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A very low temperature scanning tunneling microscope for the local
spectroscopy of mesoscopic structures

N. Moussy, H. Courtois,” and B. Pannetier )
Centre de Recherches sur les FiBasses Tempaures, C.N.R.S., associated with Universlteseph
Fourier, 25 Avenue des Martyrs, 38042 Grenoble, France

(Received 13 July 2000; accepted for publication 15 October 2000

We present the design and operation of a very low temperature scanning tunneling microscope
(STM) working at 60 mK in a dilution refrigerator. The STM features both atomic resolution and
micron-sized scanning range at low temperature. We achieved an efficient thermalization of the
sample while maintaining a clean surface for STM imaging. Our spectroscopic data show
unprecedented energy resolution. We present current—voltage characteristics and the deduced local
density of states of hybrid superconductor—normal metal systems. This work is the first
experimental realization of a local spectroscopy of mesoscopic structures at very low temperature.
© 2001 American Institute of Physic§DOI: 10.1063/1.1331328

I. INTRODUCTION IIl. CRYOGENICS

Mesoscopic effects in metallic structures are quantum We use a homemade upside-down dilution refrigerator
interference phenomena based on electron phase cohérenagalled “sionludi” with the cold plate placed upwardSFig-
This coherence persists over a length, which increases ure 1 shows a schematic of the whole setup. The cryostat is
with decreasing temperature and usually reaches abput 1 isolated from the building vibrations by spring isolators with
in clean metals below 1 K. In particular, much interest wasa 2 Hz resonant frequency. The connection to the pumps of
recently devoted to the proximity effect occurring in hybrid the dilution circuit is made of flexible pipes and tubes pass-
mesoscopic structures made of a supercondu8dn clean  ing through heavy concrete blocks. The base temperature
contact with a normal metdN).” So far, transport measure- \yith the measurement wiring installed is about 60 mK in a
ments have been the primary means of investigation of Suceylindrical volume of diameter 13 cm and height 13 cm.
mesoscopic structures. A promising alterqative approach- IS The main advantages of our cryostat are its natural rigid-
the use of a very low temperature scanning probe. For inyy the handy horizontal access, and a very rapid cooling/
stance, a scanning tunnglmg mmrosc@é’M) er'1ables.one heating cycling. The whole cryostat is enclosed in a single
to access the local density of states with atomic spatial r€SQiacuum which is sealed with a room-temperature o-ring.

lution. With regards to the proximity effect, the local modi- here is no N bath and therefore no Aboiling vibrations.

fication of the density of states has been measured at mod- . .
. he 4 K stage is cooled by #e flow from a pressurized
erately low temperaturdT>1 K) by several groups in

. . 6 helium vessel. During cooling down to 4 K, a large flow of
various kinds of samples. 3. 4 i ) - .
. . He—"He mixture thermalizes the dilution stage. Depending
Here, we present the design and operation of a very low 4 .
: . I ; on the*He flow, the cooling down to 4 K lasts about 6 h. The
temperature STM operating at 60 mK in a dilution refrigera-5 . =, . . .
: ) He—"He mixture is injected into the cryostat at a pressure
tor and featuring a largé=6 um) scan range. Operating at w 05 and 2 bar. Aft hing 4 K. a fast i
such very low temperatures allows one to gain access to l&e een ©.5 an ar. Alter reaching » a fast cooling

wide range of phenomena and reduces the thermal smearir‘ij wn to 1.5 K of .the df|ll:1t|on _stage '; ensm:]reddb)c/j.a Josle,_
of the measured density of states. The combination of ver omson expansion of the mixture through a dedicated cir-

low temperature techniques with the constraints of scanninﬁl_“t' In the dilution regime, the limit temperature is reached

probe microscopy is a demanding task. This explains thdithin 4 h with the STM installed. The cooling power is
relatively small number of such studies. To our knowledge@P0ut 104W at 100 mK.
the only spectroscopic measurement at a temperature below 1he STM is enclosed in a hermetic calorimeter screwed
100 mK was reported in NbS€ A very low temperature ©On the mixing chamber. This calorimeter is sealed with an In
atomic force microscope was operated at 30 mKai9 T  Seal inside a glove box. The controlled-MHe dry atmo-
magnetic field Images of adsorbed He atoms were obtainedsphere enables us to minimize surface contamination. Before
at 90 mK?® Various STMs operating at 300 mK have also cooling, the calorimeter is rinsed several times with pure He
been reported recently. gas while heating the sample for outgassing. The calorimeter
is then closed with the help of a stainless steel valve with a
dAuthor to whom correspondence should be addressed; electronic mai':_|e pressure of about 16 mbar. At low temperatur€lr<20
Herve.Courtois@Ilabs.polycnrs-gre. fr K), active carbon grains pump the residual He atmosphere.
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FIG. 2. Design of the STM head. The two concentric piezoelectric tubes are

glued with Stycast on Ti parts fixed on the Cu body of the STM. The whole

L | L | STM head is suspended by six springs. The sample carrier slides on the two
sapphire rods of the outer piezoelectric tube. It also includes a special tem-

FIG. 1. Schematics of the cryostat. The cryostat is fixed on a concrete blockerature contro(see text The coarse approach pulse wave form is sche-

supported by an optical table with four spring isolators. The pressurized Henatically shown.

vessel underneath provides thée flow. The STM calorimeter is located in

the upper part of the dilution cryostat. The pumps are located in a nearby . . .
acoustically isolated room. single pulse makes the carrier move 50—-1400 nm at ambient

temperature and 10-200 nm &&4 K. Both upward and
downward displacements are possible.

