
Low noise current-to-voltage converter and vibration damping system for a low-
temperature ultrahigh vacuum scanning tunneling microscope
Laurent Libioulle, Alexandra Radenovic, Eva Bystrenova, and Giovanni Dietler 

 
Citation: Review of Scientific Instruments 74, 1016 (2003); doi: 10.1063/1.1533100 
View online: http://dx.doi.org/10.1063/1.1533100 
View Table of Contents: http://scitation.aip.org/content/aip/journal/rsi/74/2?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
A low-noise and wide-band ac boosting current-to-voltage amplifier for scanning tunneling microscopy 
Rev. Sci. Instrum. 76, 023703 (2005); 10.1063/1.1841873 
 
A variable-temperature scanning tunneling microscope capable of single-molecule vibrational spectroscopy 
Rev. Sci. Instrum. 70, 137 (1999); 10.1063/1.1149555 
 
Design, operation, and housing of an ultrastable, low temperature, ultrahigh vacuum scanning tunneling
microscope 
Rev. Sci. Instrum. 69, 2691 (1998); 10.1063/1.1149000 
 
A low-temperature ultrahigh-vacuum scanning tunneling microscope with rotatable magnetic field 
Rev. Sci. Instrum. 68, 3806 (1997); 10.1063/1.1148031 
 
Logarithmic current-to-voltage converter for local probe microscopy 
Rev. Sci. Instrum. 68, 3814 (1997); 10.1063/1.1148005 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

128.178.195.111 On: Sun, 20 Jul 2014 14:07:29

http://scitation.aip.org/content/aip/journal/rsi?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2078263037/x01/AIP-PT/Extrel_RSIArticleDL_071614/Extrel_2014.jpg/3961754b68464f6f69573441416b4239?x
http://scitation.aip.org/search?value1=Laurent+Libioulle&option1=author
http://scitation.aip.org/search?value1=Alexandra+Radenovic&option1=author
http://scitation.aip.org/search?value1=Eva+Bystrenova&option1=author
http://scitation.aip.org/search?value1=Giovanni+Dietler&option1=author
http://scitation.aip.org/content/aip/journal/rsi?ver=pdfcov
http://dx.doi.org/10.1063/1.1533100
http://scitation.aip.org/content/aip/journal/rsi/74/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/76/2/10.1063/1.1841873?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/70/1/10.1063/1.1149555?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/69/7/10.1063/1.1149000?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/69/7/10.1063/1.1149000?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/68/10/10.1063/1.1148031?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/68/10/10.1063/1.1148005?ver=pdfcov


REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 2 FEBRUARY 2003

 This art
Low noise current-to-voltage converter and vibration damping system
for a low-temperature ultrahigh vacuum scanning tunneling microscope

Laurent Libioulle,a) Alexandra Radenovic, Eva Bystrenova, and Giovanni Dietler
Institut de Physique de la Matie`re Condense´e, Universite´ de Lausanne, CH-1015 Lausanne, Switzerland

~Received 24 April 2002; accepted 24 October 2002!

The design of low-temperature tunnel current converters and the design of a low-temperature
damping stage for a scanning tunneling microscope~STM! are presented. The current amplifiers are
able to measure very low tunnel current~down to 0.25 pA!, while preserving a sufficient bandwidth
for topographic and spectroscopic measurements and with very low noise characteristics~down to
3 fA Hz21/2!. The design of a compact low-temperature magnetic damping stage with a resonance
frequency of about 7 Hz, protecting the microscope mechanics against mechanical vibrations of the
cryostat is also described. The damped stage with the microscope mechanics is in contact with the
cryostat during cooling, while during the STM measurements, it is mechanically isolated. ©2003
American Institute of Physics.@DOI: 10.1063/1.1533100#
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I. INTRODUCTION

