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3He refrigerator based very low temperature scanning tunneling
microscope

S. H. Pan, E. W. Hudson, and J. C. Davis
Department of Physics, University of California, Berkeley, California 94720

(Received 3 September 1998; accepted for publication 27 Octobey 1998

We describe the design and development of a scanning tunneling micro&&dpk which can
operate at temperatures down to 240 mK and in magnetic fields GpTt with high spatial and
energy resolution. The compact and rigid STM head is mounted directly on a low vibration, single
shot, 3He refrigerator. This refrigerator can be operated at its base temperature continuously for
several days before thiHe needs to be recondensed. The system is equipped with a sample
transport manipulator from room temperature, and a cleavage device at low temperature, so that the
cryogenic ultrahigh vacuum condition inside the cryostat can be utilized. A superconducting magnet
provides a magnetic field of up 7 T at thesample along the STM tip direction. Test results have
shown that, at the base temperature, this instrument has better than @-8iggction resolution in
imaging mode, and better than 20/ energy resolution in spectroscopy mode. 1©99 American
Institute of Physicg.S0034-67489)00802-3

I. INTRODUCTION A. STM head

An important direction for the development of scanning  To fit into the limited space inside the refrigerator and to
tunneling microscopeSTMS) is towards applications in the adapt to the configuration of the refrigeration scheme, our
millikelvin temperature range. Such instruments will allow STM head is required to be compact and arranged for top
the study of physical phenomena that do not occur until veryoading of samples. Figure 1 shows a schematic diagram of
low temperatures are reached, for example, superconductinge STM head. It integrates a tube scanner and coarse-
phase transitions in heavy fermion materials. Even with pheapproach motor into a main bod8) machined from a single
nomena that occur and are observable at higher temperaturgsece of Macora machinable ceramic produced by Corning
energy resolutiowhich is limited by thermal broadeniing Incorporatedl® On top of the body is a spring loaded sample
can be dramatically improved if the measurements are pereceptacle(l) machined from brass, which makes strong
formed at millikelvin temperatures. Although numerouselectrical and thermal contact to the sample hol@r and
STM instruments have produced results near 4.2 K, few havthus to the sample, when it is loaded from above. The coarse-
been used at much lower temperatur@sn this article, we  approach mechanism is a piezo actuated motor that consists
report on the development of a very low temperature STMof the main body(8), a spring press-plat®), six shear-piezo
for operation in a magnetic field with very high spatial andstacks with ceramic contact pads glued on {@p and a

spectroscopic resolution. prism-shaped sapphire sh&® with a hole in the center.
Such a motor has been described in detail elsewhere.
Il INSTRUMENT DESIGN The schematic drawing in Fig. 2 briefly illustrates its work-

ing principle. Four piezo legs hold a moving shaft in posi-

To design an STM which can achieve atomic resolutiontion. When a voltage is applied to one leg, it slides backward
while operating at very low temperatures is a challengingto the righ} along the surface of the shaft, as friction be-
task. Operation at low temperatures brings the benefits dfveen the other three legs and the shaft holds the shaft sta-
low thermal drift and low thermal noise, which are requiredtionary. After an appropriate delay, the same voltage as was
for high-resolution measurements. On the other hand, vergpplied to the first leg is applied to one of the other piezo
low temperature refrigeration techniques often hamper théegs. Once again, the shaft keeps its original position without
efforts to achieve high-resolution measurements due to thmovement while this second leg slides backward along the
introduction of mechanical vibrations. Furthermore, thesapphire surface. Finally, after all legs have been indepen-
physical space within the cryostat, especially when a higtdently slid backwards one after the other, the voltages on all
magnetic field is required, is often too limited to allow an legs are ramped down simultaneously, as shown in the draw-
effective cryogenic vibration-isolation stage. Our efforts toing. Consequently, all the legs together carry the shaft one
address these challenges are concentrated in the followirgjep forward(to the lef). This design has been proven to
three elements(l) a very rigid STM head that is less sus- have some unique features which are suitable for use in very
ceptible to vibration(2) a refrigeration scheme that has very low temperature scanning probe instrumetfta4ost impor-
low intrinsic vibrational noise, and3) a good external tant of all, the motor is very reliable, with reproducible step
vibration-isolation system to reduce transmission of vibra-sizes. In addition, since it does not rely on inertia, it can be
tions from the external environment to the STM cryostat. operated in a vertical direction with minimal step-size differ-
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FIG. 1. STM head(a) top view (with sample receptacle removed for clar-

ity) and (b) side view. 1.5 in. in diameter by 1.75 in. higtl) Sample  FIG. 3. STM cryostat and vibration-isolation tab{&) Manipulator rod,(2)

receptacle(2) sample holder(3) tip, (4) tube scanner5) scanner holder, |oad-lock chamber(3) gate valve(4) charcoal sorption pump lift/lowering

