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Combining scanning gate microscopy (SGM) experiments and simulations, we demonstrate low temperature imaging of the electron probability density jj2 x; y in embedded mesoscopic quantum rings. The tip-induced conductance modulations share the same temperature dependence as the AharonovBohm effect, indicating that they originate from electron wave function interferences. Simulations of both jj2 x; y and SGM conductance maps reproduce the main experimental observations and link fringes in SGM images to jj2 x; y. DOI: 10.1103/PhysRevLett.99.136807



PACS numbers: 85.35.Ds, 03.65.Yz, 73.21.La, 73.23.Ad



Thanks to the scanning tunnelling microscope (STM), remarkable precision has been achieved in the local scale imaging of surface electron systems. Only a few years after the STM invention, electron interferences could be visualized in real space inside artificially confined surface structures, the ‘‘quantum corrals’’ [1]. However, since they rely on the measurement of a current between a tip and the sample, STM techniques are useless when the system of interest is buried under an insulating layer, as in twodimensional electron gases (2DEGs) confined in semiconductor heterostructures. To circumvent the obstacle, a new method was developed: the Scanning Gate Microscopy (SGM). SGM consists of mapping the conductance of the system as the polarized tip, acting as a flying nanogate, scans at a constant distance above the 2DEG. SGM gave many valuable insights into the physics of quantum point contacts (QPCs) [2], Coulomb-blockaded quantum dots [3], magnetic focusing [4], carbon nanotubes [5], open billiards [6], and 2DEGs in the quantum Hall regime [7]. In some cases, the mechanism of SGM image formation is readily understandable. For example, in the vicinity of a QPC [2], coherent electron flow is imaged due to multiple reflections and interferences of electrons bouncing between the QPC and the tip-induced depleted region. In comparison, the situation seems more complex when the tip scans directly over an open mesoscopic billiard [6]: the tip perturbation extends over the whole system of interest, so that all semiclassical trajectories are modified. The mechanisms that link conductance maps to the properties of unperturbed electrons still need to be clarified. Recently, we showed that SGM images in the vicinity of a quantum ring (QR) allow direct observation of isophase lines for electrons in an electrostatic Aharonov-Bohm (AB) experiment [8]. In this Letter, we discuss SGM images obtained as the tip scans directly over coherent QRs. Experimentally, we 0031-9007=07=99(13)=136807(4)



