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Direct observation of micron-scale ordered structure in a two-dimensional electron system
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We have extended the subsurface charge accumulation imaging method to directly resolve the interior
structure of a GaAs/AlGaAs two-dimensional electron system in a tunneling geometry. We find that the
application of a perpendicular magnetic field can induce surprising density modulations that are not static as a
function of the field. Near six and four filled Landau levels, stripelike structures emerge with a characteristic
length scale~2 um. Present theories do not account for ordered density modulations on this scale.
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Two-dimensional electron system{@DES’9 formed in  the energy spectrum at integer Landau level fillings, and a
GaAs/AlGaAs heterostructures represent an ideal laborator§@oulomb pseudogap that is pinned to the Fermi level of the
to study many-particle physics in lower dimensidrignder 2D systemt? At particular magnetic fields, we observe
various conditions, electron-electron interactions may resulicron-scale features, corresponding to ordered electronic
in ordered inhomogeneous states. The Wigner crystal reprélensity modulations. To the best of our knowledge, these
sents a classic example, arising from direct Coulomb repu|data represent the first tunneling images of the interior of a
sion at sufficiently low density, temperature, and disofdar. GaAs/AlGaAs 2DES.
an applied perpendicular magnetic field, more general charge The sample used for these measurements was an
density wave(CDW) ground states are possible. The mag-

netic field B quantizes the kinetic energy into discrete, de- (a) T (b)
generate Landau levels; each spin-resolved level holds a den- tip @
sity of eB/h electrons. At sufficiently high Landau level image T v
filling, Hartree-Fock based theories predict a CDW ground charge S VA
state of length scale on the order of the cyclotron radius, 2D " AiGaAs +,2D
resulting from the competition between Coulomb repulsion System " GaAs
and exchange attractidrRecent transport measurements of e'tﬁtunneling  AGaAs
high-mobility samples show that highly anisotropic dissipa- SllRige e
tion occurs for more than four filled Landau levels>4, 3D metal n+ GaAs -3D
with the uppermost level near half fillifgUnidirectional
CDW stripes are believed to lie at the heart of these
observations. ©  tip\ / @

In contrast to transport measurements, scanned probe Z
techniques sensitive to electric fields can provide direct im- Cup
ages of GaAs/AlGaAs electronic structdrin this paper, we 2D
present an extension of subsurface charge accumulation
(SCA) imaging*® adapted to probe the 2DES interior in a Cr Ry
novel tunneling geometry. Figurgld shows schematically
the measurement technique, which works as follows: A tun- ~~3D

neling barrier separates the 2D layer and a parallel 3D sub-

strate. An ac excitation voltage applied between the substrate

and a sharp metal tip locally induces charge to tunnel back

and forth between the 3D and.2D Igyers. A Schottlg(ty barrier FIG. 1. (a) Schematic of measurement technique. Charge is in-
blocks the c_harge_ from tunne_llng dlr(_ectly onto the‘tiphe duced locally to tunnel from a three-dimensional substrate into the
measured 5|g_nal '_S the res{“"”g ac image charge on the_t'@vo-dimensional layer by applying an ac excitation voltage between
electrode, which is proportional to the number of electriCihe tin and substrate. This results in ac image charge on the tip
field lines terminating on it. In this way, the experiment pro- yhich is the recorded sign@. This technique is basically a local

vides a local measurement of the ability of the 2D system tQneasure of the ability of the 2DES to accommodate additional elec-
accommodate additional electrons. The method can be coRuns.(b) Schematic of heterostructure sample. The 2D layer forms

sidered as a locally resolved version of the pioneering workn the potential well at the GaAs/AlGaAs interface from electrons
of Ashoori and co-worker¥) and Eisenstein and co-workers provided by silicon dopants#’s). An AlGaAs tunneling barrier
(in a 2D-2D tunneling geometyy* which demonstrated that separates the 2DES from the 3D substr&teEquivalent circuit of
the tunneling signal into a 2DES is sensitive to both gaps inhe sample-tip system.
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Al ;Ga,As/GaAs(001) wafer grown by molecular beam ep- excitation(i.e., f/fy~0.1). Therefore we focus on the mod-
itaxy (MBE), shown in Fig. 1b). The 2DES is located at a el's low-frequency behaviof/fo<1; as shown in the inset,
distance ofd; =60 nm below the exposed surface, and a disthe out-of-phase component is more sensitive to variations in
tanced,=40 nm above a degenerately doped *1dm3) the local tunneling resistance. In contrast, the in-phase com-
GaAs substraté3D meta). The average electron density in ponent is mostly sensitive to capacitance variationst
the 2DES is 6<10'* cm 2, the low-temperature transport shown, including the compressibility contribution to the
mobility is ~10° cm?/V's, and the zero magnetic field capacitance’® Hence, we conclude that the dips in the
3D-2D tunneling rate is approximately 200 kHz. Cryogenicmeasured in-phase curve reflect a reduction in capacitance
temperatures are achieved by direct immersion in liquidcaused by the diminished compressibility of the 2D system at
helium-3 at 270 mK. integer filling. With respect to the out-of-phase curve, the