In order to improve the stability of the tunnel junctio
and of the atoms or molecules imaged by the tip, many lo
temperature ultrahigh vacuum~UHV! scanning tunneling
microscopes~STMs! were developed.1–12 For high-quality
STM measurements, one has to be able to measure s
currents, while reaching low-level tunnel current noise an
sufficient bandwidth. Therefore, the development of effici
current–voltage (I –V) converters is required. Very often, fo
operation at low temperature, external amplifiers are c
nected to the tunnel junction through at least 1 m of cop
wire.2 This connection picks up electromagnetic and m
chanical noise due to temperature fluctuations and cryo
vibrations, but the most limiting factor is the drastic increa
of the capacitance of the line. Therefore, reaching a ba
width of few hundred Hz for tunnel currents in the range
pA is a challenge. Few cryoamplifiers have been success
designed13–15but most of the time at the cost of less flexib
ity for changing from one tunnel current range to anoth
Special electronic components have to be selected with g
care in order to dissipate heat as low as possible,16 and to
work properly especially in the case of liquid-heliu
temperature.17,18

In this article, we will describe the design of extern
room-temperature preamplifiers managing tunnel curr
ranging from 0.25 pA to 50 nA, having a sufficient ban
width for topographic and spectroscopic measurements,
presenting very low noise characteristics. Afterward, we w
present a way to further reduce the thermal noise of the fe
back resistor of the converter, by placing only this resisto
contact with the cryostat,19 close to the microscope whil
keeping sufficient bandwidth. By this simple way, we tran
form the room-temperature amplifier to a so-called ‘‘low
temperature’’ amplifier. Concerning the vibration dampin
cryostats and shielding system render the design of the S

a!Electronic mail: laurent.libioulle@ipmc.unil.ch
1010034-6748/2003/74(2)/1016/6/$20.00
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damping stage very complicated.20 Because of operating a
low temperature, Viton-type materials have to be avoided
damping stages and the use of long springs can make
design delicate.21

Most of the cryogenic systems use one or two exter
pneumatic suspension stages to filter the mechanical vi
tions but they are not efficient in eliminating the vibratio
produced inside the cryostat itself. The situation is comp
cated by the acoustic noise, which is picked up by the s
face of the whole UHV system and transmitted to the ST
mechanics through the bellows and tubes. We will descr
the way to reduce the mechanical noise by designing a c
pact low-temperature magnetic damping stage, which p
tects the tunnel junction from the vibrations of the cryos
produced by the boiling of the cryogenic liquid inside th
tank.

II. ROOM-TEMPERATURE PREAMPLIFIER DESIGN

The tunnel current flowing from the biased tip towa
the sample has to be amplified and converted to a volta
This is done through a measuring resistor across whic
voltage drop takes place. The resistor could also be a fe
back resistor of an extremely low bias current operatio
amplifier. Measuring pA current leads to the use of resist
ranging at least from 1 to 10 GV. However, the major prob-
lem turns out to be the shunt capacitance associated with
feedback resistor. This capacitance is in the range of 1
and will limit the bandwidth of the preamplifier to about 15
Hz in the case of 1 GV feedback resistor. The limited band
width of the I –V converter will reduce the maximum scan
ning speed and lower the modulation frequency for spec
scopic measurements~or worse, it will increase the
amplitude needed for the modulating signal!. In both cases,
the scanning time is increased, making an STM image m
sensitive to thermal drift and mechanical vibrations. An ea
method to increase the bandwidth, while keeping the no
level as low as possible, consists in the introduction of an
feedback network13,22 in order to exactly compensate th
6 © 2003 American Institute of Physics
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shunt capacitance of the feedback resistor. We have desi
our I –V converters as a two-stage amplifier. In Fig. 1, t
basic configuration of such an amplifier is presented. F
different amplifiers have been prepared, each of them s
cially designed for one range of tunnel current and cover
at least 2 orders of magnitudes of current variation. In Ta
I, the values of the needed components are given as we
the measured noise as a stand-alone device. For the RC
pensating network, we have used a 1 MV resistor to negli-
gibly modify the value of the feedback resistor~less than
1%!. In the case of ideal compensation, the RC produc
the compensating network has to be equal to the produc
the feedback resistor and its shunt capacitance. Toward
end, firstC value is estimated from the converter bandwid
without any compensation and, subsequently, is experim
tally adjusted to insure a large bandwidth. Then,C* is in-
serted and its value adjusted in order to cut the high
frequency noise resulting from the perfect compensation
the shunt capacitance.

