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The resolving power of an electron microscope is determined by the optics and the stability of the

instrument. Recently, progress has been obtained towards subångström resolution at beam energies of

80 kVand below but a discrepancy between the expected and achieved instrumental information limit has

been observed. Here we show that magnetic field noise from thermally driven currents in the conductive

parts of the instrument is the root cause for this hitherto unexplained decoherence phenomenon. We

demonstrate that the deleterious effect depends on temperature and at least weakly on the type of material.
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During the last 15 years after the introduction of
aberration-corrected transmission electron microscopy
(TEM) [1,2] the resolving power of the electron microscope
could be improved from the Scherzer resolution [3] �100�
set by the previously unavoidable spherical aberration of the
objective lensCs and thewave length of the electron � down
to about 25� for beam energies of 60–300 kV [2,4–7].
Recently, with the simultaneous correction of the spherical
and the chromatic aberration Cc, linear contrast transfer for
spacings of 80 pm at a beam energy of 80 kV (� ¼ 4:2 pm)
could be achieved [8]. The further improvement of the
information limit of the TEM has exceptional importance
as a driver for atomic-resolution imaging in materials sci-
ence [9,10] and at even lower energies for light-atom mate-
rials sensitive to knock-on damage [11–13].

The results obtained for the latest Cc- and Cs-corrected
instruments are very convincing. Beyond that it could be
demonstrated that the lateral incoherence and focus spread
due to residual aberrations and instabilities are so small
that a significant better instrumental information limit
should be achievable than the one actually observed [8].
Therefore, during the development of new instrumentation
we thoroughly analyzed this discrepancy and excluded
possible parasitic effects like electronics noise, ac stray
fields, higher-order aberrations, Coulomb interaction in the
beam, and nonperfect vacuum conditions. However, the
observed mismatch did not disappear. Also for the infor-
mation limit achieved in aberration-corrected Lorentz mi-
croscopy [14] with the specimen in the field-free region,
we discovered an unexplained discrepancy. By careful
measurements of the contrast transfer as a function of the
spatial frequency g we found that the mismatch can be
described very well by an isotropic contrast envelope
function of the form exp½�2ð��jgjÞ2� where � is a char-
acteristic image spread [8]. The resulting information limit
gil � 1=ð��Þ does not depend on the numerical aperture
and scales proportional to the electron wavelength � (i.e.,
like a magnetic force) for different beam energies. Hence,
we were faced with a coherence loss of unknown reason in
the process of image formation.

There is a long record of detailed experimental and
theoretical investigations of decoherence phenomena in
transmission electron microscopy due to inelastic scatter-
ing in the specimen and also due to aloof beam excitations
[15,16] since theoretically expected and observed contrast
in TEM were often reported to disagree also in the past
[17–19]. Unfortunately, none of the described effects
proved strong enough to explain the limitation of the
contrast transfer we observed.
What previously had not been considered as a root cause

for decoherence—and, hence, the information limit of an
electron microscope—is the influence of magnetic field
noise caused by thermally driven currents in the conductive
material of the focussing elements like lenses and multi-
poles and in the always present vacuum tubes of the
instrument.
It is known that, in analogy to Johnson-Nyquist noise

[20,21] in electronics, thermal currents in the conduction
band cause magnetic field noise [22–24]. We noticed that a
Cc- and Cs-corrected TEM must be most sensitive to such
effects since first the primary mechanisms of incoherence
are eliminated by the corrector and second the length of its
beam path is increased considerably by the additional optics.
We estimated that fluctuating transversal magnetic fields on
the order of 0.1 nT over a length of a few centimeters along
the optic axis would already explain our observations. This
motivated us to prepare a decisive experiment. If Johnson
noise is the primary reason, it should be possible to show a
temperature dependence of the amount of image spread due
to the thermodynamic nature of its origin. To simplify the
situation, we removed the aberration corrector from the
microscope and replaced it by a cylindrical vacuum recipi-
ent (� ¼ 60 mm) containing a copper tube (� ¼ 15 mm)
with liquid-nitrogen cooling as shown in Fig. 1. The copper
cooler can accommodate a test tube with a diameter of up to
10 mm and a length of 50 cm. A permalloy screen over the
full height of the setup with a diameter of 10 cm was added
for shielding. A few extra lenses and deflectors below and
above allowed us to adjust a parallel beam with variable
aperture magnification as depicted in Fig. 1(a).
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In order to accurately quantify the amount of image
spread introduced in the test setup we used tilted illumi-
nation conditions with large tilt angles. In this situation
achromatic circles can be observed in the diffractograms of
images of thin amorphous foils [25]. Along ring-shaped
scans in the diffractogram, the single side-band contrast
transfer is not affected by the temporal and lateral incoher-
ence of the electron source just as it is the case for the
entire diffractogram if Cc and Cs are corrected. The grad-
ual reduction of the intensity along the rings can be used to

quantify the contrast transfer as a function of the spatial
frequency.
We utilized an amorphous sample of approximately