We position the t|p to within a few nanometers of the peaks at integer fl”lng Ilkely reflect an increase of the pseudo
sample surface using an innovative scanning head that pr@ap, resulting in an increased tunneling resistaRge"’
vides a high degree of mechanical and thermal staBility. More rigorous modeling for the system considers the distrib-
The image charge signal is detected using a circuit conuted nature of the tip-sample capacitance and the effect of
structed from low-input-capacitance high-electron-mobilitycharge motion within the 2D plane. The dashed curves in
transistorgnoise level 0.01 electrongfz). Most of the sig-  Fig. 2(b) show qualitatively enhancements that occur if the
nal (~99.8%) corresponds to electric field emanating fromin-plane relaxation rates approach the tunneling rate. Hence,
areas macroscopically far from the location under thewe see that reduced in-plane conductivity near integer filling
probel* We subtract away this background signal using amay also contribute to the out-of-phase peaks.
bridge circuit. To acquire images, the tip is scanned laterally Figure 2c) presents typical in-phase and out-of-phase
across the surface without the use of feedback. We apply a¢harging images far from integer filling. The in-phase data
excitation voltage of 8 mV rms at a frequenty 20 kHz. In  are representative of hundreds of similar images which show
addition, we apply a dc voltage of 0.6 V to the tip to com- charging patterns that are insensitive to magnetic field. We
pensate for the tip-sample contact potential, as measnred attribute this structure to surface topography, which modu-
situ using the Kelvin probe techniqué? hence the effective lates the geometric capacitance and couples preferentially to
dc voltage is zero. The spatial resolution of the measuremerin- This conclusion is supported by comparison to a surface
is roughly 60 nm, limited by the radius of curvature of the topography measuremeat a different locationacquired by
chemically etched Ptlr tig50 nm) and by the tip-2DES dis- Operating the microscope in a standard scanning tunneling
tance (60 nm.* All images presented here were acquiredmicroscopy modeé? As shown in Fig. 2d), the surface con-
and are displayed with identical sample orientation. sists of elongated mounds qualitatively similar to the in-

Figure Xc) shows a simple equivalent circuit for the mea- phase structure. These surface features point alongLti@
surement: The local contribution to the signal is modeled aslirection, as indicated, reflecting an MBE growth
a tip-2DES capacitancg, in series with the tunneling bar- anisotropy®
rier, represented as a capaci@y and resistoRy in parallel. In contrast to the in-phase images, we find the out-of-
To account for phase shifts, we define two amplitu@gs phase images can show significant changes with magnetic
and Q,, representing, respectively, the in-phase and 90field. The Q. images also show features arising from sur-
out-of-phase(lagging components of the image charge perface topography, although this effect is significantly smaller
unit excitation voltage. The typical units are attofaradsthan for the Q;, component(as expected in the low-
(1 aF=10"'8 C/V), similar to the earlier SCA work. frequency limi}. For example, in Fig. @) the out-of-phase

