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Temperature control of a liquid helium cooled Eigler-style scanning
tunneling microscope
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A procedure for operating an Eigler-style, low temperature scanning tunneling micrq&ode at

variable temperatures has been developed. A critical exchange gas pressure regime was found to
allow for controlled variation of the STM temperature while it is encapsulated in a liquid helium
Dewar. The sensitivity of various parameters to the ability to generate stable variable temperatures
abowe 4 K isdiscussed. ©2001 American Institute of Physic§DOI: 10.1063/1.1416108

I. INTRODUCTION temperature desired and the high stability needed to produce
high-resolution images.

Soon after the scanning tunneling microscope enabled Because there are also many interesting experiments to
atomic-scale views of metal and semiconductor surfaces, difdo at temperatures higher than at 4 K, e.g., studies of surface
fusion of adsorbates was observedio determine experi- diffusion and phase transitions, we have used our Eigler-
mentally the energetics of such activated processes, the terdesign STMC for performing imaging and dosing at higher
perature must be varied. More recently, Eigler and his groupemperatures by reducing the pressure of the exchangé gas.
have provided spectacular demonstrations of what could bl this article, we describe the cooling and controlling prin-
done with a low temperaturg} K) scanning tunneling mi- ciples.
croscope(STM).2® Largely motivated by this work, today
numerous low temperature STMs of different designs are in
operation.®~**Here we describe a low temperature STM that|; =50 NG PRINCIPLE
operates stably over a range of temperatures, including down . . .
to 4 K. This enables us to record the dynamics of processed: Basic considerations
over a large multiplicative range in absolute temperature. The thermal coupling between the walls of the exchange

Figure 1 shows the sophisticated design of the heliumgas canister that are at a temperature of 4 K and the STM
cooled STM invented by Eigler and co-workéPsA pendu-  flange is determined by the presspref the helium gas. The
lum is the main design feature for providing mechanical vi-thermal conductivity of the helium gasis a function of the
brational insulation. At its end, the STM head is fixed in anmean free path,,, and the numben,, of He atoms per chh
ultrahigh vacuum environment while the upper end is susinvolved in the heat exchange procé%3o explain the cool-
pended from a set of stainless steel bellows, giving the STMng mechanism, it is useful to consider two pressure regimes.
head the freedom to swing in all directions at a frequency oDne range is above a critical pressysg, where |, is
about 1 Hz. Details regarding the construction of this style osmaller than the mechanical dimensions, and the other pres-
low temperature STM and its operation are publishedsure range is below., where thel, is larger than the me-
elsewheré® The pendulum is placed inside of an exchangechanical dimensions. F@p., the thermal conductivity is
gas canister, which in turn is inserted into a liquid helium N e
Dewar. Radiation shields are welded along the length of the m THe:
pendulum to ensure a gentle gradient in temperature from th8incel ,, is inversely proportional t@, andn is directly
top to the bottom of the pendulum. In order to cool the STM,proportional top, the thermal conductivity is approximately
the volume of the canister is evacuated, and then backfilled constant. In the low pressure regipr<p., wherel,, is
with helium gas. This exchange gas is cooled by interactingarger than the mechanical dimension, He atoms can fly with-
with the walls of the gas canister in contact with the liquid out scattering between the canister wall at 4 K and the STM
cryogen and to cool the STM down to 4 K, a helium gasflange. Therefore the thermal conductivity depends only on
pressure on the order of 10—1 mbar is needed. In this preshe number of He atoms per ém
sure range, both good thermal coupling and acoustic insula- A~ Nie. %)

tion from the boiling helium are obtained, yielding the low
Since ny, is proportional top, the thermal conductivity is

dpresent address: SPECS GmbH, Voltastrasse 5, D-13355 Berlin, Germandlrec'[Iy proportlonal to the pressupe~p. The mechanical

bAuthor to whom correspondence should be addressed; electronic maidimenSionS are on the order of 1-5 cm dpdon that order
stm@psu.edu corresponds to a pressum~1.5x10 3 mbar. Unfortu-
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He gas -— Flow meter 300K

support structure and
vibration isolation

| _ radiation shields E ; L;

N a) Tsty=To b) Tsm>To ) Tstm<To
|- pendulum FIG. 3. (a) Distribution of helium atoms for a given STM temperature. The

distribution has been exaggerated for the illustration. At temperatures sig-
nificantly lower than 300 K, the vast majority of the helium atoms will be at
the STM site.(b) If Tgyy is raised, then the helium atom distribution
changes, shifting the population to the 300 K end of the pendulum. The
thermal conductivity is capable of dropping to a point where the temperature
cannot be stabilizedc) For a lowerTgyy, the helium atom distribution

dewar \ liquid helium shifts to the STM and increases the cooling power to the STM.
Exchange gas canister with . . . .
helium gas at variable pressure peratures by changing the local helium pressure with the in-

troduction of a heater at the STM flange. The design aspects
FIG. 1. lllustration of the basic design principle for the Eigler-style low f the heater control will be discussed in the foIIowing sec-
temperature STM. The STM is mounted at the end of a beIIows-supporteé.) . . .
pendulum, which is encapsulated in an exchange gas canister inside of 1ons. !t can be seen in Fig. 2 that the d‘?s'red pressure for
liquid helium Dewar. operating over a range of temperatures is on the order of

2-7x10" % mbar. Again, this value is the pressure measured

nately, we cannot measure the pressure at the 4 K site b@ the room temperature top of the pendulum, which was

only at room temperature, so we have to consider a reductioforrected for helium by a factor of approximately 5.9, be-
factor of 300/4=75. cause the gauge is calibrated for nitrogen.