We found that the step length remains reliable as long as
A. The STM head the sapphire tubes are free of adsorbed water. During cool-

The STM head is very rigid, 500 g in weight, and sus-INg, the carrier is therefore kept at a temperature about 40 K

pended with six springs. The resonant frequency of this isolr9€r than the cryostat temperature. This is ensured by a

lation stage has been adjusted to 10 Hz in order to avoid an§i@in gauge used as a heater and a Pt thermometer, both
resonance with the cryostat isolation stage. The tip is placefl!ued on the carrier. This procedure ensures a low cryosorp-

near both the inertial center of the suspended head and tfj{on On the sapphire rods and on the sample surface. The

symmetry center of the spring’s fixation points. This reduced'€ating is stopped at a cryostat temperature of 60 K.

the displacement of the tip with respect to the base. Residual " autgmatic coarse approach is performed during cool-
oscillations of the head are damped by sliding friction. ing from T=60 to 4 K. As the sample is placed about 1 mm

The head is made of two concentric 2.5 cm long piezo-above the tip at ambient temperature, about 4000 steps are

electric tubes(PZT-5 A). The piezo tubes are glued with necessary to reach the tunnel contact. One step consists in

Stycast to Ti parts. Differential expansion stress during therWVithdrawing the tip with the inner tube, sending a pulse on

mal cycles are then minimized since Ti and Stycast thermai’® Outer tube, and slowly approaching the tip within 5 s.
expansion coefficients are close to that of F2The inner  When a tunnel current is detected, the approach is stopped

tube holds the tip: it is &Y scanner with a 6 xm? scan and the tip is withdrawn to a rest position. Usually no ther-

range at low temperature for 2220 V voltage sweep. Its Mal drift is observed below 20 K.
inner electrode is used for the withdrawal of the tip during
lateral displacements or coarse approach steps. The outer
tube serves to regulate the sample—tip distance regulation The experimental challenge here is to ensure both an
and ensures the inertial displacement. It holds the two sapefficient thermalization and a good mechanical decoupling to
phire rods on which the sample inertial carrier slides. vibrations for the microscope. Thermalization bela K is
ensured through copper braids connecting the base, the sus-
pended head, and the Ti parts glued on top of the two piezo-
electric tubes. The sample carrier and the tip are also ther-
Our vertical inertial motor is directly inspired from the malized through their attached Cu measurement wires. A
work of Rennetet al*® The carrier is made of two brass parts carbon resistor glued on the sample carrier is used for the
clamped on the sapphire rods by a compressed spring. Theeasurement of the sample temperature below 1 K.
sliding friction force is about 40 g while the carrier weight is We have characterized the amount of heating due to both
12 g. Each part has three well-defined contact points on theoarse approach and scanning. Starting from the STM base
rods. The pulse wave form is a double parabola, so that theemperaturg60 mK), the sample temperature after a single
acceleration is constant except at the crossover geee  coarse approach step reaches about 100 mK instantly. After-
Fig. 2 insel. The duration of one pulse is about 248. A wards it drops down to 60 mK in a few minutes. A continu-

Ill. THE STM

Thermalization

B. The sample coarse approach

Downloaded 29 Sep 2005 to 132.229.234.79. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



130 Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Moussy, Courtois, and Pannetier

ous displacement with about ten steps by second heats the
sample up to abdu K and the mixing chamber to 350 mK.
This corresponds to an injected power of about 250 and

a dissipated energy of about 28 per step. Image scanning
also heats the system but can be minimized significantly at
low scanning speed. For example, large field imadibg6

um?) on a large corrugation on the order of 300 A may heat
the sample to about 100 mK when the scanning speed is
about 500 nm/s.

D. The STM electronics

Our electronics are homemade. Each incoming wire is
filtered by radio-frequency filters at the cryostat entrance.
Switchable very low frequency filters with a 0.5 Hz cutoff
are placed at the high-voltage amplifier's outputs. They are
switched on during spectroscopies in order to increase stabil-
ity of the tip—sample distance. The tip bias undergoe} a
reduction at 60 mK so that the effect of extrinsic noise is
reduced. The tunnel current preamplifier features a 12 kHz
bandwidth. It works at room temperature but the 1000 M
feedback resistance of the input op amp is thermalized at 4.2
K. This reduces the contribution of its thermal noise to the
total current noise. The measured total noise is 4.5/fAd
below 300 Hz including the current noise from the op amp of
about 1.5 fA/\/H_Z. Above 300 Hz, the noise increases lin- FIG. 3. (Top) 15x15 A% STM image of the atomic lattice of 2.4 A period-