(6) sapphire prism(7) shear piezo stacks8) macor body,(9) spring plate  mechanism(5) table top of the vibration-isolation tablég) air-spring,(7)

(not to scalg. activated charcoal sorption pum@) mechanical sample cleavage sta@,
vacuum chamber(10) supporting leg,(11) superinsulation Dewar(12)

: . . . tacked rubber and steel 7T tt l¢.
ences due to gravity. This is an important feature as it allow§ ¢ ea ubber and siee pads3) 7 T magnetnot to scale,

a compact design suitable for use in the most common to
loading refrigerators and in small bore, high field, solenoid :
magnets. Furthermore, the piezo legs constantly clamp thgeramic tube and then glued on top of the tube scanner. The
moving shaft and no voltage is required to keep the shaft itiP (3) i held in the fine tube simply by friction.
position while it is stationary. Thus the entire structure is  1he design of the STM head is simple and compact. It
rigid and stable. The piezo motor in our STM head has a steBas a dimensions of 1.75 in. in height and 1.5 in. in diameter.
size of about 2000 A at room temperature and about 300 A at
temperatures below 4 K, when driven with a peak voltage o8- Refrigeration, thermometry, and superconducting
300 V. One can easily vary the step size by changing th&agnet
applied voltage. The refrigeration scheme used in this setup is a specially
As shown in Fig. 1, a 1/8 in. diameter piezotube scannetiesigned, low noise, single shdtle sorption refrigerator.
(4) is glued with epoxy onto the scanner hold8y, whichis  As shown in the schematic drawing of Fig. 3, the refrigerator
also machined from Macor. This assembly is then mountegs housed in a vacuum cd8) which is immersed in a liquid
into the hole in the sapphire prist6). The assembly of4)  helium bath inside a superinsulated DeWame small(4.5
and(5) can easily be changed to obtain various scan rangesn. diametey but long (3 ft.) neck of the Dewar reduces the
boil-off rate of the liquid helium to about 4 a day(with the
superconducting magnet instaljeghd thus also reduces vi-
brations due to evaporation of the liquitlle in the bath. A
750 /Imin rotary pump is used to pump on thele pot,
which is inside the vacuum can, to achieve a temperature of
1.2 K at the*He stage. This temperature will condense the
3He sample into about 10 cc of liquid in théle pot. An
activated charcoal pum(f¥), when lowered into the 4.2 K
region by a lift mechanisr¥), pumps on the condenséde
to achieve a base temperature of 220 mK at’the stage. To
achieve this temperature, all mechanical and electrical con-
P nections from room temperature must be minimized and
1234 5 1 carefully heat sunk. Radiation from room temperature is also
®) carefully baffled. With these measures, 10 cc conderised
can keep the refrigerator at 220 mK for about three days
before recondensation is needed.
FIG. 2. Schematic illustration of the Wor_king principle o_f the piezo coarse At the STM head we reach a base temperature of 237
approach motor(@) The sequence of motions of shear piezo stacks and the . . .
sapphire prism(b) The sequence of voltages applied to each piezo leg toMK. A commercially calibrated Cernox thermométes at-
produce the motions itg). tached to the sample receptacle to ensure accurate measure-

EI)'he tip holder in our design is a fine metal tube glued into a

oV,
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ment of the sample temperature. Since the sample surface
faces inwards, we believe that it reaches the equilibrium tem-
perature of the sample receptacle as measured by the cali-
brated Cernox thermometer. We have verified that the STM
tip also cools to this temperature by fitting tunneling spectra
from a superconducting Nb tip to BCS thednll thermom-
eters are carefully thermally anchored to the measuring
points and operated with low current, low frequency ac
bridge circuits, thus avoiding self-heating. We also fastened
a resistive heater on the base plate of the STM to vary the
base temperature when needed. The operation of the refrig-
erator is rather simple and straightforward. One can cool the
STM from room temperature down to the base temperature
of 240 mK in less than 36 h.

