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In this article we introduce a novel scanning tunneling microsd@REM), which operates in a
sample temperature range from 60 to at least 850 K. The most important new feature of this STM
is that, while one selected part of the surface is kept within the microscope’s field of view, the
sample temperature can be varied over a wide range of several hundreds of degrees during actual
imaging. The extremely low drift of the scanner and sample was achieved by the combination of a
thermal-drift compensated piezoelectric scanner design with a newly developed sample stage. The
design of the sample stage defines a fixed center from which thermal expansions, in all three
directions, are forced outwards. The performance of the microscope is demonstrated for several
surfaces including A{L.10, on which we follow one particular surface region over a temperature
range of more than 270 K. €998 American Institute of PhysidsS0034-67488)02105-4

I. INTRODUCTION used. The company JEOL has constructed a variable-
temperature STM which works for temperatures below and
above room temperatut€ The samples are heated either by

Temperature is a key parameter in many surface propefirect current or by an optional indirect heating holder with
ties. Examples are surface phase transittoRssurface which they reach a temperature of 1175 K.
diffusion,”** and crystal growth phenomefa}® Neverthe- A true optimization has been performed by Kuipers
less, one of the most powerful real-space surface imagingt a|® They modeled the thermal behavior of their micro-
instruments, the scanning tunneling microscope, is very susscope by means of a finite element analysis. By maximizing
ceptible to temperature variations of the specimen. Evemne temperature difference between the sample and the piezo-
modest thermal drifting distorts the images and usuallyelectric scanner the thermal equilibration time was mini-
makes it impossible to follow one object on the surface oveimized. The drift perpendicular to the sample surface was
an appreciable range of temperature. Even more catastroplieduced to 0.7lum over a temperature interval of 159 K.
cally, severe thermal drifting of the surface towards or awayHowever, the drift in the lateral direction over the same tem-
from the tip, ends the measurement when the change in superature interval still exceeded thel.7 um range of the
face to tip distance exceeds the limited span of the piezoelegiezoelectric actuators. The STM in Ref. 18 was not de-
tric actuator. signed for measurements below room temperature.

In recent years scanning tunneling microscofsMs) Voigtlanderet al'* reported a STM with which the same
have been developed which allow imaging at temperaturespot on the surface is kept in view over a temperature ramp
well above or below room temperature. In these microscopesf 100 K. They minimized the perpendicular and lateral drift
nondistorted images can be obtained after a sufficiently longy reducing the necessary heating power and the distances
thermal equilibration time. Efforts have been made to mini-over which expansions occur. As in the Omicron STM, this
mize the equilibration time and the thermal drift either by could only be achieved for small semiconductor samples that
limiting the heat capacity and the total heating poWef?or  were locally heated by direct current, and cannot be repro-
by a proper choice of materials and a uniform heating of theluced on a bigger metal sample with indirect heating. Ly-
entire microscopé’ The company Omicron has developed ading et all” have built a variable-temperature STM which is
variable-temperature STM which operates down to 25 K. Foheated and cooled as a whole. A proper choice of materials
narrow beam-shaped Si samples a maximum temperature hasduced the drift in the lateral plane to only 10 A/K. These
been reached of 1500 R.For different temperature regimes results were obtained for a non-ultrahigh vacugaHV)
and sample materials different sample holders have to begersion of the microscope. The design has been adapted for

use in UHV and for high temperature measurements of semi-

apresent address: Dept. of Applied Physics, Twente University, P.0. Bo¥onductor samples heated by d”_'eCt 9““18'“-
217, 7500 AE Enschede, The Netherlands. In summary, many STM designs incorporate some form

A. Motivation
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of optimization of the thermal behavior to shorten the ther-
mal equilibrium time and to lower the thermal drifting. It has
been demonstrated that during measurements the sample
temperature can be changed, without exceeding the span of
the piezoelectric actuator. However, it is still not possible
with existing equipment to change the temperature of a non-
semiconductor sample over an appreciable range, in UHV,
while keeping the same surface area within the microscope’s H
view.
In this article we describe the design and operation of a A scanner, B piezo clement, G sample, D sample
UHV-compatibIe, programmable-temperature STM. We holder, Er’adiation shield, F’tip,GIeaf ;prings,
show that during a sample temperature change of several H support block
hundreds of degrees the same area can be kept I.n view OnF%. 1. Schematic cross section of the programmable-temperature STM.
metal sample, independent of the necessary heating POWEkhe scannen is cylindrically symmetric around the axis through the Fip

