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Time-resolved electron microscopy by means of electron counting
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A method of time-resolved electron microscopy has been developed and applied to the study of the vortex-
line dynamics in a type-Il superconductor and to the measurement of the elastic properties of nanoscaled
materials. Exploiting an electron counting technique, time-dependent electron microscope image beam current,
position selected by a probing aperture in the image plane, is measured as sequentially sampled electron counts
or a temporal and spatial correlation function which can be converted to the spectral density function. Experi-
mental techniques of detectors and correlators, presently allowing the measurement of the correlation function
up to the GHz range, are described. Fundamental electron counting statistics for the measurement of a counting
distribution, a power spectral density, and a cross-correlation function are examined using uncorrelated elec-
trons in a beam from a field-emission source. The intrinsic electron correlation due to the second-order
coherence appearing in the quest for fast time-resolved observation is also discussed with regard to its offering
possibilities of interferometric measuremeri80163-18207)01634-2

[. INTRODUCTION is sampled by means of an electron counting technfque.
Two-dimensional information can be obtained by using an
The objective of condensed matter physics is to describarray of detectors or by scanning the image, and in this con-
the physical properties of matter from the microscopic pointext the present method can be called time-resolved electron
of view in the most general way possible. Electron micros-microscopy.
copy (EM) has been used to obtain atomic-scale structural Bostanjoglo and LiedKe measured a time-dependent
information, which gives the starting point for the descrip- TEM image beam current in order to observe melting of a
tion of matter, but EM image observation gives us only lim-crystal by using a scintillator and a photomultiplier tube.
ited access to the individual or collective dynamics of elec-This current measurement in analog mode used a large cur-
trons and atoms. The most widely used previous approactent (=10 nA), and a wide area~ um?) had to be moni-
was to follow each event in real timgn situ observation tored.
The temporal resolution is then in principle determined by The present method exploits electron counting techniques,
the statistical fluctuations of electrons forming an imageso an extremely small currents(fA) can be monitored and
This means that when the duration of the image acquisitiothe data is accumulated to reduce the statistical error of an
is short (=£ms), the signal-to-noise ratio is low. appropriate function characterizing the time dependence of
To overcome this limitation, stroboscopic techniquesthe current. Sequentially samplédith a variable sampling
were first introduced in mirror electron microscopican- interva) electron counts can be used to follow events di-
ning electron microscopySEM) using those techniques has rectly if the image contrasti.e., modulation of the beam
been used to observe the signal propagation in electricurren} is statistically significant. Faster phenomena can be
devices? a short-pulse electron beafpulse widths<ps are  observed as a temporal and spatial correlation function ob-
availablé® synchronized to the period of the device’s opera-tained by the sequential sampling and the numerical compu-
tion is used to observe a phase of the operation period astation or by a correlator based on a coincidence-delay
still image. The pulse-beam techniques are also used imeasuremenif The dynamics of an ensemble of elements
transmission electron microscogfEM)* and in reflection are often formulated as the correlation function, rather than
high-energy electron diffractiolRHEED).> This approach, as the motion of the individual elements, so the results are
however, is limited to the observation of highly periodic phe-easily compared with those predicted by a theoretical treat-
nomena or of events for which the trigger signals are availiment. The technical basis for this method consists of fast-
able, and this is often not the case when we are concerngeésponse electron detectors and fast logic circuits, and a cor-

with the dynamics of the constituents of matter. relator working with a frequency of up to the GHz range has
Another method of time-resolved observation in EM im- already been achievéd.
ages has, therefore, been deviSédan imaging electron In this article, the method and its application are described

beam current, temporally modulated by the dynamics of thevith the fundamental electron counting statistics examined.
specimen, is selected by the aperture in the image plane amie also mention that the quest for fast time-resolved obser-

0163-1829/97/5®)/51568)/$10.00 56 5156 © 1997 The American Physical Society



56 TIME-RESOLVED ELECTRON MICROSCOPY BY MEANS ... 5157

100 r

‘@

[\ Specimen E
é 10 Vortex
=
[=]
o
o

Magnifying Lens =
g
5 1
£
2 Atomic Structure Imaging
L L L I3

Phosphor Screen 0.1 N——— L
0.1 1 10 100

Spatial resolution [nm]