find that the amplitude of conductance modulations shares a common temperature dependence with the AharonovBohm effect, a direct evidence that SGM probes the quantum nature of electrons. On the other hand, we perform quantum mechanical simulations of SGM experiments. First, the amplitude of conductance fringes is found to evolve linearly at low perturbation amplitude, both in experiments and simulations. Second, we observe a direct correspondence between simulated SGM data and simulations of the electron probability density jj2 x; y; EF . We deduce that, in this linear regime, SGM reliably maps jj2 x; y; EF  in coherent QRs. We fabricated two QRs, samples R1 and R2, from an InGaAs=InAlAs heterostructure using electron beam lithography and wet etching [9]. The 2DEG is located 25 nm below the surface, and its low temperature (T) electron density and mobility are 2  1016 m2 and 10 m2 =V s, respectively. Figure 1(a) shows an electron micrograph of R2 and a scheme of our experimental setup. The ring inner and outer (lithographic) diameters are 240 and 580 nm, respectively (210 and 600 nm in R1). At T  4:2 K and after illumination, the conductances G of R1 and R2 are 5.9 and 2:6  2e2 =h, respectively; i.e., several quantum modes are populated in the device openings. Figure 1(b) plots the low-T conductance G of R2 as a function of the magnetic field B after subtraction of a slowly varying background. Periodic oscillations of G vs B are clearly visible at 3.8 and 28.0 K. They are the signature of phase shifts between electron wave functions transmitted through both arms of the QR, i.e., the Aharonov-Bohm effect. The damping of AB oscillations observed as T increases [Fig. 1(b)] is related to the decay of the electron coherence time  . Nevertheless, the persistence of AB oscillations guarantees that transport is at least partially coherent up to T  30 K.
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FIG. 1 (color online). (a) Left : electron micrograph of sample R2. The white bar represents 500 nm. Right : Scheme of the SGM experiment (side view). The curve represents the profile of the quantum ring along A-A0 , the bold straight lines represent the 2DEG. (b) G vs B at 3.8 and 28.0 K in R2. (c-d) Gx; y maps measured on sample R2 at Vtip  0 V, Dtip  50 nm, B  0 T and T  4:4 and 26.1 K, respectively. (e) Circles: GB vs T (left axis); Triangles: GSGM vs T (right axis). The curve is a guide to the eye.
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We then perform scanning gate microscopy in this coherent regime of transport. Figure 1(a) illustrates our imaging technique: a voltage Vtip is applied on the tip, which scans along a plane parallel to the 2DEG at a typical tip2DEG distance Dtip  50 nm. Because of the capacitive tip-2DEG coupling, a local perturbation is generated in the potential experienced by electrons within the QR, which, in turn, alters their transmission through the device. By recording the QR conductance as the tip is scanned over the QR and its vicinity, we build a conductance map Gx; y that reflects changes in electron transmission. The measured G maps reveal a rich pattern of conductance fringes superimposed on a broad and slowly varying background, insensitive to temperature and to B [8], indicating that it is not related to quantum transport. We remove the background contribution by high-pass filtering the raw G maps [8]. Figures 1(c) and 1(d) show such filtered G maps measured on R2 at T  4:4 and 26.1 K. These SGM images are not symmetric, most probably due to unavoidable asymmetry in the QR geome-
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try. Moreover, G fringes are not limited to the area of the QR: even when the tip scans away from the QR, it perturbs the QR potential and affects its conductance. In an earlier work [8], we showed that concentric G fringes observed outside the QR area originate from the electrostatic AB effect, and correspond to isophase lines for electrons. Here, we focus on the G fringes measured when the tip scans directly over the QR. In Figs. 1(c) and 1(d), we note a decay of G fringe amplitude with increasing T, but the fringes pattern remains essentially unchanged. If we define GSGM , the standard deviations of the filtered conductance maps, calculated on a 400-nm diameter circle centered on the QR, and GB , the standard deviation of AB oscillations in G vs B, we can compare the T-dependences of SGM images and AB effect [Fig. 1(e)]. GB and GSGM clearly follow the same T-dependence: a strong decay above T  10 K, and a saturation at lower T, consistent with the intrinsic saturation of  previously reported in similar confined systems [10]. This suggests that the AB effect and the central pattern of fringes in G maps are intimately related and find a common origin in electron wave functions interferences. The question is then: do G maps bear spatial informations on electron wave functions? To investigate further on the SGM imaging mechanism, we need to examine the influence of a key ingredient: the perturbing potential [11]. Experimentally, a way to control this parameter is to change the tip voltage. Figures 2(a)– 2(c) show a sequence of G maps measured at Vtip  0:5, 2.5, and 3.5 Von R1. Clearly, the amplitude of conductance fringes increases with Vtip . Furthermore, we note a strong similarity between the central patterns in successive G maps. This contrasts with aperiodic conductance fluctua-
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FIG. 2 (color online). (a–c) Gx; y measured on R1 at Dtip  50 nm, T  4:2 K, B  2 T, and Vtip  0:5, 2.5, and 3.5 V, respectively. (d) GSGM vs Vtip in R1.
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tions observed in most mesoscopic systems when changing gate voltages [6,12], as well as with the concentric fringes observed on the same QR sample, but away from its central region [8]. Figure 2(d), showing the fringe amplitude GSGM vs Vtip , confirms the absence of fluctuations and the smooth evolution of fringes amplitude: GSGM increases linearly up to Vtip  2 V, with a somewhat weaker dependence at larger Vtip . This striking behavior is now addressed by quantum mechanical simulations where we compute device conductance and local density of states (LDOS) at the Fermi energy jj2 x; y; EF  in the scattering matrix formalism and using the Landauer-Bu¨ttiker formula, with the same method as in Ref. [13]. The geometry of the simulated QR is that of sample R1, taking the depletion length at device edges into account (35 nm); i.e., the inner and outer radii or the ring are 140 and 265 nm, respectively, and the width of the ring’s openings is 120 nm. The ring is subdivided into slices perpendicular to x-axis (propagating direction) between both openings in the QR. The Schro¨dinger equation is numerically solved in each slice, and, by imposing the continuity of the wave function and of the current density at the interface, the scattering matrix between two slices is obtained as prescribed in Ref. [14]. The overall scattering matrix is computed by composing the matrices of all slices. When EF is varied, both the configuration of resonant states within the QR and their coupling to the reservoirs change [15]. As a consequence, the calculated conductance G exhibits fluctuations as a function of EF , one of the hallmarks of transport in open mesoscopic systems. This is illustrated in Fig. 3(a), showing the calculated G as a value in the function of EF around the measured E2DEG F unpatterned heterostructure. Figures 3(b)–3(d) show typical patterns of jj2 x; y; EF  in our QR, for EF  104:6, 109.5, and 101.0 meV, respectively. Small-scale concentric oscillations are visible within the whole QR area in Figs. 3(b)–3(d), whose characteristic spatial periodicity is related to the Fermi wavelength F . On a scale larger than F , jj2 x; y; EF  is rather homogeneous in Figs. 3(b) and 3(c), while it exhibits four strong radial fringes in Fig. 3(d). In analogy with the experiment, we included in our simulation a moving perturbation potential mimicking the tip effect and then calculated the conductance of the QR for each position of the perturbation. Figure 3(e) shows such a simulated conductance map Gx; y, obtained for EF  101 meV, using the Gaussian potential Vx; y  2 yy 2 0 Vm expfxx0 2 