It rests with three legs on the support blddk A radiation shielcE protects
the piezo elemenB against thermal radiation from the sample The
B. Specifications sample holdeD is clamped down against two supports by leaf spriGgs
The sample is clamped up against two ledges of the sample holder.
Our main objective was to build a UHV-compatible

STM in which the sample temperature can be swept ove&. . f tal | tb ller than 5
roughly 300° during actual imaging, while one particular imensions of our metal samples cannot be smalier than

area on the surface is kept within the microscope’s field of<2x1 mn. I_Due to t_h_e|r size and type .Of heating the metal
view. The temperature sweep-range of 300° guarantees th @mples require significantly more hea“f‘g power than beqm-
we can follow, e.g., a complete surface phase transition of aped semiconductor samples with direct current heating.
the evolution of surface morphologies Nevertheless, we require the temperature range and sweep
The ranges of our piezoelectric actuator are An2 and spec_:ljflcarllons fto applly tlo metal ;amples.h le hold

3.5x 3.5 um? in the directions perpendicular and parallel to o allow for multiple expepments, the sample holder
the surface. Thus the displacement in the perpendicular dﬁh.omd be an exchangeab]e unit. It hgs to be pos!tloned n Fhe
rection should be less than 40 A/K and in the lateral directiod"'cT0ScoP€ In a rgproduuble way, W'”‘OF“ chapglng the Qr|ﬁ
less than 165 A/K. Furthermore, the drift during heating orProperties eagh time th? sample holder is put into the micro-
cooling should be constant in speed and direction, to enabl&°OP: The piezoelectric scanner should also be exchange-

one to keep pace with the displacements by offsetting thélble to_alllcl)w?ﬁsnutlp relplacementé. To me?sure on mac-
piezoelectric actuator voltages. roscopically different places on the sample, we require a

Although our STM is equipped with high-speed datalatebral cogrlie positioningfof thz piezoelr—__\lctt;ilc scannerf. TV\PI]O
acquisition®® allowing image rates of 10 images/s, the hop-WO e sticks and a transfer rod are available to transfer the

ping rate of diffusing adatoms on most surfaces at and abov%ample holder and the scanner between the UHV chamber

room temperature is far beyond the imaging speed of thémd the loading chamber.

STM. For metal surfaces with a typical activation enekgy; S The ”remalln_derhof this argcle és r?rg:;nlzedl 3s'ffollc;w§.
of 0.3 eV and an attempt frequeney of 10'% Hz, the hop- ection |l explains how we reduced the thermal drifts of the

ping rate v=rye Fa’sT of adatoms is of the order of sample and tip to a minimum. The experimental setup is

107 Hz at room temperature. The hopping rate is practicall;fjescr'bed in Sec. Il The performance is demor_15trated in

zero on the time scale of the experiment only below 100 KSec. IV. In Sec. V we give an outlook of further improve-

(70 K for E;=0.2 eV). Thus, for single-atom diffusion, the ments of the present design.

STM should operate at low sample temperatures, down to 50

K. On many surfaces, the characteristic times at 1000 K of|. DESIGN

most surface phase transitions and diffusion phenomena a/rA\e Basi G _

much shorter than the time resolution of our STM of 17 Basic configuration

ms 218 Therefore, we have strived for a maximum tempera-  Figure 1 shows a schematic cross section of the micro-

ture of 1000 K in the present design. scope. The main body is a molybdenum block, which is the
For growth and adatom diffusion studies we need to desample holder support. The molybdenum support block ac-

posit the particles during the actual measurement. Thereforéyally consists of two separate pieces which are thermally

the sample surface should be accessible to a molecular bearsplated from each other by three stainless steel capillaries.

also after the tip is brought within the 1/m range of the The sample holder is mounted in the upper piece and two

piezoelectric actuator. In addition, it should be possible tgpiezo inertial drive motors are mounted in the bottom piece.

monitor the tip to sample distance during the coarse ap©n top is the scanner with the piezoelectric actuator and the

proach with an optical microscope. tip. For the scanner we used the thermal-drift compensated
The STM has to work both on semiconductor and metakcanner design of Kuipees al®

samples. Our metal samples are heated indirectly, e.g., with a In the scanner a radiation shield protects the piezo ele-

filament from the back. To allow for a high-quality mechani- ment against thermal radiation from the sample. Apart from

cal polish within 0.05° of a particular surface orientation theits three legs the scanner is cylindrically symmetric around
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the axis of the tip. A finite-element analysis of the scanner
has been used to match the expansion of the legs with that of
the assembly of piezo element, tip holder, and tip in order to
minimize the vertical drift of the tip due to temperature
changes of the sample. In addition, near matching has been
obtained of the lateral expansion of the top plate of the scan-
ner and the block supporting the scanner’s lege Ref. 18

The sample is clamped up in a molybdenum holder with
its surface against two ledges. The holder itself is clamped
down with two extending arms on two supports. The ledges,
the arms, and the supports all lie in the same plane coincid-
ing with the tip position. This configuration ensures that ex-
pansions of the sample and the holder do not affect the ver-
tical position of the surface plane with respect to the tip.

