forces is small comyi5t surface and adhesion forces with=0) (Ref. 27)
pared toA.

The interaction of a macroscopic tip of an AFM with a 0505 — o515 —Z
salmptlje isr:]a corlnpli?atedd many—bodly plrobol%m, which clan be Clz|™ Y2 (m+1) Fmi1s 2A ; Tmt25 on
solved with molecular dynamics calculatiorisFor a quali- = +—
tative analysis, quite realistic model forces can be con- V2 I(m+3/2) ~ 2A T'(m+5/2)
structed from a chemical contribution modeling the interac- @)
tion of the front atom(fa) with the sampléF¢, plus the van  For large amplitudes
der Waals (vdW) contribution of the rest of the tip

Fbackground - Sincey is linear inF it is practical to expand I'(m+1)
F. in terms of basic typesta) inverse-power forces(b) Ya(2)= —\/Z_F(m+3/2) C(—2)™" Y2 for z<0. (8)
power forces, an¢c) exponential forces and superimpose the .
individual solutions fory. _ (©) Fis(2) =Foe~ % (Morse potential

(a) Fis(2)=C/Zz" (Lennard-Jones potential, vdW forces,
electrostatic and magnetic foréds Insertion in Eq.(3) and y=Foe *ZJA[MOS(—2kA) - MI(—2kA)],  (9)
comparing the result with the integral representation of the a o8 )
hypergeometric functiof®(s) (Ref. 28 yields: where Mi(s) is the Kummer functioR® For large ampli-

tudes A>1) we can use the asymptotic expression of

a . :
2= C—\,/F ng_{)(ﬂ) _ngl_s( 2A) | Mg(s) (13.5.1. in Ref. 28and find
z z z -
For large amplitudesA/z>1) the transformation formula ya(2)= \/0—- (10
Fab(s)=(1—s) PF¢ a(s/(s—1)) is useful (15.5.9. in 2mK
Ref. 28 and On conductive samples, simultaneous STM and FM-AFM
1 operation is possible. Since the bandwidth of the tunneling
r( n ) current (;) preamplifier is i.g. much smaller thafy of the
yia(2) = /i 2 (E 6) CL, _the measured; is a time-average. With,(z) =1, “t*
27 I(n) 2" 172 we find
whereI'(n) is the Gamma functioff ((z.A) =108 “ZM %/2( —21A). (11)
TABLE I. Three basic types of tip-sample potentials and corre-\When KA>1, <|t(Z,A) >/|t(z,o)~1/‘ /27TKtA yielding a re-
sponding normalized frequency shift duction to 1/35 for typical parametef®\=10nm and «;
_ ~20nm ! for metals.
Basictype  Vi(2)  FisVVis/Fis Yia Figure 2 shows the ratig(z,A)/y,4(2) as a function of
1 A/z and Ak, respectively. In a typical experimen/z and
r(n_ _) Ak are between 10 and 1000 during imaging wheyg(z)
Inv.-power 1 C 1 ¢ 2/ C and y(z,A) are almost identical. A#/z becomes smaller,
n>1,z>0 n-172 ' Jn-12""> V27l(n) 2" °° the sensitivity to chemicalshort ranggforces increases. In
Power C(—2™1  C(=2™05  T(m+1)C(—z)™+05 addiFondto a bitter sri]gnal-_to-nloise _réﬁdhe use of sn;]aller _
= amplitudes makes sharp tips less important since the sensi-
m=0,2=0 m+1 m+1 V2l (m+1.9 tivity to the macroscopic vdW forces decreases.
o E o-xz Foe™** Equation(4) shows thaty,, increases with the range of
Exponential ~ —° c 2K F.s andy has the dimension of §m. Table | showsy;, and
“ Vi F.VA with range for three basic types of forces laws. For

exponential forces=((z) =Fqe ** the range\ defined by
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FIG. 3. (Colon (a) Normalized frequency shiff,(x=0y,z) fromy= —2¢ to 20 (c=0.43 nm). Xenon atoms are situatedyat0,=v3o. The contour
lines of constanty are cross sections of the corresponding FM-AFM imagey, y). Maximal corrugation is obtained fop~ — 18 fN\/m (green arep (b)
Arrangement of Xenon atoms on the surfa@,top view of y;, along red track inb) showing a maximal corrugation ef5 pm.

