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Direct imaging of the two-dimensional Fermi contour: Fourier-transform STM
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Direct images of the two-dimensional Fermi contour at a surface can be generated by a Fourier transform
(FT) of scanning tunneling microscogsTM) images taken at low-bias voltages. The origins of the Fermi
contour in the FT are the standing waves of electrons near the Fermi energy caused by defects in the surface.
Several examples of FT-STM are presented to illustrate the simplicity of this technique. The advantages and
limitations of this Fermi contour imaging technique are discusg80163-18208)51612-§

The Fermi surface of a metal is in many ways the epitomehe electron-hole excitation spectrum, the imaged oscillations
of quantum solid-state physics. Its shape is dictated by quaneflect the shape of the 2D FC.
tum mechanics, Fermi statistics for electrons, and the char- Long-range Friedel oscillatiofAsurround any impurity in
acter of the Bloch states in the solid. Almost every physicak solid or on the surface of a metal and “screen” the result-
observable is related in one way or another to the shape difg local disturbance. For a point impurity in the bulk these
the Fermi surface. Due to an enhanced propensity for elecharge oscillation? p(r) have the asymptotic form p(r)
tronic instabilities, Fermiology related issues are even morer cog2kgr + ¢V/r3, wherekg is the Fermi wave vector and
important in reduced dimensionality than three dimenstons.is the phase shift associated with the scattering potential.
For example, Fermi contoufFC) nesting facilitated in two  Since the charge density is the square of the wave function,
dimensions can lead to the stabilization of charge-densityhe Friedel wave vector is twice the Fermi wave vector.
waves, Kohn anomalies in the phonon dispersion, and &/hen the impurity is on a surface that has a well-defined
Peierls distortion of the lattice. Although the measurement ofwo-dimensional FC, the Friedel oscillations fall off slower,
the bulk Fermi surfaces has primarily relied on tteHaas-  like 1/r2. Since the STM measures a quantity closely related
van Alpheneffect, the technique of choice for surfaces orto the surface local density of state%Friedel oscillations in
other two-dimensionalD) systems has been angle-resolvedthe vicinity of defects are directly observable. Indeed, STM
photoemission spectroscofpRPES.? More recently, the studies of the noble-metal surfaces show wavelike patterns in
notoriety of the ARPES technique has extended from its apthe vicinity of steps and adatoms.
plication to highT, superconductors.In this paper, we To illustrate the connection between Friedel oscillations
present a different technique for the measurement of the 2@nd the FC, we begin by reexamining Friedel oscillations on
FC, namely, Fourier-transform scanning tunneling micros-Cu(111).”® Figure ¥a) is a STM image of a Od11) ac-
copy (FT-STM). The technique utilizes the ability of the quired at 150 K taken in the constant current mode. To de-
STM to image oscillations created by surface-state electronermine the wave vector of the observed Friedel-like charge
screening defects and steps at surfaces. Since the oscillationscillations, one could fit the waves in the STM image
are entirely the product of the Fermi-surface singularity inselected regiongo a damped sinusoidal function. However,
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FIG. 2. Induced charge oscillations from a hard wall in 28).
A plot of the calculated induced charge oscillations; dotwsalid)
curve is thelenergy-resolvedFriedel oscillation represented by Eq.
(2) [integration of Eq(2) over 0.1E; energy window, (b) a plot of
the FT of the curves iffa) (solid curve is with bias voltage &V
=0.1Ep).

Distance from step, x Wave vector, g

Surface
State

FIG. 1. (a) Constant current STM image (42550 A?) of
Cu(11D obtained atv=-5mV, T=150K, showing a complex dence of the Friedel oscillations. If we had imaged true Frie-
pattern of circular waves extending out from point defet$.2D el oscillations for C(1.11), the FT shown in Fig. (b) would
Fourier transform of the image ite). (c) Sketch of the surface nhave beera solid diskof radius X¢, not a ring
Brillouin zone of Cy111) with the Fermi contour. Referring to the STM experimental observations, the

) _ energy-resolveadharge densityi.e., local density of stateés
a much more elegant method is to Fourier transform thgs gerived from Eq(1) and is found to be