The sample is radiatively heated from below by a fila-
ment. The filament is held inside the sample holder and
shielded in all directions by the walls of the holder and the
sample. In addition to radiative heating, the sample can be
heated by electron bombardment from the filament to the
back of the sample.

Due to the open design of the STM, the sample surface
is accessible during the actual measurement from two sides,
e.g., for a molecular beam and an optical microscope. The

maximum angle of incidence is 30° with the sample surface.

FIG. 2. (a) Schematic top view of the sample holder body. The center circle
D denotes the point from which all the lateral expansions are directed out-
wards.(b) Perspective drawing of the sample holder. The sample holder can
rotate around the axig, defined by the knife edges.

The biggest challenge of the design is the thermal drift
reduction between the sample and the tip in the lateral direc-
tion. As already mentioned in Sec. | B, the sample should nofour-point mechanical contact is established. Once in place,
drift out of the range of the piezoelectric actuator over athe sample holder can still rotate around the two knife edges,
sample temperature span of several hundreds of degreeshich is used for the coarse approach described in Sec. Il B
Furthermore, residual displacements during heating or coolsee Fig. 2)]. To prevent random rotation of the sample
ing should be constant in speed and direction, so that we camlder due to the thermal expansion of the leaf springs, the
easily adjust for the drift by offsetting the piezoelectric ac-springs press on two additional knife edges. These knife
tuator voltages. edges point upwards and lie on the same line as the rotation

The cylindrical symmetry of the scanner, with respect toaxis such that no torque can be exerted on the holder by the
the tip and the near match between the lateral expansion aprings.
the top plate of the scanner and the support block, guarantees The holder is made of molybdenum. This material has a
that the lateral drift of the tip is minimal. The most important modest expansion coefficient of 480 ® K~ and a high
new feature in our present design is the drift reduction of thamelting point of 2890 K Furthermore, molybdenum does not
sample holder. Figure(d) shows a schematic top view of the tend to alloy with most of the other metals and semiconduc-
holder. Four arms extend from the holder. Two of these ardors used in our experiments. The size of the sample holder is
rotated against vertical posts that form part of the Mo supkept small (8<10x 10 mn?), to minimize the length over
port block. The other two are shaped as knife edges and akehich thermal expansions can occur. The sample itself is
pressed down against two flat supports by two leaf springgpushed up by a spring against two ledges of the sample
When the holder is heated it expands outwards along the fourolder (see Fig. 1
extensions but the center stays at its original position. To  The difference in expansion between the sample material
make the coarse approach possible the tip is mounted 1 mand the molybdenum sample holder body results in a lateral
outside this stable center positiggee Sec. Il B. displacement of the sample with respect to the holder during

The four points of contact, the two knife edges and theheating. We have tried to control this displacement by means
two arms, seem to overdefine the position of the samplef a radial pattern of fine ridges, which was spark eroded in
holder. To avoid the overdefinition, we first let the arms ofthe ledges of the holder against which the sample is pressed.
the sample holder touch the posts when the holder is pushethe (extrapolated center of this star pattern coincided with
into the block. At this stage the sample holder still has thethe tip position. Our hope was that the sample would expand
freedom to rotate around the axis through these first twgadially along the ridges of the star pattern, keeping its center
contact points. The rotation freedom ensures that both knifén place. Test measurements, however, revealed that the
edges will make contact with the flat supports when thesample always expands away from a point somewhere along
holder is pushed further. In this way, a completely unstrainesne of the two ledges where it happens to be attached most

A post, B arm, C leaf spring, D stable center,
E knife edge, F rotation axis

B. Drift reduction in lateral plane
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3(b)]. After both knife edges first touch the supports, the
frame is lowered another 2 mm to increase the spring load on
the sample holder body and to decouple the body from the
frame[Fig. 3(c)]. The surfaces of the two supports are tilted
in opposite directions, such that the vertical spring force
makes the sample holder body rotate clockwise, with its two
arms against the vertical podiSigs. 2a) and 3a)]. When

the sample holder is not clamped in the block, the frame
carries the sample holder body.