Figure 2 presents a typical 200 Å3200 Å unfiltered
STM image of a silver surface Ag~111!. The sample tempera
ture was maintained at 50 K~solid nitrogen! and the iridium
tip23 was biased with 3 mV. TheZ scale of the image is 0.5 Å
from black to white and no bias modulation technique w
used to improve the contrast. We can clearly distinguish
scattering by impurities and defects of the electronic den
of state corresponding to the surface state electrons con
in the two-dimensional plane. On the same surface the s

FIG. 1. Electronic diagram of the room-temperatureI –V converter. The RC
feedback network is introduced in the feedback loop to compensate
shunt capacitance of the large value feedback resistorRfb . The converter is
a two-stage amplifier. The gain of the second stage is always fixed to
whereas the gain of the first stage ranges from 107 to 1010. For the first
amplifier type, see Table I. In the case of the low-temperature converter
feedback resistorRfb is fixed to the cryostat as indicated in the inset.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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trum of the preamplifier output was measured with the fe
back loop open. The spectrum is shown in Fig. 3 with the
in tunnel condition~curve 1! and retracted~curve 2!. The 25
fA Hz21/2 base line measured as a stand-alone ampl
~Table I! fit the spectrum nicely in the case of retracted p
sition, indicating that the entire UHV system is not addi
noise to the converter. In tunnel conditions, the clear dev
tion from the base line indicates that tip stability, therm
drift, mechanical vibrations, and acoustic noise all contrib
to the tunnel current noise. The largest components ra
from 0 to about 50 Hz and are probably mostly generated
mechanical vibrations of the nitrogen tank. It becomes cl
from the comparison of the converter output spectra, that
mechanical stability of the tunnel junction should be im
proved in order to reach more stable conditions. This clea
indicates that the addition of a low-temperature damp
stage is one key element to improve the tunnel junction
bility. We will describe this point later. However, one ca
also reduce the base line noise level. This noise is gener

he

0,

he

FIG. 2. STM image of a 200 Å3200 Å Ag~111! surface. TheZ scale of the
image is 0.5 Å, from black to white. The tip is made out of iridium wire. Th
tunnel measuring conditions were 3 mV bias voltage, 100 pA tunnel curr
and 109 converter gain with feedback resistor at room temperature.
surface state electrons of the Ag~111! are confined in the direction perpen
dicular to the surface plane. The surface state electrons form a clearly vi
standing wave pattern around defects and impurities.
cope

TABLE I. Values and characteristics of each electronic component used to build the tunnel current converters. The gain ranges from 108 to 1011. The
bandwidth was measured by applying a sinusoidal signal with a 108 V resistor to the input, while the peak-to-peak noise was determined from the oscillos
trace. The rms current noise over the bandwidth is calculated from these values.

Gain Amplifier Rfb

Cfb

~pF! R C
C*
~pF!

Cf

~nF!
Bandwidth

~Hz!
Noise

~mV ptop!
Noise rms
~fA Hz21/2!

T5300 K

108 OPA111 10 MV 5.6 ¯ ¯ ¯ 6.2 2.5 K ,1 71
109 OPA111 100 MV 2.7 1 MV 82 pF 220 6.2 1.3 K 2.5 25
1010 OPA128 1 GV ¯ 1 MV 680 pF 330 68 500 6 9.5
1011 OPA128 10 GV ¯ 1 MV 2 nF 100 150 370 15 2.8

T550 K

1010 OPA128 1 GV ¯ 1 MV 6.8 nF 220 68 ;350 ;1.5 3
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by the measuring resistor inside theI –V converter and is due
to shot noiseandJohnson noise.24,25 The shot noise, related
to the discrete nature of the current, makes the curren
independent charges fluctuate around the mean valueI dc over
a frequency intervalD f as given by

I shot5~2eIdcD f !1/2. ~1!