A 7 T superconducting solenoid with 4.5 in. bbtés
installed in the bottom of théHe Dewar and surrounds the
stainless steel vacuum can of the refrigerator. The sample
receptacle on the STM head is located at the center of the 0.0
homogeneouf).1% over 1 cm DSYregion of the magnetic
field. The two current leads of the superconducting magnef!G. 4. Constant current image on NhS# 240 mK. (=50 pA, Vsampie
are detachable. When the magnetic field is stabilized at thg ~50 MV, 50 A scan rangebelow the image a line-profile position
desired field strength and set in persistent mode, the curreﬁﬁzﬁgtigg the image shows the apparent atomic corrugation and CDW
leads are detached from the magnet and brought out of the
liquid bath to reduce th&He boil-off. With such an arrange-

. . >~ with sample receptacle facing upward for top loading of
ment, the entire system has'ide boil-off rate of about 5° samples. Eliminating the vibration isolation between the

per day. Hence, the 16 capacity of the Dewar gives about . S
three days of operation, matching the length of the Continu_STM and the refrigerator greatly simplifies the arrangement

ous operation time of théHe fridge for a single dose. All of thermal and electrical connections.
P 9 9 ’ Thus, all vibration isolation is external and at room tem-

netic. We have successfully operated the STM at the max?_)erature. As dep|(_:teq n F|g. .3’ th? refrigerator is mounted

mum field of 7 T below a home built vibration-isolation table. The triangular
' shaped tabletogs) is filled with lead shot(weighing about

1000 poundsand sits on top of three commercial air springs.

C. Vacuum System Three legs filled with concrete support the air springs to el-

A 60 /Is turbopump pumps the 4 stainless steel e€vate the refrigerator to a height where one can comfortably
vacuum can(4 in. in diameter by 21 in. longvia the load- work on the STM. Beneath these legs, rubber and steel pads
lock chamber(2) (a four-way crosk the gate valve3), and  are stacked to serve as a first vibration damper. The entire
a 5/8 in. diameter, 40 in. long, stainless steel tube. Th&ystem is housed in a home-built acoustic-isolation room and
vacuum has been measured at the load-lock chamber asadl control electronics are placed in an adjacent room to
% 1078 Torr at room temperature after 12 hours of pumpingavoid the vibrational noise from cooling fans and movement
without baking A 6 ft long manipulator rod1) that passes ©f the operators. All mechanical pumps are located in a sepa-
through a home-built, differentially pumped feedthrough al-rate basement, except for the turbopump. During STM op-
lows us to transfer samples from room temperature down tgration, the gate valve above the vacuum chamber is closed
the STM which remains at low temperatures. Such an arand the turbopump is turned off. Cryogenic temperatures
rangement not only greatly reduces experimental turn aroun@luarantee maintenance of good vacuum in the vacuum
time, but also enables us to utilize the ultrahigh vacuunthamber.

(UHV) conditions at very low temperatures for situ tip
cleaning by field-emission and sample cleavage. A mechaniil, EXPERIMENTAL RESULTS
cal sample cleavage sta® is directly mounted on théHe

refrigerator for cleaving samples at low temperatures. Our initial tests of the STM at both room temperature

and low temperatures were performed on highly oriented py-

rolytic graphite(HOPG. Further tests were then performed

on 2H-NbSeg, a well-studied material that has both charge
Early tests showed that our STM head is very rigid anddensity wave(CDW) and superconducting phase transitions

our charcoal pump based refrigerator is vibrationally quietat low temperatures, and thus is ideal for test and calibration.

Hence, we did not need to use the originally designed lowAs it is a type Il superconductor, a moderate magnetic field

temperature vibration-isolation statfe.nstead, we have (0—3 T) produces a vortex lattice which can be imaged to test

bolted the STM to a solid frame, made of OFHC copper andperation in a magnetic field.

plated with gold, that directly extends from the coldest stage  In Fig. 4, we show a constant current image on Nh&e

of the fridge. This frame supports the STM head vertically,a temperature of 250 mK. Both the atomic corrugation and

D. Vibration Isolation
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N FIG. 7. Images of two surfaces which were exposed after cleavage of single
ol I crystal YBCO.(a) BaO plane (=1 nA, Vgampe= 100 mV) with clear atomic
L ) . L ) resolution and several defedttarker sites (b) CuO chain planel(=30 pA,
6 4 2 0 2 4 6 Veampie=60 mV), showing atomic resolution overlaid with a strong DOS
Sample Bias (mV) modulation. Both images are 50 A square.