The support block rests with eight springs on a small
carriage. The carriage is moved through the vacuum chamber
over a monorail by use of a rotary feedthrough coupled to a
chain. The carriage can be parked under several surface char-
acterization and cleaning tools, e.g., a cylindrical mirror ana-
lyzer for Auger electron spectroscopy, a low-energy electron
diffraction system, and a sputter ion gun. The entire chamber
rests on an optical table, which is supported by air-cushioned
legs.

B. Coarse positioning

The coarse approach is performed by rotating the sample
holder body towards the tip until the sample surface is within
the 1.2um range of the piezoelectric actuator. The sample
holder body rotates around the axis through the knife edges.
The tip is positioned 1 mm away from this rotation axis. We

A sample holder body, B Burndy connector, can rotate the holder over5° which means that the tip has
Csample'holder frame, D post, E support, to be mounted in the tip holder with an accuracy-08.09
F leaf spring, G support block mm. We rotate the sample holder body by pushing and pull-

FIG. 3. Diagram of the assembly during insertion of the sample holder. inng the bottom with an inertial piezo mot¢see Sec. Il G

(a) the sample holder fram@ and bodyA are still above the support block 1he motor makes single steps ©0.5 um which brings the
G. The sample holder body first touches, with its arms, the two [Dsts sample surface each step 0.0%n closer to the tip. The

the block(b). The leaf springg= push the body downward along the two coarse approach is fuIIy automated and is usua”y completed
posts, until the two knife edges touch the two supp&rtén (c) the sample within 10 min

holder is fully inserted. . . L. .
If the end point of the tip does not coincide precisely

. ... _With the reference place defined by the upper surface of the
strongly to the holder. To ensure that this point is within 1support block, the sample holder will end up tilted with re-

mm of the tip position we press the sample ."’.‘ga'”S‘ tWOspect to the ideal horizontal orientation. At first sight this
bumps on the sample holder ledges and an additional molyb-" . . :
N . ) might seem to result in an uncompensated vertical distance
denum “hook.” The hook is 1 mm and the two bumps are. : X
: . in the sample holder and sample, of which the expansion or
each 2 mm away from the tip position.

X . . contraction would contribute directly to a vertical drift. How-
The final sample holder consists of two parts: the Samm%ver since the support axis defined by the knife edges lies in
holder body(as described aboyeand the sample holder ' PP y g

T . the surface plane of the sample, the height of this plane is
frame (which is around_the ;ample holder bodgee F'g'. independent of temperature, even if this plane is tilted. The
3(@)]. The frame carries five gold-coated copper pins

(Burndy)?° for the electrical connections to the thermocoupleonIy gncompens_ated Igngth n Fhe case of a tip mounting
. ) : error is the error in the tip length itself. Since the temperature
and the filament. The five corresponding sockets are

mounted in the Mo support block. Also mounted on thevarlatlon of the tip is always more than one order' of magni-
tude smaller than that of the sample, the resulting vertical

frame are the two leaf springs, which press the sample holdesrhift is always below 0.5 A/K.

body down. A second inertial piezo motor is used for lateral coarse
positioning of the scanner. This motor can shift the scanner

lll. EXPERIMENTAL SETUP AND PROCEDURES over a range of+1 mm parallel to the rotation axis of the

A. Sample holder exchange sample holder, thus keeping the distance between tip and

rotation axis constant
The UHV system is equipped with a wobble stick which

allows in situ exchange of the sample holddrody together

with frame and the scanner. If the sample holder is being
inserted into the block, the wobble stick lowers the frame,  The coarse positioning of the sample holder and the pi-
while at the same time the two leaf springs push the samplezoelectric scanner is performed with an inertial piezo motor.
holder body down with its arms along the two pofEsg. = The motor uses the stick-slip motion of a sliding mass over

C. Inertial piezo motor
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Over a period of 5 months we observed a modest decrease in

D
@ — [ average step size from 0.7 to Qun.
Ef] B T[]E
—
¢ U s 1 D. Cooling

We reach low sample temperatures by cooling the entire
Mo support block in which the sample holder is clamped.
Because the sample holder body is pushed by two leaf
springs against the block, the sample holder reaches almost
the same temperature as the block reachesximum differ-

ence of 6 K.
A piezoelectric actuator, B block, € guiding rods, The 4blOCk is cooled by an Oxford Instruments ﬂOW
D pins, E strips, F cylinder cryostatz. Our setup does not allow a permanent connection