STM image. The 2D power spectrum of Figal, shown in

Fig. 1(b), reveals that the waves are characterized by a single no[ E(K),x]oc{1—Jo[ 2k(E)x]}. )
magnitude wave vector that is azimuthally symmetric about

the center. The 2D Brillouin zone of (Clﬂ_l) is shown in The FT of this equation can be evaluated analytica”y, yleld'
Fig. 1(c). Previous ARPES studies have determined thdng an important fact that the intrinsic momentum resolution
Fermi wave vector K¢) of this Shockley-type surface state of the energy-resolved Friedel oscillations is perfect, i.e.,
to be 0.217 A1.° Within experimental uncertainty, this Ak=0. However, in an actual measurement there is always a
magnitude is half the radius of the ring measured in the FTfinite bias. The low-bias image can be simulated by integrat-
STM image (kg vs 2k as measured from the ARPES and Ing over the allowed states within the energy window of
FT-STM techniques, respectivgly interest. Since the bias in Fig(@ is 5 mV and the C(L11)

As is readiiy apparent, this FT-STM technique provides asurface'state bandwidth is 400 meV, the result of integrating
fast and accurate method of determining the 2D FC, but beEd. (2) over an energy window of the width OB is shown
fore proceeding further it is important to discuss the detaildn Fig. 2@). Itis evident that the amplitude of the oscillations
Of the measurement. The STM image Shown in F(g) vas iS mUCh Iarger than f0r the true Fl’iede| OSCi||ati0nS, and,
acquired in a low-bias tunneiing Condmdﬁ m\/), so the furthermore, the falloff is slower, going aSXjZ/F To further
observed waves do not reflect true Friedel oscillations, butlustrate the difference, the FT of E¢2) is shown as the
rather what we refer to as thenergy-resolvedrriedel oscil-  solid curve in Fig. 2), and a single peak aj=2kg is
lations, that is, oscillations in the local density of states veryclearly seen. Experimentally, the larger amplitude and the
near the Fermi level. The importance of this distinction canslower falloff of theenergy-resolvedriedel oscillations, ac-
be illustrated using an exacﬂy solvable model representing gUiTEd at low-bias Voltages, facilitate easier observation of
step on a surface. Following the approach of Avouris andhe perturbed charge density in order to extract FC informa-
co-workers® the step is modeled as a hard wall and the 2Dtion and circumvent the inherent difficulties of imaging the
electronic states are represented by a free-electron band wittal charge oscillations using larger bias voltades.
the Fermi wave vectoke. In this case the charge density ~ Utilizing this approach, the capabilities of the FT-STM

can be determined to be are further illustrated by looking at two different faces of
beryllium, whose surface electronic properties resemble true
p(X)=eny{1—2[J1(2kex) 1/ (2keX)}, (1) 2D metallic systems due to the lothigh) bulk (surface

density of states aE .12 Figures 3a) and 3b) show a
whereJ, is the first-order spherical Bessel function ands  FT-STM image of the B@001) surface at 150 K and the
the constant 2D electron density of an undisturbed freeeorresponding 2D Brillouin zone indicating the 2D Fermi
electron gas. The dotted curve of Figagshows the calcu- surface!? Due to the short wavelength of the Friedel waves
lated charge-density profile from E€f) as a function of the in the present cas@\ geoooy=3-2 A VSAcy119~15 A), the
distancex from the hard wall. This reveals the Friedel oscil- circularly centered FC of the surface state extends through-
lations with a wave vectog= 2k, falling off with distance  out much of the reciprocal unit cell. As indicated in the fig-
from the step as 2. From the FT of Eq(1), shown as the ure, the FT-STM image also reveals “spots” corresponding
dotted curve in Fig. @), it is evident that the true Friedel to the reciprocal lattice of the B@001) atomic array. This
oscillations contain every wave vector frok+=0 to 2k, fact allows an internal calibration to a quantitative measure-
with a tail above Xy resulting from the power-law depen- ment of the surface wave vector. As in the case of close-
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(a) N Projected explanation of giant magentoresistance-type phenomena in
[ BulkDOS layered systemsThe ability to observe this type of behavior

T~.atE . . .
iy calls upon new theoretical input to help understand the in-

tensity of the folded-back contours. .