On the other hand, theJohnson noiseresults from the ther-
mal motion of electrons through the feedback resistor. T
noise depends directly on the temperatureT and for a resistor
R is given over a frequency intervalD f by

I Johnson5~4kBTD f /R!1/2. ~2!

Reducing the temperature of the resistor will directly low
theJohnson noiseof the feedback resistor~without affecting
the shot noise! and, subsequently, will reduce the measu
noise at the output of the preamplifiers.

III. LOW-TEMPERATURE PREAMPLIFIER DESIGN

The main idea for designing low-temperature convert
is simply to remove the feedback resistor from the roo
temperature converter box and to place it in contact with
STM cryostat. The reason for doing this is that the feedb
resistor is the main source of noise, which can be ea
eliminated. The resistor is placed inside the UHV chamb

FIG. 3. Noise spectrum of the 109 gain converter under tunnel conditions~Ir
tip, 3 mV bias, and 100 pA tunnel current! on a Ag~111! sample surface
~curve 1! and in retracted position~curve 2!. The 25 fA Hz21/2 base line
nicely fit the noise spectrum of the retracted tip, whereas in tunnel co
tions there is a clear deviation from white noise attributed to acoustic n
and mechanical vibrations of the nitrogen tank on which the cryosta
screwed.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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in thermal contact with the cryostat and as close as poss
to the microscope. The resistor,26 which is encapsulated
within a ceramic tube is glued on a sapphire plate. This s
phire plate provides very good thermal contact with the w
of the cryostat and excellent electrical isolation. The fee
back resistor, placed at low temperature, is thus electric
connected to the converter electronics working at room te
perature. Only one additional UHV electrical feedthrough
needed to operate the converter in the low-tempera
mode. The original connection from the tunnel junction r
mains unchanged. One side of the low-temperature feedb
resistor is permanently connected to the tunnel junction
close as possible to the STM body, whereas the other sid
this resistor is connected to the additional electri
feedthrough~see inset of Fig. 1!. In order to operate at dif-
ferent gains, several low-temperature feedback resistors
be permanently connected to the tunnel junction and eac
them needs to have its own isolated electrical output. T
change from one gain to another is made by selecting
corresponding output feedthrough. We point out also that
configuration allows one to continue to use a normal roo
temperature converter, since the original tunnel curr
feedthrough is unchanged, and to switch to a lo
temperature configuration only when the noise has to be
duced to an extremely low level. In our microscope, o
low-temperature resistor~1 GV! was permanently connected
In the case of normal measurements, no additional no
coming from the unused low-temperature feedback resis
has been detected if the unused electrical feedthrough is
ply shielded by a BNC cap to avoid pick-up electromagne
noise. Compared to the usual room-temperature conve
the addition of new electrical wires~from the tunnel junction
to the low-temperature resistor and from that resistor t
new electrical feedthrough! results in an increase of the tota
shunt capacitance. We have estimated that the resulting
pacitance is in the order of 10 pF for low-temperature co
nections. However, the adjustment of the value in the
feedback network makes it easy to compensate this incr
of the shunt capacitance, allowing us to maintain the ba
width for low-temperature converters. The new values of
RC network needed for keeping the bandwidth of the 110

low-temperature converter are indicated in Table I in the c
of 1 GV inside feedback resistor. It is more difficult to me
sure the bandwidth at a low temperature than for a sta
alone preamplifier, but we evaluate the bandwidth to
larger than 350 Hz for a 1010 gain.

In Table II, we calculate the theoreticalJohnson noise
and theshot noisefor a tunnel current ranging from 1 pA to

i-
e

is
d at
rs.
TABLE II. Calculation of the theoreticalJohnson noiseand shot noisefor the nominal current of each converter. The Johnson noise is evaluate
room-temperature~300 K! and at solid nitrogen temperature~50 K!. The total rms noise corresponds to the theoretical limit of our two-stage converte

Gain
Current

~pA!
Output
~mV!

Johnson noise
~300 K!

~fA Hz21/2!

Johnson noise
~50 K!

~fA Hz21/2!
Shot noise
~fA Hz21/2!

Total noise rms
~300 K!

~fA Hz21/2!

Total noise rms
~50 K!