Figure 2 shows the STM flange temperature as a func-
tion of the helium pressure in the exchange gas canister, witB. Unstable passive system
the pressure being measured at room temperature with a cold

. . To avoid any mechanical vibration during tunneling, a
cathode gauge, PKR25@Pfeiffer Vakuun). The curve is Vol 4 ca’ vibrad unng g

valve shuts the exchange gas canister, and the turbo pump
Ruhich pumps the helium gas is switched off. Now we have a

idly with small variations in helium pressure. The time con- closed system, where the number of He atdwg is con-

stants associated with varying the temperature as a functiogtant but the density of He atoms, involved in the cooling
of helium pressure make this measurement very difficult. T °

dat int the H . £t loprocess changes with the STM flange temperature. Figure
measure one data point, the He pressure 1s set o a va l"cf%a) schematically shows a distribution of He atoms for a
where the temperature falls slowly. Then, the pressure is inz g ;i flange temperatufies = To. Of course in reality the
crementally reduced by pumping cycles until the temperatur

dient falls t The time t dat — e atoms are not distributed equally as shown for didactic
gradient fafls to zero. the ime 1o measure one data point Ip, 5545 iy Fig. &), but many more atoms are aeth K site
about 3—4 h. This plot, however, gives a first impression o

h itical Thi h han at the 300 K site.
€ critical pressure range. This exchange gas pressuré e o yharma| loss caused by radiation and the thermal

gime allows us to operate the microscope at variable tem(':onductivity of the pendulum is balanced by the thermal con-

ductivity of the He gas. At first sight, the system appears

80 stable because in the case of a small temperature rise of the
o 60 STM flange, the cooling power increases because of the in-
< 40 crease in the temperature difference between the STM flange
o 20 and the surroundm4 K walls. This would only hold true for

a source of constant thermal conductivity, which would lead
0 1 — "1'0 " ';(')0 to a cooling power that is proportional foT. For the case of

helium gas as the source of cooling, there is another effect to
P (10 mbar) consider. When the temperature of the flange rises somewhat,

FIG. 2. Temperature of the STM as a function of He pressure inside th(::‘[he local distribution of He atoms inside the exchange gas

exchange gas canister. Changes in temperature are accessible with offaNiSter changes as shown in Figb)3 MQre He atoms are
small variations in the local helium pressure at the STM flange. then located at the room temperature site and less He atoms
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Digital temperature

! M readout
: % chill ivf’ Type 1901 Scientific
i : Instruments
Ry :
STM flange
Instrumentation CCtuaLvalue P-I controller Unipolar power
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per cn? are involved in the cooling process, i.e., the thermalwith temperature. The specific heat coefficient of the flange
conductivity A of the He gas decreases and the flange temmaterial(mainly stainless steel and coppeanges approxi-
perature can rise even further. For the reverse case as showrately from 104 J/gK at 4 K to 10" J/g K at 80 K. This

in Fig. 3(c), the behavior is similar; the temperature goesmeans the system reacts much faster at lower temperatures
down as a result of an increasad This effect is further than at higher ones. Experiments have shown that the control
amplified by the falling curve of the pendulum’s stainlesscircuit gives a reasonably small temperature error without an
steel heat conductivity between 300 and 4 K, which change#itegral path. The proportional amplification factor has to be
by nearly 2 orders of magnitude betweex 20 2 and 1.5 optimized and should be approximately 70% of the value at
x 10! Wicm K.22 These effects make the system unstableWwhich the system oscillates. Figure 5 shows the control char-
i.e., the temperature of the STM cannot be kept constaricteristic afte’Vrs was lowered from 1630 to 1610 mV to

without a temperature controller. raise the temperature from 4.9 to 5.3 K. The temperature is
stabilized within 10 min and the period of the damped oscil-
Ill. STM FLANGE TEMPERATURE CONTROLLER lation is about 4.7 min.