(APD) FIG. 2. Temporal resolution of the TEM observation as a func-
tion of the spatial resolution. Atomic structure imaging is assumed

Disc. 1 Correlator to be done with the beam divergence anglbetween 5 10~ * and
1x1072 rad. Vortex observation by Lorentz microscopy is as-

sumed to be done with 16<B<10 ©. Brightness of K10’

FIG. 1. Method of time-resolved electron microscopy with a A/lcm? is assumed.
single detector.

i i o . electron microscopyHRTEM) and for the magnetic-vortex
vation will be confronted by the intrinsic electron correlation images in Lorentz microscopy.In the case of HRTEM, a
in a coherent beam due to the particle exchanggequired value of8 is determined from the envelope of the
antisymmetry: contrast transfer functio?.In Lorentz electron microscopy,
B should be smaller than the beam deflection at the magnetic
Il. EXPERIMENTAL field of a vortex!® A brightness’ of 1x10° A/cm? is as-
sumed. Approximately 1 ms is the minimum resolvable time
for both atom dynamics and vortex dynamics observations.
The present time-resolved observation can be done withFaster phenomena can be evaluated by numerically calculat-
out major modification of a standard TEM. Figure 1 shows aing the spectral density or the correlation function from the
simple embodiment of the time-resolved electron microssequentially sampled data, but this requires a large amount of
copy. An image of the specimen is magnified through thememory(depending on the duration of the measuremant
electron lensegonly a single lens is showrand projected the data transfer to memory is time-consuming.
onto the phosphor screen in the observation chamber. The A coincidence-delay measurement with electric shift-
detector can be installed behind the screen. The output sigegisters as delays gives the correlation function in a more
nals are led to a preamplifier and a discriminator that make ielegant manner. A digital correlator working with the clock
possible to count each electron without error. frequency up to the GHz range can be constructed using
There are several ways of to sample the data and to corlectric circuit and detector technolo¢$ecs. 11 B and Il G.
figure the detector. The data sampling methods(ayese-  Since the error of the counting data is given by the statistical
guential sampling of the number of counts with variable in-fluctuation, a given signal-to-noise ratio is achieved by the
terval and(2) correlation function measurement by means ofdata acquisition of appropriate durati¢stetails of statistical
a coincidence-delay technique. relation are discussed in Sec.)lIThe spectral density can be
Sequential counts can be used to follow the event directlyfound by calculating the Fourier transform of the correlation
The resolving time can be defingds the minimum width of  function.
the sampling interval in which the object is detectable with Single, double, and multiple detectors can be used. With a

a given signal-to-noise ratid,, ; K*/nZNU, whereK isthe Single detector, autocorrelation and power spectral density
visibility of the object, andn is the average count in the can be obtained, and a two-dimensional map of those func-

e - 5 o tions can be derived by scanning the image.
sampling interval (= mroiT/e, wherei is the current den- When we have two detectors, the cross correlation func-
sity, ro is the radius of the probing aperture, aads the  (ion can be observed. The temporal and spatial correlation
electron charge This n is constrained by the invarianCeof map can be obtained by changing the sites of the detectors or
the brightnessB=i/7B? (B is the beam divergence half by using the electron biprisff, which is usually used to
angle, since an EM observation requires a certain transvereverlap two electron waves to make interference
sal coherence lengtis \/23 (X is the wavelength Then the measurementS. Two electron biprisms perpendicular to
minimum resolvable time is given as each other may be used to locate any two positions in the
image at the fixed two detector positions. This may be useful
e( N, in the observation of the correlation function of the vortex
M B\ 7rr o 8K

A. Configuration

2

1) transports.