~fA Hz21/2!

108 103 100 41 17 18 45 25
109 102 100 12.8 5.2 5.7 14 7.7
1010 10 100 4.1 1.7 1.8 4.5 2.5
1011 1 100 1.3 0.5 0.57 1.4 0.8
ct to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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1 nA and the resulting root-mean-square~rms! noise is given
in the case of room-temperature and low-temperature~50 K!
converters. The theoretical noise level limit for a two-sta
1010 converter, as we have used so far, is 2.5 fA Hz21/2 at 50
K.

The comparison between the experimental noise sp
trum of a 1010 room-temperature converter~curve 1! and the
spectrum of the equivalent low-temperature converter~curve
2! is shown in Fig. 4. The noise level has been lowered fr
9.5 to about 3 fA Hz21/2 which is close to the theoretica
limit of 2.5 fA Hz21/2. At a low frequency~roughly below 50
Hz!, we see clearly that the noise level of the low
temperature preamplifier is rising up from the base level
ward the room-temperature noise spectrum. As we have
ready seen in Fig. 3, this confirms that the origins of t
noise are mechanical vibrations and instabilities. Howe
imaging silver surfaces by STM using the cryoconverter
demonstrated that the image quality was improved beca
of this noise reduction. This improvement was estimated
be equivalent to aZ-signal noise reduction of about 0.1 Å i
the case of scanning an Ag~100! flat surface. On the othe
hand, the scanning speed, time constant, and gain of
STM feedback loop remain the same, confirming that
bandwidth of the cryoamplifier was maintained large enou
for standard imaging and spectroscopic measurements.

IV. LOW-TEMPERATURE DAMPING STAGE DESIGN

The room-temperature STM’s are generally isola
from mechanical vibrations by springs and Viton dampi
stages. Viton material is efficient against acoustic coupli

FIG. 4. Experimental comparison between room-temperature~curve 1! and
low-temperature~curve 2! noise spectrum in the case of the 1010 gain con-
verters in exactly the same tunnel conditions~same Ir tip, 3 mV bias, and 10
pA; same position on the Ag~100! sample!. The 9.5 fA Hz21/2 noise base
line of the room-temperature converter corresponds to the measured
for the stand-alone converter reported in Table I and fits the noise spec
at high frequency~curve 1!, while at low frequency there are clear pea
appearing. These peaks are attributed to acoustic and mechanical vibr
of the nitrogen tank. The 2.5 fA Hz21/2 base line for curve 2 corresponds t
the minimum noise limit level for our low-temperature 1010 gain converter
as reported in Table II, calculated from theoretical values. The experime
noise spectrum is better fit with a 3 fA Hz21/2 base line, corresponding to
about 1.5 mV peak-to-peak fluctuation signal at the output of the conve
as indicated in Table I.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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while the spring stage or pendulum system protects the
croscope against very low-frequency vibrations. As was
ready mentioned, at low temperature, the stiffness of s
springs increases rapidly, making the damper less effici
while Viton stages have to be completely ruled out. The m
simple solution turns out to be the use of one or two exter
pneumatic suspension stages for damping the external
chanical vibrations and to design the microscope to be
rigid as possible. But this could not be enough, since the fl
of cryogenic liquid and the bubbles appearing inside
dewar remain a major source of noise. In order to impro
the tunnel current stability, it is thus highly recommended
mechanically isolate the STM head from the cooling sta
Spring damping stages, especially designed for working
low temperature, have already been described2,19 and special
spring material needs to be used. The corresponding r
nance frequency for such systems ranges from 2 to 10
One can also notice that increasing the length of meta
springs is one way to keep the resonance frequency of
damper as low as possible, but it will make the cryostat l
compact. An other crucial point is the fact that through t
spring wire, medium- and high-frequency vibrations cou
propagate and reach the microscope. It would be desirab
have, at a low temperature, a damping stage with the c
acteristics of a room-temperature Viton stage, which filt
frequencies up to few kHz. However, we would like to ke
the STM stage as small as possible, as stable as possib
tip and sample exchanges and, at the same time, decou
from mechanical vibrations of the cryostat while keeping t
low working temperature. In order to meet all of these goa
we have designed a low-temperature magnetic damp
stage as shown in Fig. 5.