To establish the technique’s sensitivity to the 2D electroncolor scale is an order of magnitude smaller than the in-phase
system, Fig. 2a) shows the measured charging as a functiorscale. Because the in-phase component does not change sig-
of magnetic field with the tip position fixedi.e., not nificantly with field, we find that a convenient method to
scanney acquired using the same tip as for the subsequentlyemove the small topographical contribution @, is to
displayed images. Both the in-phase and out-of-phase curvegale down the correspondifg, image and then subtract it
(acquired simultaneouslyshow clear structure with B/pe-  from Q. Figure Ze) shows the same out-of-phase data as
riodicity, corresponding to integer Landau level fillings. To Fig. 2(c), where we have subtracted the topography in this
understand the origin of the in-phase dips and out-of-phaseay. We see that in this case no significant features remain in
peaks, we consider the charging characteristics of the modé),,,; discernible above the background noise, as was typical
equivalent circuit; Figure @) plots the calculated variation for the out-of-phase images far from integer filling.
of Q;, and Q. with respect to the logarithm of frequenéy As the magnetic field approaches integer filling, while the
and resistanc®;. The charging components have identical Q;, images remain unchanged, the simultaneously acquired
functional dependence dnandRy, with characteristic val- Q. images show completely different behavior—clear and
ues of fo=[27R{(Cq+ Ctip)]*l and Ry=[27f(Cq reproducible features appear that are not correlated with to-
+Cﬂp)]‘1, respectively. The magnitude of the curves is setpography or experimental parameters such as scan direction.
by the tip-sample capacitance different€ between a fully  Figure 3b) shows a series of topography-subtradig; im-
charging and locally noncharging 2DES. For the actual meaages acquired sequentially near6 at the fields indicated
surements, the characteristic zero magnetic field tunnelintn Fig. 3(a); very similar behavior was observed ness 4.
rate isf,~200 kHz, a factor of 10 greater than the appliedSimilar to the out-of-phase peaks of FigaR the imaged
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Topography Out-of-phase

FIG. 2. (Color). (a) Fixed-tip measurement. As a function of perpendicular magnetic field, the in-phase and out-of-phase curves display
clear features at integer Landau level fillimg (b) CalculatedQ;, and Q,,; charging curves based on the equivalent circuit, plotted as a
function of the logarithm of frequency and resistan@ase) A linear plot of the derivatives 0Q;, and Q,,; with respect to tunneling
resistance. In the low-frequency limit of this experiméamtrow), the out-of-phase component is more sensitivR{ovariations(c) Repre-
sentative scanning images @, (left) and Q,,, (right) with an applied magnetic field far from integer filling of 3.89 T; scale bar length
=1 um. (d) Topographical surface image showing the orientation of the growth features. The image was acquired at room temperature
without altering the orientation of the crystal. The elongated mounds point alorid 1i0& direction, as indicated by the orientation of the
scale bar; scale bar lengt2 um. (e) Topography-subtracted out-of-phase image corresponding to the same data sh@knTime
displayed images have been filtered to remove nanometer-scale scatter.

Qout Structure likely result from local variations of the  Some of theQ,, features appear as randomly situated
pseudogap and/or in-plane conductivity. In either case, wanicron scale droplets, such as the bright feature in the upper
can identify the structure as originating from modulations inright corner of the 4.38 T image. These are consistent with
the 2DES density~5% which bring the system slightly droplets and potential contours observed in Refs. 7 and 8,
closer and further from integer filling as a function of lateral which utilized direct Ohmic contacts to the 2DES., non-
position!* tunneling experimenjs Following Refs. 7 and 8, we inter-
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(a) | L L ll o

FIG. 3. (Color). (a) Fixed-tip
curve showing the out-of-phase
peak corresponding to six filled
Landau levels.(b) Topography-
subtracted out-of-phase images
near v==6, acquired at magnetic
fields indicated by the small ar-
rows in (a). The displayed images
have been filtered to remove na-
nometer scale scatter; scale bar
length=2 um. The crystal orien-
tation is identical to Figs. (2)—
2(e). (c) Schematic of Fourier
analysis procedure to identify
orientationally-ordered structure.
The parallel lines in the direct im-
age(indicated with dashe<an be
described with wave vectotz,
giving maxima in the Fourier

transform power spectrum at k
(shown in redl. The orientation of
the wave vectord, is seen as a
peak in the angular spectrum, cal-
= culated by integrating the trans-

Fourier transform  Angular spec. L‘.’rm.image along a series of ra-
ial lines at angle).