FIG. 4. S . . o . between the cryostat and the support block of the STM. In-
. 4. Schematic representation of the inertial piezo motor for rotating the . o
sample holder body. The side striiprevent the blocks from rotating. The Stead, we constructed a removable connection containing a
two pins D push againstor pull a the bottom side of the sample holder large copper claw. The jaws of the claw have an opening that
body, such that the translation of the blocks is converted into a rotation ofs 0.1 mm wider than the 80 mm width of the Mo support
the sample holder bodya) Side view of the setupb) Cross section at the block. If th | . led f liquid ni
location of the slider. ock. If the claw is coole from room _to iqui _nltrogen
temperature(77 K), the opening of the jaws shrinks 0.15
mm, while the block shrinks 0.02 mm over the same tem-
perature interval. The relatively large expansion coefficient
of copper makes the claw clamp itself firmly around the mo-
lybdenum block, resulting in an excellent thermal connec-
tion. The claw is connected to the cryostat via a copper braid.
We use an untwisted copper braid in order to minimize the
transmission of vibrations originating from the cooling lig-
uid. A thin plate of aluminum nitridé0.75 mm) between the

t In order _to avoid h'%h fr|ct||ort; gnd ZXCﬁSS'VeUVLe\?r evzr_]braid and the cryostat electrically insulates the cryostat from
after extensive use under unlubricated, clean condig, . support block.

tions, one has to select a suitable material combination. For
the blocks we use a soft materi{atainless steglcoated with

a 2 um gold film. A “hardcor” treatmer® was applied to V. PERFORMANCE

the stainless steel guiding rods to harden their surface. Th&. Displacement in lateral plane
two blocks are held together with an adjustable push spring.
A V-groove in each block defines the direction in which it

can move. Four strips attached to the sides of the two blockg. . . .
P ifferentiated STM images of a narrow island of mono-

prevent_ them from rotating with re;pept o each_ ot_her. atomic height on highly oriented pyrolytic graphitdOPG.
An important property of the inertial motor is its reso- : . U
L The time between subsequent images was 30 s. During im-
nance frequency. The resonance frequency limits the fast .
art of the stick-slip cycle. To increase the resonance fre?gmg we heated the sample from room temperature to 30 K
P p cycle. above room temperature. We held the position of the scan
Yixed during the measurement. The average displacement

tric actuator is placed in a cylinder with a thin cap. To ensure o this temperature interval was 40 A/K. The displacement

that the actuator itself is not torn apart during fast contrac—was mainly unidirectional and reversible in temperature:

tion, it is pushed against the cap by a screw such that there {§,o, the sample was brought back to the starting tempera-
a permanent compression force of 200 N on the actuator. Thg,re the sample shifted back close to its original position.
guiding rods are directly fixed to the cap. The whole con-  Tpe gisplacement is caused mainly by the difference in
struction guarantees a resonance frequency above 1 kHz. the expansion between the sample holder body and the
The motor is driven by single period wave forms with an sample itself. The magnitude of the shift per unit of tempera-
amplitude of 625 V corresponding to a 3uln contraction or  yre s the expansion-coefficient difference between sample
expansion of the piezo stack. The wave form consists of tWwng holder times the distance between the tip position and
mirrored half-parabolas, which are connected at theithe point where the sample is fixed in the holder. A smaller
maxima. The parabola shape of the wave form ensures thgbntribution to the shift originates from the excentric posi-
the start and the end of the stick-slip cycle is smooth, whilétion of the tip (1 mm away from the rotation axisThe
the return point is as sharp as possiftlee bandwidth of the  expansion coefficients of graphite and molybdenum are 1.5
amplifier is 50 kH2. The piezo inertial motor makes steps of x 10™® and 4.8<10°® K1, respectively. From the mea-
~0.5 um per wave form period. sured shift and the expansion coefficients we calculate that
We tested the inertial piezo motor in air and UHV. In air the graphite sample is fixed at a location 1.9 mm away from
the motor can push and pull with a force of 2 N. In UHV we the tip. The direction of the shift and the distance of 1.9 mm
could not measure the precise maximum push and pull forcendicate that the fixing point is located on one of the ledges

two guiding rods’! The motor consists of a piezoelectric
actuatof? and two blocks(the slidey clamped together
around the two guiding rod&ee Fig. 4 The piezoelectric
actuator moves the guiding rods slowly forward and retract
them fast(or vice versa. The inertia of the two blocks makes
them slide forwardor backwarg.