2 nm tungsten evaporated onto a thin carbon support layer.
The images were acquired with a modified FEI Titan80–
300 microscope at 80 kV acceleration voltage. All diffrac-
tograms (DFTs) are calculated from 2k� 2k CCD images
with 2 s illumination time. The semiconvergence angle of
the corresponding illumination was determined to be typi-
cally � � 200 �rad. For every beam path, the total mag-
nification was adjusted to about the same value (within 3%)
by means of the projector system and calibrated using a
gold-on-carbon sample Agar S106. This largely eliminates
a varying influence of the CCD’s modulation transfer
function. Except for a Hanning filter which removes low-
frequency artifacts from the nonperiodicity of the images,
no filter was applied. The inverted gray scale of the dis-
played diffractograms is chosen according to the rule
½white; black� ¼ ½0; 100� ðmeanÞ�, were (mean) denotes
the average intensity of the corresponding images.
A reference experiment at 80 kV is shown in Fig. 2(a).

The aperture is demagnified immediately behind the objec-
tive lens resulting in the least sensitivity to noise [beam
path A, see Fig. 1(a)]. The diffractogram recorded with a
beam tilt of 2.0� has a double-ring shape reaching out at
least to g ¼ 14=nm. Figure 2(b) shows the empty cooler
experiment with a parallel beam and no test tube is
installed [beam path B, see Fig. 1(a)]. In this case the
sensitivity of the beam is larger and the information trans-
fer is limited to about g ¼ 9=nm.
Figures 2(e) and 2(f) (experiment B3) show the essential

results with a parallel beam and stainless steel (e) and a
permalloy test tube (f) installed at room temperature. Here,
the noise effect is much stronger and limits the information
transfer to about g ¼ 5=nm and g ¼ 3:8=nm, respectively.
In both cases the contrast transfer improves significantly, if
the test tubes are cooled down to an average temperature �T
of about 120 K as demonstrated in experiment (B2) shown
in Figs. 2(c) and 2(d), respectively. Without the presence of
a test tube hardly any temperature dependence can be
observed due to the large diameter of the copper cooler.
This experiment clearly proves the thermodynamic nature
of the observed noise effect and shows that the phenome-
non is related to the material of the test tubes. The different
tilt azimuths shown in Fig. 4 additionally illustrate the
isotropy of the contrast deterioration both for the reference
situation 4(a) and 4(b) and the situation with increased
image spread 4(c) and 4(d).
The diffractograms have been scanned along circular

rings with a width equivalent to the full width at half
maximum (� 10–20 pixels) of the achromatic rings. The
scan area is indicated in Fig. 4(a). For every g position
about 200 pixels have been averaged finally yielding two
branches of the scan. An additional scan rotated by 90�
yields the background, which was subtracted quadratically
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FIG. 1 (color). Experiment to evaluate the effect on the image
contrast. (a) Beam path with low (A) and increased (B) sensi-
tivity from objective lens to the selected area (SA) plane used for
the measurements. The focal length of the objective lens f and
the aperture magnification M are indicated. (b) Sketch of the
TEM column extension with vacuum recipient and liquid nitro-
gen cooler which accommodates the test tube. The position of
the Pt100 temperature sensor is shown. (c) Stainless steel test
tube with an outer diameter of 3.0 mm (top) and stack of � ¼
7:0 mm permalloy test tubes (bottom) both with an inner bore of
� ¼ 2:7 mm. (d) Copper cooler and vacuum recipient before
integration.