(4e) sbireyo sseyd-jo-1nO

2

180

6
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pret the droplets as originating from static density modula+tip curvesg, we have subtracted a constant from each image

tions induced by the disorder potential. This view is alsoto set the average value to zero. No additional processing or

supported by observations we have made of random featuréitering was performed on the data prior to taking the Fou-

that reappear and evolve in a similar manner at successivger transforms.

integer fillings To further emphasize orientational order, we have also
In contrast to Refs. 7 and 8, the images exhibit additionaka|culated the angular spectrukgé) by integrating the Fou-

stru(;:turej Wi;[ht orilgzntaltionlal dorder, S;Jp(terr]imposiad ‘t"’ith th&ier power spectrum along radial lines oriented at argle
random droplets. To clearly demarcate these structures, w, _ kma N -

apply a standard approach based on the 2D Fourier tran§—( 0)—f'kmi:||.:(|fCOSB,kSInt9)| dk, as shown in Fig. @). The
forms F (ky k) =F[Qou(X.y)], wherek, and k, are the integration limitsky, andkpa, Set the range of wave vec-
wave vector coordinates. The topography has been sutiors to be included; of course, they can be expressed in terms
tracted from theQ,, data as described above. Because wedf cutoff wavelength& pin=2m/\pax aNdK =27/ i . Fig-

are interested in the spatial patterns and not the shift in there 4a) presents three sets of unfiltered Fourier transforms

average valuéthis information is already given by the fixed- and angular spectra corresponding @g,; images of Fig.
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FIG. 4. (Color). (a) Fourier
power spectra and angular spectra
corresponding to thre@,, im-
ages of Fig. &), normalized to
the peak value at 4.14 T. The
power spectra are displayed over
the range+ 6.67 um™1; the mag-
nitude of the wave vector corre-
sponding to the 4.14 T maxima
(red is 2.4um™1, or a wave-
length of 2.6 um. (b) Angular
spectra from three different
sample locations and magnetic
fields. Similar peaks were ob-
served near fou(6.75 T) and six
(4.14 7) filled Landau levels. For
comparison, a spectrum far from
integer filling[3.89 T, correspond-
ing to Fig. 2e)] is included. In
this plot, each curve is scaled to
have an average value of 1.0,
which serves to enhance the weak
3.89 T curve. The minimum at O
and 180° is an experimental
artifact arising from the scan
direction. (¢) The topography-
subtracted,.images at 4.14 and
6.75 T with arrows pointing to the
structure that yields the prominent
Fourier peaks. Also included is the
6.75 T data for which no filtering
was applied. Th¢110] crystalline
direction is indicated; scale bar
length=2 um.

10}, S U W L UL
414 T 6.75T Raw Data

3(b). We see that the transform at 4.14 T has developed cledhe 6.75 T out-of-phase image with no filtering. These lines
maxima at relatively short wave vectors. To highlight theroughly point along thg110] direction. The images show
corresponding range of wavelengths, the angular spectra aevidence of weaker modulations in other directions. We have
calculated choosing cutoffs of\,,,=1um and A, acquired dozens of),, images neaw=6 and v=4 that
=3 um, displayed directly below each transform image. Weshow similar micron scale structure. In contrast to the droplet
see that the 4.14 T angular spectrum shows the strongefatures that mirror static potential variations, the stripelike
structure at these short wave vectors; the prominent peastructure appears to form spontaneously. Unlike the droplets,
indicated by the red arrow results directly from the maximathese structures shift position and evolve dramatically with
in the transform image. magnetic field, as can be seen in Figh)3 The high sensi-
Figure 4b) compares the 4.14 T spectrumearvy=6) to tivity to magnetic field precludes tunneling barrier nonuni-
a similar observation obtained at a different location and at #ormity as the origin. In addition, we note that scanning tun-
field of 6.75 T (near v=4). Figure 4c) shows the corre- neling microscopy and atomic force microscopy
sponding direcQ,,; images, where the arrows point to the measurements show no evidence of atomic step edges ori-
stripelike modulations that form the prominent peak in theented along110]. We have not observed such structure near
angular spectra. As an example of the raw data, we also show=5 nor v=3. (The 10 T limit of our superconducting so-
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lenoid prevents probing Landau level fillings less than represent a major discrepancy: the theories predict a charac-
=3 for this samplg.We have not found evidence of ordered teristic length set by the cyclotron radius100 nm, much
structure on the predicted cyclotron radius length scal&maller than the observed structure® um. It is possible
~100 nm. that the physical origin of the modulations is similar to the
In summary, we have obtained the first direct images oftDW theories, but that disorder causes a larger length scale
ordered structure within the interior of a GaAs/AlGaAs tg pe selected. Alternatively, the structures may arise from an

2DES using a tunneling version of the SCA imaging methodentirely different mechanism. Clearly, more theoretical work
At magnetic fields near four and six filled Landau levels, wejs needed.

observe density modulations that exhibit clear orientational
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