. _ ._icity at a HOPG surface(Bottom) 5.7x4.3 um? STM image of a mesos-
early with the frequency because the Op-amp voltage nOIScopic sample made of a square array of 300 A thick Nb square islands with

biases the capacitance of the coaxial wire. a Au layer deposited on top of it. The lattice parameter ignd. Both
images are unfiltered and have been taken at a sample temperature of 60 mK

IV. FIRST RESULTS with the same piezoelectric tubes.

A. Images

; ; time constant, the high-voltage low-pass filters are

Mesoscopic samples prepared by standard lithograph ponse ) .

often exhibit large corrugation of several hundreds of A. W't(?hed on, and the feedback loop is open_ed. The bias VOI.t'
age is then swept while the tunnel current is measured. This

With such a large relief, we need sharp tips with a large

aspect ratio. We use electrochemically etched Pt/Ir tips he3Weep lasts up to 20 s without modification of the junction.

cause of their stiffness and low natural oxidation. The tipsWe usually average over 1.0_49\/ curves in QrQer_ to re-
uce the noise. The experimentalV characteristic is then

are prepared using the technique described b L'ndarﬁ
et al E4 vf/)ith theudhl‘fegrence that ng;void ber:ding thila tip|> but numerically differentiated in order to obtain the differential

instead immerse it in the liquid with a large angle. With this c'onduct.ancejI/dV(V). The dlfferentlgl conductance coin-
method, we routinely obtain a tip radius of about 30 nm. cides with the local density of states in the zero-temperature

Figure 3 shows two images taken at the temperature olfm'tA test . ¢ d the density of stat
60 mK. Let us point out that the ratio of the image sizes and S a test experiment, we measured the density of states

corrugations is larger than 1000. We achieved atomic reso":-lt the surface O.f plain supercondu_ct_mg layers. Figure 4
lution on highly oriented pyrolytic graphitéHOPQ at both shows the experimentdV characteristic and the deduced
room temperature and very low temperat(6® mK). On differential conductancdl/dV at the surface of an Al layer.
mesoscopic samples, imaging on the scale of a few micron-ghese data are representative .Of th'e quality of our spectros-
is performed very slowly in order to avoid tip crash and S°PY measurements, although in this case the tip is presum-
heating of the sample. A typical 12828 pixel image of ably dug into the surface Al oxide. From our measurements,
5x5 um? is acquired ir-1 about h. These images show that we can estimate a maximum vibration amplitude of about
we are able to keep a clean s;ample surface. i.e Withodlto_z A. The differential conductancel/dV clearly shows a
noticeable contamination, during cooling. Heatihg theSuperconducting gap. It is zero in the vicinity of the Fermi

sample during cooling was found to be necessary in order tbevel (ev= 0).‘ we described_ this data using a Bardeen—
obtain such a surface quality. Cooper—Schrieffe(BCS) density of states convoluted by a

thermal distribution function, without broadening by a finite
quasiparticle lifetimeé® The value of the Al gap\ =210
peV derived from the fit is in agreement with the expected
In order to measure a local density of states, we acquirgalue. The effective temperature derived from the fiT i
current—voltagg-V) characteristics of a fixed sample—tip =210 mK. As the sample temperature was in every case
tunnel junction. The tip feedback is first set to a large re-about 60 mK, the origin of this effective temperature is un-

B. Density of states measurements
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This mask was then mechanically removed and a uniform Au
300 layer was deposited, without breaking vacuum. This ensures
a high transparency of the Nb—Au interface. The Nb islands
dI/dv are about 1.8um wide and their center distance is 4un.
(nS) Only a few Nb islands are accessible within the STM scan
range. As shown in the STM image, the relief of the Nb
150 islands is rather rounded. This is due to the thickness of the
mask and the imperfection of the contact between the mask
and the substrate.
< —> We measured the differential conductance at various lo-
-100~ . cations while moving the tip away from the center of a Nb
MRS EENEENR. 'OV PO P B é) island. In order to reduce the hysteresis of the scanner below
0.8 -0.4 0 0.4 0. 10 nm, we had to use a scanning speed below 10 nm/s. In
V(mV) Fig. 5, we clearly see the spatial dependence of the density of
FIG. 4. 1-V characteristics and its numerical derivativedifferential con- states. The spectrum with the largest gap was taken near the
ductance measured by STM on a superconducting layer of Al at 60 mK. center of the Nb island: it can be well described by a BCS
Th_eI—V characteri_stic is an average over ZQ curves. The dash_ed_ Iin_e is_a f'lﬂensity of states. The magnitude of the energy gap is reduced
using a BCS density of states convoluted with a therm_al Fermi d|str|but|on.compared to the Nb value because of the influence of the Au
The fit parameters are the values of the superconducting\gap210 ueV . .
and of the effective temperatufey=210 mK. layer. Away for the Nb island, the density of states has a
triangular shape. It is the signature of the proximity effect.
The characteristic decay length of the proximity effect ap-

clear at present. Nevertheless, our data show that we cgars to be about 120 nm. A detailed description of our re-
identify the measured differential conductance with the locakyits by the quasiclassical thedtys under way.

density of states if the desired resolution remains larger than
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