PRL 111, 046101 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
26 JULY 2013

046101-2



from the ring scans. In order to determine the relative (addi-
tional) image spread damping for a given diffractogram, the
ring scan of a reference experiment (low beam path A) was
multiplied by exp½�2ð��jgjÞ2� with the only parameter �
until it matches the experiment. Thus the properties of the
amorphous sample (e.g., scattering amplitude as a function
of g) are largely eliminated. This procedure is illustrated in
Fig. 3(a). The uncertainty of this fit for a singlemeasurement
is typically �� � 3 pm, which provides the error bars for
the ordinates in Fig. 3(b), see below. The error bars for the
average temperature �T in the cold equilibrium include the
measured 140 K at the far end of the tube and the limiting
case for a quadratic temperature profile between 77 K and
140 K of about �T ¼ 95 K.

The demonstrated temperature- and material-dependent
image spread can be understood as a result of the integrated

spectral density varðBÞ ¼ Rð�BÞ2df of a transversal com-

ponent B of the magnetic field noise along the beam path
through the test setup. Several strategies are known to
calculate the spectral noise density �B / ffiffiffiffiffiffiffiffiffi

kBT
p

, where
kB denotes the Boltzmann constant and T the absolute
temperature [22,26]. The most versatile are based on the
fluctuation-dissipation theorem of thermodynamics
[24,27]. The upper frequency limit of the noise spectrum
is given by the inductive cutoff frequency find. For metals
with a typical resistivity of �� 10�6 �m it varies from a
few kHz to 10 MHz depending on the geometry [22,24].
It is an immediate consequence of these low frequencies

that the interaction of the beam electrons occurs in the near
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FIG. 3 (color). Evaluation of the diffractograms. (a) Gradual
reduction of contrast along an achromatic circle with (blue) and
without (green) image spread from the test tube. The blue curve
is compared to the green one multiplied by an envelope function
corresponding to different image spreads � (light blue). A best
fit is obtained for an image spread � of 67 pm. (b) Temperature
and material dependence of the variance of the magnetic field
noise times the correlation length � as evaluated from the
experiments (B1)–(B3) shown in Fig. 2. The least-squares fits
(solid lines) are done for the data of the experiments (B2) and
(B3) and are extrapolated. The experiment (B1) with the empty
cooler has been placed at �T ¼ 0 K. All the data points are
intentionally displaced by 1 K with respect to each other to
make the vertical error bars better visible.

FIG. 2. Diffractograms from images with tilted illumination.
(a) Recorded with low beam path A. (b) Recorded with beam
path B and empty cooler. (c),(d) Recorded with beam path B at
�T � 120 K and a stainless steel (c) and permalloy (d) test tube,
respectively. (e),(f) Identical beam path B at room temperature
and a stainless steel (e) and permalloy (f) test tube. All images
have the same Nyquist frequency of gNy ¼ ð33� 0:8Þ=nm, the

diffractograms are cropped at gNy=2.
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field region of the dipoles corresponding to the current loops,
since kjr� r0j ¼ ðð2�fÞ=cÞjr� r0j 	 1. The quasi-static
approximation of Maxwell’s equations can be used.

A second consequence is, that the time of flight of a
relativistic electron is small compared to the decay time
1=find of the thermal current configuration. Hence, during
the time of passage of the electron the magnetic deflection
fields do not change. However, the configuration of the
deflection fields along the optic axis is different for almost
every single electron of the typical 109 electrons which
contribute to the image acquired in 1–2 s. This situation of
‘‘frozen dipoles’’ is very similar to the frozen phonon
approximation used in the quantitative simulation of ther-
mal diffuse scattering in electron microscopy [28].

It is important to note that especially magnetic materials
cause a large total variance of B, although the initial roll-

off of the spectral density �B� f�1=4 starts typically at
frequencies as low as fskin ¼ 1–10 Hz due to the skin

effect [24]. This is because the integral
Rðf�1=4Þ2df still

adds a large contribution to the total variance up to the
inductive limit find 
 fskin.