A multiple-detector configuration would make the above-
The relation in Eq(1) is shown in Fig. 2 for the observation mentioned measurement easier by allowing parallel process-
of atomic structure images in high-resolution transmissioring to obtain complete spatial and temporal correlation func-




5158 NOBUYUKI OSAKABE, TETSUJI KODAMA, AND AKIRA TONOMURA 56

: : D . . )
‘ - Detector erandomizer Shift register Clock
' B
| — |” E ™ /| - — Counter
iAbsorption T . 3 !
| |layer . € i
5000 , p &£y S
/ e V\ F \[/ —— o ol ...
§2] N+ o Y
S H ] Coincidences (X X X
3 $
8 Multiplication & § 200 ps/DIV
layer
1 |
| \ ] Counters 1 2 3 n
0 n n L L
0 50 100 FIG. 4. Block diagram of the autocorrelator. The derandomizer
Pulse Height [fC]

is a circuit where the asynchronous signals are injected into the
FIG. 3. Pulse height distribution of a Si-APD for 50-keV elec- Synchronized circuit.
trons. Left inset: schematic structure of the Si-APD. Right inset:
wave form of the output pulse. required. A digital correlator based on the coincidence-delay
measurement with electric shift registers as défagan be
used for this purpose.
A diagram of the digital autocorrelator is shown in Fig. 4.
ectrons incident on the detector are amplified and then
standardized in a discriminator to give a train of pulses cor-
responding to the temporal distribution of electrons in a
B. Detectors beam. The signal is led to the synchronized -circuits
(“derandomized’)?* and is moved sequentially down a shift
There are several choices of detectd:scintillators and  register by a clock of the frequendy which determines the
photomultipliers,(2) microchannel plateéMCP’s), (3) pho-  sampling intervalT=1/f. It is then cross correlated with
todiodes (PD’s), and (4) avalanche photodiode®APD’s).  the original digital signal by coincidence circuits. The total
The present method requires detectors with a small sensitivigounts and the coincidence counts are stored to give a nor-
area and a fast response with a small dead time. The APD igalized autocorrelatiogn(t)n(t+ST))/(n(t))? at r=ST:
thus an ideal detector for this application. n is an electron number current alis an integer corre-
A schematic of the structure of a Si-APD is shown in thesponding to theSth delay channel of the coincidence counts
left inset of Fig. 3. Electrons incident on the APD deposit thestorage. For the work described here, the average electron
energy to generate electron-hole pdB1 eVipaif "in the beam intensityn should be sufficiently low thaf.>n.

abs_orption layer. The electrons are injected _intg th? mUItipIi'Therefore the slow measurement is better to be done with the
cation layer, whgre t.he successive Impact !onlzatlon by th%equential sampling and the numerical calculation. The tech-

a_cqelerated carriers in _the_electrlc_ f|_eld mult|pl)_/ the Chargesnique described here can be easily extended to the cross cor-
giving low-noise amplificatio° This internal gain plays an relator

important role, especially in a fast circui(GH2), in pull- A digital correlator with clock frequency of about 100

ing signals from the noise level, because the noise figure %IHZ and with about 18 delay channels can be designed
the avalanche amplification is smaller than that of the ampliWith versatile field programmable gate arraf@GA’'S. A

fiers based on the electric circuit. . I
: S . 5-GHz digital cross correlator with five delay channels has
The pulse height d'St”bUt'otPH.D) depends on the pr- already been madeTo make a GHz correlator with an ac-
mary electron energy and the thickness of the absorpuogeptable number of delay channels, problems of low-skew

layer?* Shown in Fig. 3 is the PHD of a Si-APD I ;
) . : clock distribution and the power consumption should be
(Hamamatsu SPL2931 with a 20um-thick absorption solved. We also note that the recent progress of data acqui-

layer, for 50-keV electron$.The incident energy is fully it d Ivsis in high- hv€and the ad
absorbed in the absorption layer, giving a sharp distribution-SI 'on and anaysis in hign-energy phyf-and the acvance

: . 'in the lightwave communication systeffisnay provide the
AP.D s can also be. used for electrons of higher energy, .'r}echnology for fast detectors as well as an appropriate way of
which case the primary electron penetrates the absorpt'oﬁ‘andling data
layer to partially deposit its enerdy. '

The wave form of the output pulse is shown in the right
inset of Fig. 3. The rise time is 180 ps and the pulse width is lll. COUNTING STATISTICS
430 ps, allowing a time jitter of~20 ps in acquiring the Electron counting statistics relevant to the error estima-
arrival timing informatioff and the small dead time deter- tion are examined with an electron beam and without a
mined by the overlapping of two pulsés. specimen. When a current consisting of uncorrelated elec-
trons is measured as the sequential counts of electrons, the
distribution is known to be a Poissonian represented by the
probability density to count electrons in a sampling inter-
The temporal resolution of the intensity correlation mea-val T, P (T)=(aT)"exp(—aT)/n! (« is the counting rate
surement depends on the statistical error reduction by th&he standard deviation is given loy= Jn. Shown in Fig. 5
data accumulation, so an efficient measurement technique is the distribution of field-emitted electrons sampled with

tion. The technical difficulties of the multiple-detector
configuration are due to the possible cross-talk between a%l
jacent detector elements.