The thermal stability of the microscope in the lateral
lane is illustrated in Fig. 5. The figure shows a sequence of
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FIG. 6. Measured thermal shifts in tlxg plane between successive images
vs time on N{100. Also the heating rate is indicatddght-hand axis At
t=0s the heating power was increased from 3.3 to 4.6 W. The lateral
displacements respond immediately to the temperatureg(Vise—0.31V,
1;=—0.02 nA.

within the Mo holder. Similarly, on A({110), which has an
expansion coefficient of 14:210 6 K™, we found a drift

of 180 A/K, which corresponds to a distance between tip and
fixing point of 1.9 mm.

In a third example we demonstrate the reversible and
FIG. 5. Sequence of differentiated STM images of a section of a HOPGur_“dIrecuonalI nature of the the,rr,nal ,Shlﬁ_’ agan on the
surface(1840 Ax2260 A) during a temperature ramp from 294 to 324 K. Ni(100 surface. After a short eC_IU”'branon time at a samp!e
The scan position was not shifted. The images show an almost unidiredemperature of 440 K the heating power was suddenly in-
tional drift of the surface of 40 A/K. The numbers in the right-hand corner creased from 3.5 to 3.8 W and after 300 s reduced back to
indicate the image number. The sudden change in the shape of the penins . .
in the last image was due to a tip instability,=0.32 V, |,=0.3 nA). léas W. Figure 7 §h0VYS the tempere_lture and the thermal shifts

in the x andy directions and the inset shows tlkeandy

. . ositions of the tip with respect to the sample during the time
in the sample holder body. Thus, the thermal displaceme f this experiment. As previously, the shifting inand y

depend_s on th(]acf_lqcattmr; n/]here thel sample is fixed and on thcﬁrections varies proportionally with the sign and the ampli-
e€xpansion coetticient of the sample. tude of the heating rate. The maximum displacement is 0.22
If the sample temperature is changed the sample MOVEZm and the average thermal shift is 169 A/K, accordingly.

to anew positior_1 and_ i.t shifts back When th(_a tempergtl_Jre i Ithough we released the sample from the sample holder in
brought back to its original value. In view of its reversibility between the two Ni experiments, we find for both experi-

and unidirectional nature of the displacement, we refer to the . nearly the same magnitude and direction of the ther-

displacements gshermal shlftsrath_er thanthermal drift mal shift. The inset of Fig. 7 shows that the sample shifted
Long-term warming of the surroundings of the sample holder

including the scanner during heating experiments hardly af-

fects the drift behavior of the microscope. T L 018
The second example is a heating experiment on the w0k gg;;g: o010
Ni(100 surface. After a short equilibration at a sample tem- - [ +dr/at ]
perature of 466 K, the heating power was suddenly increasedg sk Joos ~
from 3.3 to 4.6 W. The temperature and the thermal shiftsin . [ ¢ . . ] §
the x andy directions during the first 6 min following the g of-~ R - - --—-—--—---Jo00
step in heating power are shown in Fig. 6. After 84 s a ¢ < T ] S
maximum heating rate of 16 K/min was reached. After 323s £ —5F § 1-005
the heating rate had reduced to 3.1 K/min. The shifting in % N L& ]
andy directions varied roughly proportionally with the heat- L S 0 L 1010
ing rate. The near constant ratio betweabddt, dy/dt and b, X Position & ] o5
dT/dt and the absence of significant noise on the shifting 0 200 400 600
illustrates the unidirectionality and reproducibility of the 1)

shifting behavior. If we sum the displacements in thendy FIG. 7. Measured thermal shifts in thg plane between successive images
direction over all the images, we calculate a total displacetogether with the heating rate on(W00. The measured relative position of
ment of 0.6um and an average thermal shift of 163 AJK. the sample is shown in the inset. ¢ 0 s the heating power was increased

. . . —6 1, —1 from 3.5 to 3.8 W and at= 300 s the heating power was reduced to 3.5 W.
Nickel has ‘r_m expansion coefficient of 18'4(_) K™% The The inset shows that after a maximum displacement of 2200 A at 453 K the
observed displacement corresponds to a distance of 1.9 Mfmpie shifts back to within 215 A from its starting positiont a0 s (V,

between the tip and the point where the Ni sample is fixed=-0.32V, I,;=-0.02nA.
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FIG. 9. Measured thermal drift in the direction between the tip and a
Ni(100 surface due to an increase of the sample temperature= 8ts we
applied 1.8 W heating power, which corresponds to a temperature rise of the
sample from room temperature to 370 K. Initially, the surface and the tip
drift away from each other with a speed 110 A/s to a maximum shift of 1150
A. After 12 s the drift has reversed and after 135 s the net shift has de-
creased to 330 A at a sample temperature of 37Qvk=—0.46 V, |,=
—0.03nA.

