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ABSTRACT

We study the effects of temperature on the properties of thermal vibrations of individual LaBs single-crystal nanowires inside a transmission
electron microscope using a method which combines high spatial resolution, high temporal resolution, and in situ temperature control.
We find that the vibrations can be accurately modeled by classical formalisms, despite the small size of the resonator. We observe a vibration
frequency decrease with temperature which enables us to measure the temperature coefficient of Young’s modulus, finding a value of
ap = —9 x 107° K™! over the 300-700 K temperature range. We additionally introduce a method to precisely measure the vibration ampli-
tude, which agrees well with values predicted by the Boltzmann equipartition theorem over the entire temperature range.
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I. INTRODUCTION combined scanning electron microscopes (SEMs) and fast signal
acquisition electronics in order to study the dynamics of individual
vibrating objects.''~'” In these cases, the measurements are limited
by the nanometer-level spatial resolution of the microscope. An
obvious solution is to use a transmission electron microscope
(TEM), which is able to image nanomaterials with sub-angstrom
resolution. We have recently introduced a method to separate and
directly image thermal vibration modes in a TEM,'® which showed
excellent qualitative agreement between the measured and calcu-
lated mode shapes at room temperature.

The characterization of the vibration properties of nanometer-
sized objects is important due to their applications as nanomechani-
cal resonators.'™ Evaluating these properties is also critical in cases
where vibration has detrimental effects on the function of these
nanostructures, such as the loss of spatial coherence for electron
sources.”” Understanding temperature effects on these properties is
important for devices operating as high-temperature resonators™ or
electron emitters, where temperature is used to lower the work func-

tion of the material and maintain a clean surface.” In addition, In the present study, we extend our previous work by varying
thermal activation is interesting for designing self-powered devices.’ the temperature of the sample in situ using a heating holder and

Measuring vibration properties becomes increasingly challeng- investigating the effects of temperature on the properties of thermal
ing as the size of individual objects decreases and requires solutions vibrations. The first part of the paper provides a detailed analysis in
such as coupling with optical cavities."’ Electron microscopes offer the time- and frequency domain of the signals which we collect
excellent spatial resolution, but relatively poor temporal resolution during the experiment, which includes a comparison with simu-
when compared to the vibration frequency of nanostructures, lated data. The second part analyzes the temperature dependency
which can easily extend beyond the MHz regime.” In order to over- of the frequency variation with temperature, using mechanical
come the temporal resolution limitation, previous studies have vibration theory in order to model it and derive the temperature
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coefficient of Young’s modulus. The third part of the paper intro-
duces a method to precisely measure the vibration amplitude,
which is modeled by using the Boltzmann equipartition theorem.
Finally, the main challenges and limitations are discussed in detail.

Il. METHODS

The single-crystal LaBs nanowires used in this study were syn-
thesized following a procedure described previously.'” Briefly, BCl,
gas and LaCl; powder were introduced in a quartz tube furnace
and heated to 1150°C; the nanowire growth occurred on a
Pt-coated Si substrate, placed downstream from the location of the
powder. An individual nanowire was deposited on the tip of a Ta
needle using a nanomanipulator;'® the nanowire was aligned to the
axis of the needle. The Ta needle was then fixed on a 3 mm washer
using Ag epoxy. The final assembly could be installed into a stan-
dard TEM sample holder. A low-magnification TEM image of the
nanowire is displayed in Fig. SI in the supplementary material,
showing that the nanowire extends beyond the edge of the Ta
needle by a distance of approximately 12 um.

The experiments were performed using a TFS Titan®> micro-
scope, equipped with dual aberration-correctors and a monochro-
mator. The microscope was operated at 80 kV in STEM (scanning)
mode, with a convergence angle of 18 mrad, resulting in a probe
size of less than 0.2nm (FWHM). The probe current was set to
approximately 100 pA. The sample was installed in a single-tilt
MelBuild furnace-type heating holder, which allows for heating up
to 600 °C. The temperature of the nanowire was varied between
room temperature and 400°C, with a soak time of more than
30 min after each temperature change.