C. Correlator
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FIG. 5. Electron counting distribution. Electron counts in 200 7 [ps]

uS at intervals of 30Qts were taken over 65 536 sampling points
with a 300-keV field emission electron microscope. The Poisson

distribution is shown by the line connecting the points. Inset: power FIG. 6. Cross-correlation function of uncorrelated electrgas:
spectral density. Power spectral density were Fourier transformeg=0.97x10"3; (b) o=1.0x 10" *.
from the sampled data with averaging successive 16 points.

where M =T/T is the number of samplingsy(t;) is the
T=200 us anda=4.91x 10° counts/s. The distribution is numbers of counts of thieth detector in théth time bin, and
almost consistent with the Poissonian, but is slightly widem,(7;,t;) is the number of coincidence counts of thé
(“super-Poisson’. This is also shown byr*=104 larger time delay in thejth time bin. The interval of the delay and
than n=98.3. This widening is due to the field-emission the duration of the sampling are both The statistical error
noise described in Sec. IV. The detailed test of the distribuin the estimation of the normalized cross-correlation function
tion of uncorrelated electrons should be done with a higheis given by
sampling frequency’

The cross correlation functioB,(7) can be defined as SRy, m
Y (5)
R
Coon)=(1(ry, DI (rz,t+ 7)), ) 12 \Mn;n,

) N Figure 6 shows the normalized cross correlation of field-
wherel (r; ,t) is an electron beam current at a positio@nd  emitted electrons taken with a digital correlator working at a
a timet. The normalized cross-correlation functiBa(7) is  ¢lock frequency of 5 GHz. The counting rate wad x 10’
defined as Cy(7)/(I(r1,t))(I(r2,1)). The raw cross- counts/s for both detectors. Total sampling time wa0 s
correlation functionCyy(7) is related to the(one-sidedl  for (a) and ~5000 s for(b). Statistical errors determined by

cross-spectral densit$(w) as Eq. (5) are shown as bars in the figure. The cross-correlation
function is consistent with the statistical predictions for un-
* . correlated electrons, constant {) over the measured delay
Slz((l)) = 2]7 ClZ( T)eled T. (3) Of 800 ps.
If electrons in the current are uncorrelated, or following the IV. INTRINSIC FLUCTUATIONS

Poisson proces$};,(7)=1 and the power spectral density
Si(w)=2e(l(r,t)).?® Shown in the inset in Fig. 5 is a
power spectral density of the current. It is white spectral Field-emission current has been known to exhibit a fluc-
density and the average value of 0.026(#Az is consistent tuation other than the shot noi&&This fluctuation is due to
with the value 21=0.0252 fA%Hz (I =78.7 fA). Again  the hopping of the absorbed residual gas molecules changing
the slight discrepancy is a result of the additional fluctuationghe work function of the emitter surface. The lifetime of the
due to field-emission noise. hopping interval is= ms. Amplitude of the fluctuation is
Measurement of the current and the correlation functiorr~10% of the current. The power spectral density of the
by using electron counting technique will be done in thebeam current was experimentally fodfdas S(w)of¢,
finite duration of the total sampling tim&, and finite sam-  (0.8<€<1.3), giving a rapid decay in the high-frequency
pling interval T. Using the correlator shown in Fig. 4, the region. This fluctuation does not seriously affect the mea-

A. Field-emission noise

normalized cross-correlation function is obtained as surement faster than a millisecond.
M B. Two-electron interference
(1/M)j§=:1 N2 7i 1) If a coherent electron beam is used, two-electron interfer-
Rio( )= i i , (4) ence occurs ani;,( ) exhibits the anticorrelation due to the
1/M?2 e (t na(t particle (fermior) exchange symmetr¥. Silvermari® de-
( )12'1 il ')j=1 () rived the correlation function