The FT-STM measured eccentricity of the(B@10) elec-
tron pocket is 0.69! in good agreement with theorg.e.,
0.67 but quite different from photoemission resulise.,
0.75.1° Most likely, the reason the FT-STM crossings ap-
pear to be closer to theoretical first-principles calculations is
due to the difficulty of separating the surface-state emission
from the bulk band emission in the ARUPS experiment. As
mentioned previously, due to the dimensionality dependent
falloff of the wave amplitude, the FT-STM method provides
a natural surface sensitivity and a discrimination against bulk
band structure artifacts compared to the ARUPS technique.

Because the FT-STM technique seemingly provides the
same information that standard ARPES provides, it is impor-
tant to point out the differences and similarities between
these two techniques. A prominent difference between the
two techniques is that in STM, a real-space and a reciprocal
space image of a very small, selected surface area are pro-
duced simultaneously, while ARPES gives only information

FIG. 3. (8 The 2D Brillouin zone of B&00Y) in which circles  about the electronic structure integrated over a large area. On
(shaded regioncorrespond to the surface statémulk projected samples that are far from perfect, this fact allows one to
bands at Er. (b) A FT-STM image of(I=1.5nA, V=4mV) of  “preselect” the nanoregion in which the 2D FC is to be
Be(0001) at 150 K (Ref. 12, in which the hexagonal array of determined. A second, significant difference is that in a STM
“spots” corresponds to the reciprocal latticee) The Be (1010)  experiment the voltage bias can be either positive or nega-
surface Brillouin zonQSBZ) with the calculated surface Fermi con- tive, which means that it is equally easy to probe the energy
tour aroundA (bulk projected states are crosshatoh@ef. 20. (d)  contour above and below the Fermi surface. This can be
A FT-STM image of the BE010) surface. Dotted half ellipses, accomplished by recording a spatial image ind&#dV
ce_ntered around tha re_ciprocal lattice spots, have been added togqd-€ as a function oV and Fourier transforming the im-
guide the eygsee SBZ in(c)]. age. Finally, the time necessary to extract a given 2D FC

with FT-STM is considerably less than with the ARPES
packed noble-metal surfaces, tke value determined from technique, namely, transforming a single STM image vs ac-
FT-STM for B§0001) compares well with angle-resolved quiring spectra taken throughout makypoints of the sur-
ultraviolet photoemission spectroscoyRUPS results® face Brillouin zone.

Now we want to demonstrate the utility of FT-STM ona  The key ingredient for any spectroscopic study of the
system with a decidedly non-free-electron FC, namely, thd=ermi contour is resolution, both in energy and momentum.
Be(1010) surface whose Fermi contour is non-free The inherent resolution of FT-STM is excellent and, pro-
electron-like!®!! The FC is not a simple ring around the vided that the instrument is operated at low temperature, is
zone center but ellipses centered onAhpoint at the surface  potentially superior to the highest-resolution beam lines at
Brillouin-zone boundary{Fig. 3(c)]. As reported by Hof- third-generation synchrotron radiation sources. The tempera-
mannet al,'* the Friedel oscillations observed in STM im- ture and the bias voltage determine the energy resolution. It
ages of the BE.010) at 4 K reveal a “one-dimensional-like” is quite easy to operate with mV biases so the inherent limit
screening. This is a consequence of the nature of the 2D F@3 KT, i.e., the tunneling current dependence of the Fermi
as is dramatically revealed in the FT-STM image shown indistributiorf (a 4 K STM operating in a thermal voltage bias
Fig. 3(d). The elliptical Fermi contour, shown Fig(@ is  mode~ wV,"is ideally suited to meet these criteri&igure
apparent in the imagésee dotted lings 2(b) shows that the inherent momentum resolution is also