An outline of the experimental setup is displayed in Fig. 1.
The data were collected using a custom scanning and acquisition

electron beam

scan controller

scan coils «———

nanowire

digitizer /

|NEREE]

< >

detector

FIG. 1. Schematic description of the experiment.
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system,'® composed of a scan controller implemented using a
National Instruments (NI) PXle-7862 field-programmable gate
array (FPGA) based reconfigurable /O module connected to the
scan coils, together with a NI PXIe-5111 high-speed digitizer con-
nected to a Gatan 806 high-angle annular dark-field (HAADF)
detector. The data were acquired using NI LabVIEW and processed
using Tmage]'” and Gatan DigitalMicrograph. The experiment con-
sisted of collecting the HAADF detector signal at high speed at each
point, over the entire scanned area, resulting in a 3D data set.
Data-cubes of 128 x 128 x 8192 voxels were collected at each temper-
ature, using acquisition rates of 2 and 20 MHz at each scan point.

In order to better understand the experimental results, the
signals were simulated by generating square-wave functions and
convoluting them with Gaussians, followed by Fourier analysis.
Noise was also added to the calculated signals; however, it did not
make any significant difference to the results. The calculations were
performed using GNU Octave. The code used for the calculations
can be found in the supplementary material.

Ill. RESULTS
A. Time-domain analysis

The signal collected by a STEM detector is usually constant at
each scan position; in the case of a HAADF detector, it is approxi-
mately proportional to Z'’t, where Z is the average atomic number
of the sample at that point and ¢ is the thickness.”’ However, in our
case, this signal is modulated by the thermal vibration of the nano-
wire. This is schematically illustrated in Fig. 2(a). Here, the nano-
wire vibrates between two extreme positions marked by orange and
purple contours, its trajectory described by a sine function. When
the electron beam is fixed in a position along this vibration path,
the detector signal will be high (H) when the nanowire covers the

beam and low (L) otherwise. Thus, the signal at the detector will be ;
a square wave with the same period as the vibration of the nano- ¢

wire. If the position of the beam is close to the outside contour
[marked as “position 1” in Fig. 2(a)], the signal will be low for
most of the vibration period, resulting in a low duty cycle. On the
contrary, if the beam is fixed close to the inside contour [marked
as “position 2” in Fig. 2(a)], it will be covered by the nanowire
during most of the vibration period, resulting in a high duty cycle.
It is important to note that the middle point of the vibration,
marked by a black contour, is the only location where the signal
has a 50% duty cycle.

This idealized explanation can be compared with the two
experimental signals in Fig. 2(c), extracted from points “1” and
“2” of the HAADF image in Fig. 2(b). While there is good agree-
ment with respect to the duty cycle, the main difference
with Fig. 2(a) is that the experimental signals appear rounded
(softened). There are two main reasons for this, which will be dis-
cussed in detail in the later sections of the paper: the fact that the
nanowire edge is not perfectly flat and the finite response time of
the HAADF detector. A much closer match is obtained by com-
paring experimental data with the square-wave calculations in
Fig. S2 in the supplementary material, which are described in
detail below.

The signals in Fig. 2(c) can also be used in order to estimate
the amount of noise present in our measurements. The bottom
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FIG. 2. Time-domain analysis. (a) Schematic illustration. (b) HAADF image of the tip of the nanowire. (c) Detector signal from points marked “1” and “2” in the image. The

two signals have been manually offset for clarity.

part of the black curve (corresponding to point “17) shows the
detector signal in the absence of the nanowire; the noise level is rel-
atively low. The top part of the red curve (corresponding to point
“2”) shows the detector signal while the beam is covered by the
nanowire; this curve appears noisy; however, this is the actual
signal due to the overlap of the various vibration modes of the
nanowire.

B. Frequency-domain analysis

Further insight can be gained by converting the time-domain
data-cube into the frequency domain, which is done by applying a
Fourier transform to the time-domain signal collected at each
point. Figure 3(a) shows a HAADF image of the scanned area at
the tip of the nanowire, while Fig. 3(d) shows the average FFT spec-
trum from the entire area. The two strongest peaks represent the
1st and 2nd harmonics of the first (fundamental) vibration mode
of the nanowire. Mapping these two peaks over the entire scanned
area produces the images in Figs. 3(b) and 3(c), respectively. The
image in Fig. 3(b) represents the vibration profile of the nanowire,
and we have previously shown that this type of analysis can be
extended to the higher order vibration modes.'