_ _ _extremely low, namely 5 A/K or less. Figure 9 shows the
FIG. 8. Sequence of gray scale STM images of one particular surface regiodertical position of the tip measured on a(NdO) surface. At
(2490 Ax1245 A on Au(110 which is kept in view during a temperature 0 itched the heati i f18 W
ramp from 294 to 565 K. The duration of the sequence was 120 min and thg__ ; S we switched on the .ea 'n_g at a power or 1. :
total drift of the surface was-4 um. The contrast originates from mono- Initially, the surface and the tip drift away from each other
atomic stepg1.4 A). The vague lines in some of the images are a Moire with 110 A/s. After a short time of 12 s the drift direction
pattern between the scan lattice and the missing-row structure of th? ver n ri he n hift had r A
Au(110 terraces(V,=—0.69V, I;=—0.03 nA. The arrow points to the eversed and after 135 s the net shift ad. educed to 330. at
a sample temperature of 367 K. If we switch off the heating

location that we succeeded to keep in view. . ]
we observe the opposite behavior.

back during the cooling, returning almost precisely along the Modest delays in heating or cooling are responsible for

same unidirectional trajectory as during the heating. Thf;I'he tr_ansura]nt t_)ehavg)r% First, thfe Iegshof the scl:anréer hea:]up,
sample moved back to within 215 A of its original position causing the tip to driit away from the sample. Somewhat

after a maximum displacement of 2200 A at 453 K. later, the p|ezoelectr_|c actuator also warms up and compen-
sates for the expansion of the scanner legs. The net drift is 5

Although the precise fixing point varies from sample to S :
sample, the thermal shift is reproducible for each sample a'%]/K' Thg overshoofcan bg redL_Jced by stepwise Increasing
e heating power and waiting in between the steps until the

long as it is not released from the sample holder. The prez—jrift has reversed and reduced
dictable thermal shift of the sample makes it easy to antici- .
! ! P ! Y - The extremely low vertical drift makes this STM ideal

pate during temperature ramps. Even in case the particulgr . o : .
r investigating the evolution of local surface morphologies

area of interest is lost, this place can always be found simpl duced by t ; h the t ¢ b
by going back to the temperature where the area was o hduced by temperature changes, as the lemperature can be
anged over a wide range without making it necessary to

served for the last time. Figure 8 shows a sequence of imag&g1 . . X . .
of the Au110 surface during a temperature ramp of 271 K. mechalnlcally sdjustbthe Virlt'C?I ?'I‘T‘taniﬁ' O”(tmo)’ for i
We coarsely adjusted the center of each scan by means grample, we have been able 1o lollow the entire annealing
offset voltages on the piezoelectric scanner. Over the wholBrOCEsS ofa sputtere_d surface, from room tempgrature _all the
temperature range one particular surface feature could paay up to 730 K, without making any mechanical adjust-

kept in view. The sum of the applied offset voltages corre-ments of tip or sample holdér. . . .
sponded to a total displacement-eft um yielding an aver- AIFhough we use_the same plezoelectrlc scanner d_eS|gn
age drift of 150 A/K. This drift is slightly lower than the as Kuiperset al, we _f|nd a 5|gn|f|car_1tly lower vertical drift
value mentioned above. We attribute the difference to IongEhan was reported in Ref. 1.8' Km_pees al. already sug-
term warming of the surroundings and the scanner resultin ested_ that most of their vertical d”f.t resulted from_ the_ lat-
in a small compensating drift. At elevated temperatures th ral drifting of the sample holder with respect to its tilted

monoatomic steps appear rugged. This is a consequence gypport. The t."t was necessary in t_hat design for the coarse
the fast diffusion of the stefs’ Also, modest local morphol- approach, which consisted of pushing the sample holder up

ogy changes are visible during the temperature ramp and down a ramp of 5° with the horizontal plane. The new
' design of our sample holder and coarse approach mechanism

has completely eliminated this problem, which has resulted
in much more idealistic behavior of the microscope.