V(z+\)/V(Z) =1/e is independent of with X =V(z)/F(2) To iIIus_trate how EQq.(12) can b(_e used to c_:alcula_te the
= 1/x. For inverse power and power forces, an analog exEM-AFM image z(x,y,y), we consider a relatively simple
Pression\ power=V(2)/F(2) depends or, but it shows ana- system: an adsorbed layer of xenon. Xenon forms a closed

log scaling properties, i.eV(z+ X powe)/V(2) ~ 1/e for ex- packe_d film with ne_xt-neighbor distaneey~0.43 nm on
ponentsn>1 (=1/e for n—). Table | showsy,, and graphite, thus the unit vectors of the xenon surface lattice are

H — \T — T
FieWVie/Fro It is interesting to note thaf e\ Vog/Fd s~ 9VeN, BY 81=(0.0,0)" and &=(c/2,0v3/2,0)T. Allers

16 R H .
~ 27 for Inl=2 andF..\V../E.J vi= <27 for exponen- &t a!. have succeeded in imaging such a layer by FM-AFM.
tial fgrces Lm|d power ftosrcetss Wftshrr']’l*_}w WSince t?]e tre. the image shows the expected closed packed structure with a

quency shift is a linear function & [Eq. (1)], the totalyis corrugation of 25 pm and atoms appearing high in the image,

: L bl : i.e. no contrast inversion. The following imaging parameters
a linear combination of the contributions of the basic type
! na foutions Sic P ave been used f=—-92Hz, k=35 N/m, f;= 160 kHz and

i
Fis A=9.4nm, i.e., aty=— 18 fN\m.
1 _ The interaction of two xenon atoms can be modeled by a
Nalxip) ~ == 2 FaOu) Wisxi@)/Fig(x), (12)  Lennard Jones potential
V2T i
) o 6 o 12
whereV, is a basic type. Typical chemical forces are-1 Py(d)=— Eboniz(a) - (H) (13

nN with a range of 0.1 nm and vdW forces are-1 nN with
a “range” of 1 nm, thus experimental’s are expected to be with E,,.~0.02eV ando=0.433 nm?° Since the tip was
in the order of—10 fN\m. made of silicon, we assume that the front atom of the tip is
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also silicon. Krupp has shown, that the Hamaker constant afiveen next neighbors in Si is 170 Nypbut the vdW bonds
two materials is given by the geometric average between thia the Xe are weak ¢ ;/9d>~1 N/m). We believe that

individual Hamaker constantf.With further assuming, that

the corrugation is strongly enhanced because the Xe atoms

the equilibrium distance in a silicon-xenon bond is given byare pulled out of the surface. A similar effect has been ob-
the mean value between the bulk nearest neighbor distance &§grved in STM where the theoretical corrugation fof1Al)
Si (05=0.235nm) and Xe, we can create a LJ model potenyas ~1 pm while the experimental values weré0 pm33

tial for interaction of Si and Xeg, *® with EJ %°

=0.047 eV andrg;_x.=0.33nm.F is approximated by:

C a < .
> b xR -an)),

E th =_ + —
[S( fa) ngj—{— Osj 0z n,m=—%
(14

In summary, we have found a physical interpretation of
large amplitude FM-AFM: the images are a mafx,y,y
=const.) wherey(x,y,z)=J5Fw(X,y,z+2")/\27?Z dZ'.
When F¢ is known in terms of basi¢i.e., power, inverse
power, exponential force types Fl(2), v
=3 Fi(2) V\il2m where \;=Vi(2)/Fi(z). Our analytic

whereC is a constan(the tip is assumed to be conical or results for various basic types of tip-sample forces establish
pyramidal, thus the long-range component is given bythe validity of the large-amplitude approximation for the in-

—Clz, see Refs. 19 and 3land aj,=na;+ma,. For the
calculation of y,5(X,y,2), the attractive parip, j_,ocd°
and repulsive partey;_e,»d 2 have to be treated
separately? Figure 3a) shows ya(x=0y,z) from vy

terpretation of images and allow a quantitative analysis of
Af(z) curves for largerz values(i.e., 0<A/z<100. We

have further found an analytic result for the dependence of
the tunneling current as a function of amplitude. Calculations

=—20toy=20. The contour lines correspond to cross sec-yith molecular dynamics, which currently yiels(x,y,z)

tions of the imagez(x,y=0,y=const.). Stable operation of
the microscope is only possible inzarange wheredy/ 9z
<0. The maximal corrugation occurs atyggtimal
~—18fNym and is=~5 pm[Fig. 3(c)]. It is noted that the
absolute value ofyqima depends strongly o€ (here C
=8.6x 10 *°J) which is a function of the macroscopic tip
shape. However, the maximal corrugation varies little @th

(Ref. 26 can be extended to compute the observables in
FM-AFM, namely the experimental FM-AFM images
z(x,y,v) with Eq. (4) andy(x,y,z,A) curves with Eq(3) on
specific spotx,y on the samplde.g. adatom sites and cor-
nerhole centejs Comparing the experimental results with
these calculations, the force vs distance characteristics of
chemical bonds between front atom and samples can be di-

and is quite insensitive to the parameters we have calculata@ctly derived.

for the front atom-sample potentighy; *°. The deviation

We thank A. Baratoff, P. van Dongen, U. Bg, S. Hem-

between the corrugations in theory and experiment is probbacher, U. Mair, and J. Mannhart for discussions and W.
ably due to elastic sample deformation. We assume that thallers et al. for the preprint of Ref. 16. This work is sup-

tip is rigid (i.e., Xi,— Xqip iS constant—the force constant be-
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