A further important aspect which has not been discussed
so far is the correlation between the field noise at different

z positions along the optic axis. The ensemble average
h�i ¼ 	hRBðzÞdzi with 	 ¼ jej�=h of the total angular
deflection� of the electrons due to the Lorentz force after
passage through the test tube is zero. Its variance, however,
can be calculated from

h�2i ¼ 	2

�Z
BðzÞdz �

Z
Bðz0Þdz0

�

¼ 	2
ZZ

hBðzÞ � Bðz0Þidzdz0:
For a long test tube with constant diameter the covariance
of the field noise hBðzÞ � Bðz0Þi ¼ 
ðz; z0ÞvarðBÞ at two
different positions is almost stationary and depends only
on the z� z0 distance along the optic axis. It can be
approximated by a constant correlation length � ¼R

ðz� z0Þdz0 and we finally get

h�2i ¼ 	2
Z

�varBdz � 	2L�varB;

were L � 0:5 m denotes the length of the test tube. For a
vanishing correlation length the variance of the deflection
angle would be zero but due to the validity of the Laplacian
equation for the noise fields originating from distant cur-
rents in the tube material, the correlation increases with
increasing distance from the walls. Without proof, we note
here that the correlation length � within a long cylinder
is proportional to its radius R and about 3R=2 for a thin
liner tube.
In the case of a parallel beam with aperture magnifica-

tion M [see Fig. 1(a)] the angular deflection translates
into the image spread �2 ¼ M2f2h�2i. Therefore, the
significant figure to describe the effect of the field noise
on the optics is �varB as a function of temperature, ge-
ometry and material. This is expressed by the relation
�varB ¼ �2=ðM2f2	2LÞ.
Figure 3(b) shows the noise effect derived from typically

4–6 images per setup and temperature with different
beam tilts, exemplarily shown in Fig. 2. The aperture
magnification was always M ¼ 2:4 for a focal length
of f ¼ 1:73 mm, and hence M2f2	2L ¼ 9:1 m=T2.
Extrapolation to T ¼ 0 K matches experiment B1 with
an empty cooler and hence shows that the magnetic and
the nonmagnetic test tubes become approximately invis-
ible (noise free) at T ¼ 0 K. The residual noise contribu-
tion in experiment B1 compared to beam path A can be
attributed to effects from the warm parts of the instrument
above and below the test setup. The linear variation of the
variance with temperature agrees with the theoretical pre-
dictions. At room temperature (experiment B3) we mea-

sure the stochastic scattering angle
ffiffiffiffiffiffiffiffiffiffih�2ip ¼ 25 nrad for

permalloy and
ffiffiffiffiffiffiffiffiffiffih�2ip ¼ 17 nrad for stainless steel. More

generally we can derive the relation

ð�varBÞðTÞ ¼ C�0kBT=R
2;

where the dimensionless constant C depends on the ge-
ometry and only weakly on the type of the material.

FIG. 4 (color). Initial experiments with tilted illumination.
(a) Diffractogram recorded with a beam tilt of 1.6� demonstrat-
ing contrast transfer up to about g ¼ 14=nm. The area used for
the ring-shaped line scan in the evaluation and the corresponding
vector of the spatial frequency g are depicted in red. (b) Same
situation with rotated azimuth of beam tilt. (c) Diffractogram
recorded for cold permalloy test tube showing significantly
reduced contrast transfer due to image spread. (d) Same situation
with rotated azimuth of beam tilt. All corresponding images have
the same Nyquist frequency of gNy ¼ ð33� 0:8Þ=nm, the dif-

fractograms are cropped at gNy=2.
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Surprisingly, findings of Lee and Romalis [24] suggest in
accordance with our own calculations that the integral
noise varðBÞ � �Bð0Þ2find does not depend on the resis-
tivity � of the material over a range of magnitudes, since

�Bð0Þ � ��1=2 and find � �. In our case (C � 0:2 for the
thin nonmagnetic cylinder) the characteristic length R is
the inner radius of the test tube. The relocation of the noise
currents to the surface due to the skin effect in magnetic
bulk materials eventually increases the prefactor C by a
factor of 2–4. However, we have to leave the question open
if a low-noise material with a significant conductivity (and
possibly permeability) exists.

Our experiments have revealed a hitherto unknown fun-
damental performance limitation for electron microscopy
due to the stochastic beam deflection caused by the noise
fields. Scaled to the present day Cc- and Cs-corrected
microscopes this readily can explain the reported image
spread of, e.g., � � 15–25 pm for a high-resolution objec-
tive lens [8]. This limitation affects in a similar way also
the effective source size in the scanning transmission elec-
tron microscope. A detailed understanding of the origin
and the properties of the thermal field noise should gen-
erally be considered very valuable for the design of future
advanced instrumentation in charged particle optics. The
demonstrated relation between thermodynamic current
fluctuations on the optical transfer function of the electron
microscope may also help to further investigate the impact
of the magnetic field noise in other scientific fields.
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