Briner et al** have shown that if numerical postprocess-related to the bias voltage. SinEeandk are simply related
ing is applied to the STM images of B10), higher-order for an effective-mass band, the momentum broadening due
features in FT-STM images are also observed. These corrée a spread in energy is given hyq/q=Ak/k=AE/2E.
spond to the umklapplike processes with the Bloch wavesJhus the inherent momentum resolution for theTli) im-
that is, momenta features corresponding to wave vectors @fge shown in Fig. 1 idk=0.0004 A", However, the mea-
2k:+nG. From these observed characteristics of the highersured width of the B¢ “ring” is ~0.02 A~1. This is due to
order harmonics in the FT-STM images, the wave-functiorthe fact that the momentum resolution is dictated by extrinsic
properties of the surface electron state show a significarfactors such as the size of the image, the thermal decay of the
deviation from plane wave. Although pointed out in the standing waves, and the stability of the microscope. First,
original papers by Ruderman and Kiffehnd Herman and because of the finite image size it is necessary to perform a
Schrieffer'® the coupling nature of Friedel oscillations with discrete FT, which leads to a lower limit for the momentum
Bloch states has, by and large, been subsequently neglectedsolution, sinceAko(image length)®. Second, phenom-
but it must play a role in many physical procesgesy., ena that cause a decay of the waves naturally invoke more

() O,

~ / N

o Y~ Contribution
Reciprocal Jl ‘\;;‘_-/ ‘— from Surface
Space Unit Cell ~ States at Ep

(@)

L

>




RAPID COMMUNICATIONS

57 DIRECT IMAGING OF THE TWO-DIMENSIONAL FERM . .. R6861

Fourier components, leading to a broadening of the Fermdiscrimination against localized states, that is, the 2D FC
contour. Primary modes of decay include phonon-assistedetermined from the FT-STM method may be dictated by
scattering of the surface-state electrons into bulk stateqarts of the FC with large andp character.
which increases with temperature, and the Fermi distribution In conclusion, we have presented a powerful technique
smearing at higher temperatures. Acknowledging these fador the determination of two-dimensional surface Fermi con-
tors, the measured momentum resolutidrk{ke) from FT-  tour. The Fourier transformation of images possessing Frie-
STM images ~0.12, Au111); ~0.15, B€0001) | compares del oscillations represents a direct image of the 2D Fermi
well with high-resolution ARPES resultf.13, Au111); contour. Itis p_roposed that th|s technique will pe widely and
0.05, B€0001)].%3 generally appllca_ble to a variety of other_ material surfaces to
As stated previously, the Fermi-level crossings deterEXtract 2D Fermiology related information on a nanometer
mined from FT-STM are, by and large, comparable withSC@l€. This includes higi; materials(e.g., measurement of
ARUPS results. However, it should be noted that there may\(/;?agozlee Smgéﬂ?g;gg; Onnea(;fthg angn;kiﬂergxsgg e‘t‘lghrgg(;w
be inherent differences between the values determined fro g P y

. - TS Wands” arising from quasielastic exchange Bragg
these two techniques. The Fermi-line determination in FT'scatteriné8), and surface chemistrie.g., long-range order-

STM relies on the Friedel oscillation near steps and defectsmg and interaction of chemisorbed atoms/molecul&ince
Although these oscillations are the response ofaerwise \\hat is measured with FT-STM is directly related to the 2D

unperturbedelectron gas to an impurity, this might only be response function, many-body effects can be directly
true to first order and the defect itself may change the e|8Cprobedl'5,19

tronic structure in its vicinity. Moreover, the physical pro-
cess of ARPES and STM is not the same. An ARPES ex- This work was supported by the National Science Foun-
periment corresponds to a sudden emission of an electrasation under Grant No. NSF-95-10132, by CAMEenter
(e.g., 10-100 eYfrom the sample, while it is taken away for Atomic-scale Materials Physigsponsored by the Danish
adiabatically in STM(e.g., ~1 meV). This might lead to a National Research Foundation, by the VELUX Foundation,
measurable difference between the two techniques caused bnd by the Knud Hjgaard Foundation. Ph. Hofmann thanks
electron-hole and phonon-hole relaxation contribution. Inthe Alexander v. Humboldt-Stiftung for financial support.
particular, the coupling to the lattice vibrations could bePart of this study was conducted at ORNL and supported by
quite different between the two techniques. Moreover, bethe U.S. Department of Energy under Contract No. DE-
cause Friedel oscillations primarily are due to the response AC05-960R22464 with Lockheed Martin Energy Research
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