The control circuit is very simple, but the operating pa-

It is not possible to stabilize the temperature by control-rameters must be chosen very carefully. When operating the
ling the pressure of the exchange gas because the mechanigatm at a temperature higher than 4 K, the thermal coupling
vibrations from the turbopump would be transmitted to thepetween the flange and the canister allows heat to be trans-
STM. Also, the time constant of such a process would benitted to the liquid helium in the Dewar. Liquid helium con-
very large. The easiest way to control the system is to put 8umption through boil off is measured by a helium flow
heater(wire-wound resistgron the STM flange and to con- meter(see Fig. 1 and this value acts as a sensitive gauge for
trol this power to stabilize the temperature. the degree of coupling between the STM and the walls of the

Figure 4 shows the block diagram of the temperaturecanister. For helium consumption of0.5 I/h, the flange
control circuit. A silicon diode temperature sensbT-470-  temperature gradient is zero. Figure 6 shows the temperature
SD-12, LakeShore Cryotronicss mounted on the STM  gradient as a function of helium consumption.
flange. The diode voltag¥p from the temperature readout At a helium flow rate below 0.5 I/h the thermal coupling

instrument(Type 1901, Scientific Instrumentss fed into an  petween te 4 K walls and the microscope flange cannot
instrumentation amplifiefINA110, Burr—Brown and then

compared with the adjustable preset voltage. A Pl con-

troller (I is time constant andP is amplification factor is 06 r
driven by the voltage differenc¥p— Vg, and its output 0s |
voltage drives a unipolar voltage controlled power supply

(60 V, 200 mA. Only when the voltage differenc¥p il

T(K)

—V+g is positive does the output of tHel controller turn
positive and the output voltage of the power supply heat the
wire-would resistolRy, . The reverse sign of the voltage dif-
ference is caused by the characteristic of the diode voltage o1 ¢
temperature dependen¢gee Fig. 4 inset To avoid a large 0 . . . . . .
temperature overshoot, the maximum power of the power ° 2 4 6 8 10 12
supply is adjustable. time (min.)

The parameters of the controller are adjustable. This igg. 5. controller characteristic at 5 K after a change of the preset value to
necessary because the time constant of the system variesse the temperature from 4.9 to 5.3 K.

03 |

A




4396

Rev. Sci. Instrum., Vol. 72,

No. 12, December 2001

unstable range

stable range

temperature gradient (K/h)

o0

Tor=50 K

A A A A
W, W, | W, W,

0.25

0.50

0.75

Rust et al.

helium consumption (I/h)

FIG. 6. Helium consumption rate plotted against rate of temperature change
for stabilizing a STM flange temperature of 50 K. Power settings to the
STM flange heater are listed whev¢, =150 mW.

balance the incoming heat by radiation and conduction from
the 300 K site. Therefore, the flange temperature rises and
there is no way to control the system by heating the resistor.
The consequence is that there is no stable operating point for
a helium consumption below 0.5 I/h. The pressure in the gas

Hopping rate (s-1)

10-1

10-2

L B Y |

e CO molecules
© CO dimers

exchange canister has to be adjusted such that the helium
flow is slightly above 0.5 I/h. The cooling power of the in-
creased helium flow can then be compensated by the electri-
cal powerW; to keep the flange temperature constant. It is
best to choose an operation point close to 0.5 I/h to keep S FEREE FETTE FEETE SRR PR .
helium consumption low. In addition to indicating whether a
stable elevated temperature can be accessed, measuring the
helium consumption rate determines the ability to perform
experiments over many hours. Various STM studies involve
imaging or acquiring tunneling spectra over long periods ofFIG. 7. (a) 100 Ax100 A image of CO molecules on Cii0), V,=—20
time?324 and the consumption rate must be kept low enoughnV. !:=10 nA, T=5 K. Molecules were dosed at a STM temperature of 53
so that the need to replenish helium does not reduce its abi —(‘)ég)inAgrrg:&:z:';%ffggsnggnciIt:Se:r']fgeé?n':‘éfs'.” activation energy for
ity to operate for long times at elevated temperatures.

In the limit of small temperature changes close to 4 K, .
i.e., 4-10 K, the perturbation in local helium pressure at thérequency of the two different adsorbed specids order to

STM does not significantly change the degree of thermaPencorm experiments over a given temperature range in a

coupling to the canister walls. However, when attempting tosenal fashion, it was found to be more efficacious to start a

Set of experiments at the high temperature end of the range
tem needs to be tuned very carefully with regard to the presf;md then to reduce temperature. For the inverse experiment,

sure of helium in the exchange canister. Since it is not post-he sample was more susceptible to contamination as the

sible to measure the helium pressure at the STM, the be§hure STM was warmed up. As shown in Fig. 4, Cf?“ef“'
indicator of that pressure is the rate of liquid helium Con_control of the temperature in the STM enabled quantitative

sumption through boiloff. The heater power and helium pres_smrltaneous measurements of diffusion of adsorbed mol-
sure in the canister can then be tuned to achieve a manag%gu es.

able helium consumption rate.

10-3

V. DISCUSSION

IV APPLICATION EXAMPLE The pendulum suspension makes the Eigler-style scan-

As an example of variable temperature operation, Figning tunneling microscope one of the most stable instru-
7(a) shows adsorbed CO molecules on a(Il®) surface. ments for low temperature operation. We have shown that by
Measurements of the diffusion of CO and CO dimers weraeducing the helium gas pressure in the exchange gas canis-
performed between 42 and 53 K. Figur@)Zillustrates the ter, this STM can also been used at higher temperatures to
difference in activation energy associated with the hoppingerform temperature-dependent measurements without de-
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