g as the moving perturbation 2 [16], with Vm  EF =200,   5 nm, and (x0 , y0 ) the local position of the tip. Most importantly, a careful examination of Figs. 3(d) and 3(e) reveals that all the features visible in the simulated jj2 x; y; EF  are also visible in the calculated G map. This striking correspondence reveals that SGM can in principle be used to map the unperturbed electron probability density [17].
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FIG. 3 (color online). (a) Calculated G vs EF in a QR with inner and outer radii of 140 and 265 nm. (b–d) Electron probability density jj2 x; y; EF  in a QR at EF  104:6, 109.5, and 101 meV, respectively. (e–g) Simulated Gx; y for EF  101 meV, Vm  EF =200, and   5, 20, and 40 nm, respectively.



Enlarging now the width of the perturbing potential causes the smallest SGM features to disappear [Figs. 3(f) and 3(g)]. As  overcomes F , concentric fringes completely vanish. Nevertheless, at the scale of radial fringes, the correspondence between Gx; y and jj2 x; y; EF  is maintained [Fig. 3(f)] until  * 40 nm where the aspect of the four radial fringes changes [Fig. 3(g)]. Most importantly, the size of the smallest features in the simulated G maps is roughly correlated to . Based on Figs. 2(a)–2(c), this allows us to infer a lower bound for   25 nm. To come closer to a complete description of our experiments, we now examine the effect of the perturbation amplitude. As we increase Vm , keeping   20 nm, we observe that the SGM fingerprint remains qualitatively independent of Vm , and that its amplitude increases linearly with Vm [Figs. 4(a)– 4(c)], a behavior consistent with the observations related in Figs. 2(a)–2(c). Above Vm  0:8 meV, qualitative changes in the SGM pattern appear together with a deviation from the linear evolution of GSGM vs Vm [Fig. 4(c)], a value for which differences between Gx; y and jj2 x; y; EF  start to emerge. Figure 4(d) also shows that the evolution of GSGM vs
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FIG. 4 (color online). (a–c) Simulated G maps, calculated for EF  101 meV,   20 nm, and Vm  0:5, 1.0, and 1.5 meV, respectively. (d) Fringe amplitude GSGM on simulated G maps as a function of Vm , with   20 nm.



Vm is weakly affected by the exact shape of the perturbation, e.g., Lorentzian or Gaussian. The consistency between the simulated behavior of GSGM vs Vm and the experimental data in Fig. 2(d) leads us to conclude that, at low Vtip (below 2 V), the central part of our SGM maps directly reveals the main structure of jj2 x; y; EF  in our quantum rings. This means that we can attribute the pattern of conductance fringes in Figs. 2(a)–2(d) to jj2 x; y; EF  of electrons in the quantum ring. Furthermore, simulations of jj2 x; y; EF  in asymmetric quantum rings yield asymmetric structures [18], which gives us an explanation for the asymmetry observed in the experimental G maps. In summary, we observed a pattern of fringes in conductance maps obtained by scanning gate microscopy on quantum rings. Using quantum mechanical simulations of the electron probability density, including the perturbing potential of the tip, we could reproduce the main experimental features and demonstrate the relationship between conductance maps and electron probability density maps. Hence, one can view SGM as the analog of STM for imaging the electronic LDOS in open mesoscopic systems buried under an insulating layer or the counterpart of the near-field scanning optical microscope that images the photonic LDOS in confined nanostructures [19]. F. M. is funded by FCT (Portugal) and B. H. by the EU (Marie Curie IEF) and FNRS. This work has been supported by the Communaute´ Franc¸aise de Belgique (Actions de Recherche Concerte´es), by FRFC Grant No. 2.4502.05, by the Belgian Science Policy (Interuniversity Attraction Pole Program PAI), by the Action Concerte´e Nanoscience (French Ministry for Education and Research), and by the Institut de Physique de la Matie`re Condense´e, Grenoble. F. M. and B. H. contributed equally to this work.
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