The copper STM stage, inside the copper body of

lue
m

ons

tal

er

FIG. 5. Overview of the low-temperature magnetic damping stage.
STM stage is suspended by magnetic repulsion between two cob
samarium magnets and damped by four cobalt–samarium magnets thr
an eddy-current damping mechanism. The STM stage is centered insid
cryostat body by six balls, which are held in place magnetically and wh
are freely rolling on graphite rods and plates attached to the fixed and to
mobile parts, respectively. The STM stage is completely shielded by
cryostat body and could also be pushed in contact by turning the clam
screw during cooling periods.
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cryostat, is suspended by magnetic repulsion between
strong cobalt–samarium magnets, the first one is glued
the mobile stage and the second one; on the cryostat.
mobile stage is centered inside the cryostat by six 8 mm b
rolling on graphite surfaces and four large cobalt–samar
magnets attached to the mobile stage under the micros
provide eddy-current damping.2 The copper body of the cry
ostat is tightly screwed to the cryogenic tank in order
provide excellent thermal contact.

In order to transmit as low vibration as possible from t
tank to the STM through the cryostat body, as well as aco
tic noise from the UHV chamber, the six centering balls ha
to move freely at a low temperature. Toward this end, e
ball is just held in position by a cobalt–samarium magnet
drawn in Fig. 6, but stays totally free to rotate around
axis perpendicular to the holding magnet. The ball can t

FIG. 6. Top view of the centering system using one 8 mm bearing ball,
4 mm cobalt–samarium magnet, and two graphite pieces on which the
is rolling freely. The contact surface is minimized and only two~one on the
top and one on the bottom! over the six centering devices have a V-shap
graphite rod, the others being perfectly flat.

FIG. 7. Experimental transfer function of the low-temperature magn
damping stage measured with an accelerometer from 20 Hz up to 2
The transfer function is defined as the ratio of the amplitude of vibrati
detected on the STM stage and on the cryostat body. The resonanc
quency of the damper is measured to be about 7 Hz. The cutoff takes
for a frequency higher than 20 Hz and attenuation by a factor of 4 is alre
reached for frequencies higher than 30 Hz. These filtering characteristic
similar to commonly used room-temperature Viton stacks.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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turn and roll on the two graphite surfaces. Three center
balls on the top of the STM stage and three on the bottom
enough to keep the STM stage perfectly aligned inside
cryostat. During cooling, the STM stage is pushed into c
tact with the bottom plate of the cryostat by a clampi
screw and will be released during the measurements.
mobile stage will stay in thermal equilibrium with the su
rounding walls of the nonmovable parts. The resonance
quency of the system has been measured to be around
by manually exciting the damping stage and detecting
oscillations with a coil in front of a magnet. The oscillation
are completely damped in three to four periods. To char
terize the efficiency of our magnetic damping stage, we h
measured, with an accelerometer, its complete transfer fu
tion for frequencies higher than 20 Hz.

The experimental transfer function is shown in Fig.
and has been obtained by vibrating the damping setup w
measuring the amplitude of the vibration on itself and on
STM stage using two accelerometer heads. The ratio
tween the two vibration amplitudes was calculated.27 We
clearly see that the magnetic damping stage acts as a
pass filter and is efficient exactly like a room-temperatu
Viton stack. Lateral vibrations are probably less efficien
attenuated but the STM stage is only in contact with
cryogenic stage though six free-moving balls which are
able to transmit any stress to the STM stage. The picture
the STM stage is presented in Fig. 8~a!. The eddy-current
damping magnets are clearly visible below the microscope
well as the centering balls. The complete damping system
shown in Fig. 8~b!.

The improvement of the mechanical design of our lo
temperature STM, as well as the improvement of tunnel c
rent converters, will allow us to image the morphology
epitaxial thin metal oxide layers in more stable condition
where very low current, high spatial resolution, and spec
scopic measurements are needed to study the oxide barr28
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