5160 NOBUYUKI OSAKABE, TETSUJI KODAMA, AND AKIRA TONOMURA 56

RiA7)=1— k1 7), (6)

wherek,(7) is given by

€
K175 5 drldtlf drodty| y(ra—ry;ta—ty)]? (7)
122)s, s,

ande is a factor depending on the polarization of the electron g8
beam giving unity for the fully polarized beam and 1/2 for &8
the unpolarized beam. The teri;(i=1,2) denotes the &
product of the sensitive area of the detector and the coinci
dence time window, andy is the first-order degree of
coherenc# written as

3 T (Fa—r.)— —
f d*kkyn(k)explitk-(r=ry) = (= t)}] FIG. 7. Lorentz electron micrograph of the vortex-line lattice in

» 8 aNb thin film atT=7.5 K andH=75 G.

y=
j d3kkn(k)
thin film, taken with a 300-keV field emission TEM
equipped with a specimen cooling stage, is shown in Fig. 7.

where the propagation direction is takenxaandn(k) is @  The specimen foil was mounted at 45° to the electron beam,
momentum distribution witkk the wave number vector. The and the magnetic field was applied transversally. Individual
dispersion relation ig»=7%k?/2m with # the Planck’s con- vortices manifest themselves as tiny globules, one side
stant andm the elctron mass. This degree of coherence has Bright, the other side dark, and the separation line parallel to
significant value within the transversal coherence lengthhe vortex line on the image plari2The image contrast can
l¢=1/Ak; (Ak, is the transversal wave number spreadd  be explained as a consequence of Lorentz deflection of the
the coherence time,=#/AE (AE is the energy spread electron beam by the transverse component of the magnetic
Therefore the correlation function shows the substantial reflux of vortex-lines: the bright side is formed by the super-
duction of the probability of finding two particles within the position of deflected and transmitted beams, and the dark
coherence volumel{r.v; v is the average velocily Thisis  side is formed by the releasing of the deflected beam.
also called “antibunching,” in contrast to photon “bunch-  The vortices in Fig. 7 are arranged periodically to form
ing” of the chaotic ensembl& This antibunching is a direct the Abrikosov lattice. When the magnetic field applied to the
consequence of the Pauli exclusion principle, or the exNb thin film is changed, the vortices relax to a stable con-
change antisymmetry of fermions. figuration by successive hoppingThe vortices stayed for a

In the field-emission electron beam, the coherence time igvhile at particular sites, which are supposed to be pinning
hIAE~2 fs whenAE=0.4 eV. This time range is several sites. Figure 8 shows the sequentially sampled beam current
orders of magnitude shorter than the attainable resolution asbtained when the probing aperture was set at one of the
the measurement system, but the effect may appear in ttstes. The image magnification was 2200 and the diameter of
correlation function as a small dig 7./ T at delayr=0.33 the probing aperture corresponded to 90 nm. The counts are

This correlation has not yet been observed, but the tworepresented as the number of electrons detected in 2 ms. The
electron interference could provide not only tests of quantunaverage count is 117o(=11). The high-current states
mechanic¥ but also a way to measure the energy dispersior{~148 count$ beginning at time~2 s and~10 s corre-
precisely, since the coherence time measured in the electrapond to the vortices staying at the site for about a second.
correlation is the reciprocal of the energy spread. This is a
counterpart of photon correlation spectroscépy. 600

@ (0 ©
V. APPLICATIONS 500 M | M A n
400

A. Vortex-line dynamics

When a magnetic field is applied to a type-ll supercon- €300 \,\ / /
ductor, it penetrates the sample in localized tubes of quan- 200

tized magnetic flux oh/2e, which are also known as vorti-
ces. Transport currents force the vortices to move and
dissipate energy, giving the material a nonzero resistance 0
Thus it is important to understand the motion of vortices
interacting with the pinning potentials.

Lorentz microscopy observatibhhas been used to study FIG. 8. Sequentially sampled electron counts obtained at inter-
the interaction between vortices and the pinning 3ty vals of 2 ms. The inset&@)—(c) are enlarged plots with a time span
using a 30-frame/s camera. A Lorentz micrograph of a Nkof 500 ms and a vertical span of 250 counts.