In all experiments the vertical thermal drift in the micro- Until now the STM has been tested up to a sample tem-
scope, measured in the range between 300 and 850 K, wagrature of 850 K. For this temperature the required heating

B. Drift in vertical direction
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A outer section, B inner section, C bridges
FIG. 10. Perspective representation of a STM image of 6LAD surface,
measured at 60 K. The dark lines are the missing rows ofh&) recon-  FIG. 11. Schematic top view of the new support block design. The block is
struction. The measured corrugation of the missing row structure is 0.7 Agplit in an outer section and an inner section. Four bridges connect the two
At the left we see three kinks of a higher terrace. The small dots on thesections. The sample holder sits in the inner section. If the inner section
lower terrace are adsorbates observed aftesitu evaporation. The image expands or shrinks with respect to the outer section, the center does not

was obtained in 5.4 s. We measured a vibration amplitude introduced by thghift, but the inner section rotates around its center. The scanner is standing
cooling of <0.15 A (82 Ax44 A, V,=—-0.69V, |,=—0.02 nA. on the outer section.

power is 24 W. Despite this high power the thermal drift
behavior of the STM, both in the lateral and in the vertical
plane, is not affected.

of keeping the same area in view over a wide temperature
range of at least 270 K. Over a much wider interval the
temperature can be changed during the measurement without
the necessity for coarse vertical adjustments. The STM de-
C. Cooling and low temperature performance sign is not optimized for cooling, but nevertheless we reach a

Although the present setup is not optimized for cooling,Sample temperature of 60 K, using liquid helium.
we reach a sample temperature of 60 K with liquid helium. ~ The main future improvement of the STM design con-
In the present configuration the time needed to reach thi§erns the cooling system. The sample holder is cooled via the
temperature is quite long. The time to cool down from roomMo support block, which has a large heat capacity and a high
temperature to 150 K is already 30 min. The reason is outhermal radiation input. To minimize the temperature differ-
inefficient method of cooling. We cool the sample indirectly €nce between the support block and the sample holder, a
by cooling the entire upper piece of the Mo support block.good thermal contact is required between both objects. A
The large heat capacity of the block causes the slow coolin§trong thermal coupling, however, is a disadvantage during
rate. The high thermal radiation input 8 W from the sur- ~ Operation at elevated sample temperatures. The heat of the
roundings at room temperature limits the final temperature of@mple holder leaks away to the block, thereby increasing
the block to 55 K. The sample holder is pushed against théhe required heating power, and heating up the Mo support
block with leaf springs. The thermal contact is good enougHPlock. To improve the sample cooling we are adapting the
to keep the temperature difference between sample holdélesign in collaboration with Oxford Instrumerits.
and block within 6 K. In a future design the sample holder ~ The support block will be divided into an inner and an
will be mounted in a subsection of the Mo support block toouter section. Figure 11 shows a schematic top view of the

which the braid is connected directly. This will reduce bothnew block. The sample holder will be clamped in the inner
the heat capacity and the thermal radiation infaele Sec. section of the block and the scanner stands on the outer sec-

V). tion. The inner section is separated from the outer section by

The mechanical vibrations in the STM during cooling four thin bridges (5.&2.0x 0.5 mn¥). The cryostat will be
with liquid helium have an amplitude below 0.15 A. Figure directly connected to the inner section via a copper braid. To
10 shows a perspective representation of a STM image gtool the sample in the new design, only the inner section has
Au(110) measured at 60 K. The measured corrugation of thd0 be cooled instead of the whole block. The heat capacity of
missing-row structure is 0.7 A. The monoatomic step has &he inner section is approximately five times lower than that
height of 1.4 A. With liquid nitrogen we reach an end tem- of the whole Mo block. The radiation input will be reduced
perature of 130 K. The vibration level is somewhat largerfrom 3.2'to 0.6 W. At a sample temperature of 50 K, the heat
(<0.4 A), but the missing-row structure and monoatomic conduction through the bridges will amount to 1.6 W. In the

steps on A(L10) can still be resolved with the STM. present setup the heat input through conduction is negligible.
Thus, the total heat input at a sample temperature of 50 K

will be reduced from 3.2 to 2.2 W. All the numbers reported
were calculated assumirigvar as block materiallnvar is an

We have constructed a new programmable-temperaturieon—nickel alloy and is known for its extremely low expan-
STM. The STM has been tested for temperatures between &fion coefficient and low thermal conductarféelo ensure
and 850 K. The novel STM has demonstrated its capabilitythat the outer section stays within the temperature window in

V. DISCUSSION AND OUTLOOK
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