FIG. 5. Set_ofdl_/dV curves measured with lock-in a_mplmer on the same and then measuring the differential conductance at a low bias
sample as in Fig. 4 at various temperatur@dodulation frequencyf g

=331 Hz, amplitudeA, o4 is 40 uV,y, for the curve at 240 mK and 80 USing a lock-in technique. The vortex lattice image in Fig.
4V, ms for the rest, 288 data points in 20 min acquisition time for each 6(a) was taken at 300 mK in a 0.9 T field. The vortex core
curve) The curves are offset for clear display. The temperature dependencgisp|ayed in Fig. fb) was imaged at 300 mK in a 250 mT
of the superconducting energy gap is well resolved. field.

To demonstrate the concordant operation of the system,
the CDW modulation are clearly resolved. Below the imagewe also performed measurements on the Higtsupercon-
a line profile, position marked with a white line on the im- ductors BjSr,Cu,0g. ' and YB3Cu;0,_, (YBCO). Both
age, shows that the noise level is in the order of 0.5 pm. Thigf these materials have complex crystal and electronic struc-
is consistent with the noise on our high voltage amplifiers fortures and sensitive surfaces, and hence care must be taken in
the scan piezo. Note that all data shown in this article isorder to obtain high-resolution results. Before inserting a
original and unfilteredthe only image processing employed sample, an electrochemically etched Pt/Ir tip is cleaired
is plane subtraction leveling situ by field emission against a single crystal gold target. The

To demonstrate high-resolution spectroscopy on thgample is then introduced through the load-lock chamber,
same sample, we show in Fif a set ofdI/dV curves mea- cooled, and cleaved at low temperatuteslow 20 K. This
sured by a lock-in technique at various temperatures. Thgs particularly important for YBCO, as it prevents the surface
curves are offset in 10 nS steps for clear display. The temdeoxygenation which has been shown to occur when cleaved
perature dependence of the superconducting energy gap as higher temperaturds!* Immediately after cleavage, the
clearly resolved. The modulation amplitude used was 4Gample is transferred into the STM head, which is also at low
mVmsfor the curve at 240 mK and 8@V s for the rest. We  temperature. These processes ensure the quality of the STM
have also successfully used a ¥ ,s modulation ampli-  tip and sample surface for high-resolution imaging and spec-
tude for the same measurement at 240 mK. troscopy measurements.

Figure 6 displays Abrikosov flux lattice and vortex core Figure 7 displays images of the two complementary sur-
images taken on Nb$eo demonstrate stable operation in afaces which are exposed after cleaving YBCO single
magnetic field. We image the vortices by setting the junctiorgrystals'® The BaO planéFig. 7(a)] clearly shows a tetrag-
resistance at a given bias00 M) at 10 mV in these cases onal lattice f~b~3.88 A), as well as several defectthat
appear as 15 pm depressions on top of the background 12 pm
corrugation height which we believe to be due to oxygen
deficiencies. The CuO chain plane imd§ég. 7(b)] shows a
more complicated electronic structure. On top of a weak
atomic corrugation(5 pm) is a much stronger density of
stateg DOS) modulation(30 pm whose nature is the subject
of current interest>’

IV. DISCUSSION

(a) (b) We have constructed 3He refrigerator based very low

temperature STM, which can reliably operate at temperatures

FIG. 6. Differential conductance imagés40 nm squafeshowing vortices  down to 250 mK and in magnetic fields of up to 7 T. The test

on the surface of 2H-Nb3e(a) A magnetic field of8=0.90 T was used,  regyts of topographic and spectroscopic data demonstrate

and the measurement was taken at a sample bid&fe=0.0 mv. (0 the capability of this system to perform both high spatial and

B=0.25 T, Vggmpis= —0.24 mV. In both cases, the junction resistance was p y _y P gh sp

set t0 100 M2 at Vggnye= — 10 mV, and lock-in amplifier settings df,og ~ SPECtroscopic resolution measurements at very low tempera-

=447.3 Hz andA,,¢= 100 uV were used. tures.
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