100

10 20 30 40 50 60 70
Time [s]
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The insets show enlarged pa(&0 mg of the current. The 1.2

narrow peaks in the inset®) and (b) indicate the vortices (a) 200
staying at the site for-ms. The insetc) shows a period =
when no vortex stayed at the site. The fluctuation of the 11 = 100
current in this period is consistent with This type of mea- 0

surement allows the lifetime of the vortex at the site to be
determined, and thus the activation energy to be obtdined.
The visibility [ = 2|1 max— | minl/ (I maxt ! min) 1 O the vortex
is ~0.24 ando/n=0.093 giving a signal-to-noise ratio of
2.6. Thus the sampling interval of 2 ms is almost the limit for
A . . > . 0.9
this direct tracing of vortices under the conditions used in 0 0.5 1 1.5
this observation. T8l
Averaging in time domain is, therefore, needed to access 11
faster phenomena. The measurement of the correlation func-
tion is suitable for the study of the dynamics of vortex flow
driven by currents! This issue is relevant to the other sys-
tems in condensed matter, such as to the dynamics of charge
density waves? and has thus been attracting considerable
interest over the past few years. One experimental approach
has been through voltage or magnetic flux noise
measurements characterizing the collective motion of vor-
tices. The present method provides the vortex density corre-
lation function directly. 0.95
The objective of this kind of experiment is to find how the
vortex lines are arranged when driven by the current. This
arrangement is formulatédby the vortex density correlation
functionR,(r{,r,,7): FIG. 9. Autocorrelation functions of an oscillated vortex-line
lattice image obtained with a Nb film at 7.5 K and 75 G, simulating
elastic vortex flow. The image was oscillated with an amlitude of
R,(r,ro,7)=(p(ry,)p(ro,t+17)), (9) about three vortex intervals at triangular wave frequenciegjof
Hz and(b) 200 Hz. Lines are drawn to guide eyes.

Normalized Autocorrelation

1.056

Normalized Autocorrelation

T [ms]

p(r,t)=2 SPrr—r(t)]. (10) time-dependent currentis sinusoidal ag=1,(1+acoswt),

i with 2a the visibility of vortices and ; the average current,
the normalized autocorrelation functiorR(7)=1+1/
2a’coswt. The amplitude in the autocorrelation function
~0.016 is consistent with the visibility=0.37 found in the
sequentially sampled counts.

The faster scan is shown in Fig(l®. The amplitude of
the image oscillation is same, but the frequency is 200 Hz.
_ . , The average count in the 3Q0s sampling intervals is 10.4,
I(r,t)—lof [1Hp(r,OTK(Ir)]dS e so the sequential counts do not show statistically significant
information. The autocorrelation measured for 13 s clearly
Here the asterisk denotes a convolutidg,is an average shows the oscillation with frequeney1.2 kHz. Large peaks
current, andK(r) is an image intensity function of a at7~5 ms andr=~10 ms in the cross correlation are due to
vortex2® The integration should be performed in the probingthe 200-Hz true frequency. In this case the amplitude in the
aperture area. Thus, the correlation function of the imageormalized autocorrelation is0.01, smaller than the value
beam current essentially represents the vortex density corréa (a). This is because the frequency of 1.2 kHz is close to
lation function. the 1.6-kHz sampling limit under these conditions. These
The elastic flow of vortices was simulated by feeding ameasurements were done with the sequential sampling and
triangular wave current to the image shift coils in order tothe numerical calculation. The sampling frequency and the
make the Lorentz image oscillate. The specimen was a Nkength of the total sampling time itb) represents the maxi-
film cooled to 7.5 K and under a magnetic field of 75 G. Themum performance of the present apparatus. The correlator
image was oscillated by aboet1.7 um, corresponding to described in Sec. Il will provide the correlation function up
about three vortex intervals, with a frequency of 1 Hz. Theto 100 MHz without constraint on the total sampling time.
inset in Fig. 9a) shows the sequential counts obtained withThus the feasibility of observing the elastic flow depends on
the sampling interval of 5 ms. The oscillation corresponds tdhe total sampling time needed to achieve the acceptable
the bright and dark part of vortex image passing the probingignal-to-noise ratio, whose time is given by the statistical
aperture. 6-Hz oscillation is clearly evident in the normalizederror Eg.(5) and the amplitude of the correlation function
autocorrelation is shown in Fig.(®. If we assume that the mentioned above.

Herep(r,t) denotes the vortex density function consisting of
a set of two-dimensional delta function¥?). An image
beam current is given as
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B. Vibration analysis 20
. . . — @ j = 0.23 mA/em?|| (b)
Recently mechanical properties of nanoscale materials, ¥

especially fullerenes and their relatives, have attracted inter-% 1o X 500
est because of their potential practical applicatifh$he S
evaluation of the elastic properties by means of the conven-
tional method* has been difficult, however, because of the  *Sz—e 5 270 272 50 1640 1660 1680
small sample sizes. Recent work by Treacy, Ebbesen, and f[Hz] 1 [Hz]
Gibsorf? measured the temperature-dependent amplitude of 20
the thermal vibration of carbon nanotubes as a blurring of the ©
electron microscope images in order to estimate the Young’sc\.z10
modulus of the tubes. Elastic constants can be found from =
the effective spring constaktof the specimen. The average @
elastic energy 1#u? (u is the vibration amplitudeis, from 0
the principle of equipartition, equal to KgT, with kg being
Boltzmann’s constant andl the absolute temperature. Con-
sequently, the measuréd?) gives the spring constant.

Time-resolved electron microscopy can be used to find FIG. 10. Power spectral densities of electron beam currents
the resonance frequency of oscillations driven by thermamonitoring thermally driven oscillations of a Pt thin wir@) and
agitatiod or damping oscillation initiated by an external (b) show the fundamental frequency and the first overtone observed
force. In the case of thermally driven oscillation, the springwhen the electron current density was 0.23 mAdgit) and (d)
constant and th€ factor have been shown to be found by show those observed when the electron current density was 2.1
the power spectral density measurentent. mA/cm?.

When oscillations are measured using TEM, the effect of
the electron beam is crucial. The primary electrons hittingnot the duration of the total sampling time needed in order to
the sample generate the secondary electrons, thus chargigghieve an acceptable signal-to-noise ratio is permissible.

the specimen. This charging effect is negligible when congyperimental techniques for the detector and the correlator
ductive materials are used, but materials with low conductivye given, and a correlator working at a frequency up to the

ity or contaminated conductive material keep the chargegHz range has already been made.

yielding extra electrostatic force. The resonant frequency is Fyndamental electron counting statistics has also been ex-
shifted by the presence of the gradient of the fdtbés isthe  amined by measuring the counting distribution, power spec-
principle of magnetic force microscop§’ The frequency g density, and cross correlation of uncorrelated electrons in

S(f)

j=21 mA/cm? (d)

X 500

255 260 265 270 275 1620 1640 1660 1680
f[Hz] f[Hz)

shift is given by the beam from a field-emission source. This kind of micros-
copy has so far been used to study vortex-line dynamics and
fo 92V(y) to measure the elastic properties of materials.
Af(,:ﬂ 5 (12 The intrinsic electron intensity fluctuations due to the par-
ay ticle exchange antisymmetry has also been described. They

have not yet been detected, but their existence opens possi-

wheref is the resonant frequency(y) is the potentialy is bilities for measurement.
the direction of the oscillation, arklis the spring constant. In summary, the present method has a growing technical

Figure 10 shows, for two different primary current densi- basis and can be applied widely in TEM observation without
ties at the specimen, the power spectral densities of an elemajor modification of the microscopes. The quest for faster
tron beam current monitoring thermally driven oscillations of observation will be confronted by the intrinsic electron fluc-
a thin Pt wire. If charging up of the specimen introduces anuations, a problem of great interéétut so far experimen-
appreciable force gradient on the Pt wire, the resonant fretally untouched. The progress in experimental technology is
quency should be shifted. We can see in this figure that thgiving us the chance to attack this problem.
use of the primary current densities differing by an order of
magnitude does not change the resonant frequency within the
resolvable bandwidth of 0.10 Hz. The electrostatic force is ACKNOWLEDGMENTS
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