It is interesting to note that the map in Fig. 3(c) shows a
minimum. This is also visible in Fig. 3(e), which plots the intensi-
ties of the Ist and 2nd harmonics of the first vibration mode along
the direction indicated by a white arrow. The explanation for this
minimum can be found in the mathematical properties of the har-
monics of square waves. A numerical simulation of this effect is
shown in Fig. S2 in the supplementary material, which displays
how the FFT spectrum of a square-wave changes as the duty cycle
is increased, while all the other parameters are kept constant. The
data show that, in the special case of a 50% duty cycle, all of the
even harmonics are suppressed. This agrees well with our explana-
tion in Fig. 2(a), where we pointed out that this corresponds to the
middle point of the vibration of the nanowire. This can further-
more be interpreted as the position of the nanowire in the absence
of any vibrations. The calculations are summarized in Fig. 3(f),

which can be compared to the experimental data in Fig. 3(e). There
is qualitative agreement between the two figures, with the biggest
difference being that the peaks in Fig. 3(e) are asymmetric. This is
due to the finite response time of the HAADF detector and will be
discussed in detail below.

C. Temperature dependency of the vibration
frequency

By performing the analysis in Fig. 3(d) for each temperature,
we can determine the variation of the vibration frequency with
temperature, which is plotted in Fig. 4(a). This phenomenon can

be modeled using mechanical vibration theory. The fundamental ;
vibration frequency of a beam which is clamped at one end is :

1 a*> [EI
2 /m \ L¥
where a=1.88, m is the mass, E is Young’s modulus, L is the
length, and I is the cross-sectional area momentum of inertia

([y*dA). Considering that LaBs has cubic symmetry, we can
assume isotropic thermal expansion,

f= 1

I =11 +aAT)% L= Ly(l + aAT); E = Eg(1 + agAT), (2)
where o is the thermal expansion coefficient and oy is the thermal
coefficient of Young’s modulus. Combining Egs. (1) and (2), we
obtain

1 a?

2w \/m

+(ZE

f= E"I“ \/(1 FaAT)(1 + apAT) = f, (1 + AT)

(©)

An identical expression can be obtained for each of the
higher modes of vibration by changing the value of the parameter
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a. The corresponding experimental data for the second and third
modes are given in Figs. 4(b) and 4(c). Due to the higher fre-
quencies, the data acquisition rate is higher, resulting in lower
frequency resolution and, thus, higher measurement uncertainty
for the second and third modes. The third mode compensates for
the loss of frequency resolution by having a larger variation
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Using the experimental data in Fig. 4(a), we can determine the
slope as o+ ap = —8.28 x 107> K~!. Considering the thermal
expansion coefficient as a =27 x 1076 K 1,*
Although we did not find any other

we finally get
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FIG. 4. Temperature dependency of the nanowire vibration frequency for the first three modes of vibration.
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experimental data for this parameter, our value agrees well with the
—1.5 x 107**" and —1.2 x 107* K!* values obtained by calcula-
tions, which confirms the validity of our method. It is important to
mention that Eq. (3) does not require any prior knowledge or mea-
surement of the nanowire’s geometry or properties, which elimi-
nates potential sources of error. Finally, it is interesting to note that
the two thermal coefficients have opposite signs. Therefore, the
decrease in frequency with temperature is due to the much larger
temperature coefficient of Young’s modulus. In the absence of this
variation, due to thermal expansion alone, the frequency should
display the opposite behavior and increase.

The absolute value of the frequency can be used to determine
the exact length of the suspended part of the nanowire.
Equation (1) can be re-written as

¥ a* EI L 1 EI @
= — - — R -
27L2 \| pA “ 2rf \/ pA’

where p is the density and A is the area of the cross section of the
nanowire. This expression is particularly convenient for cases
where the cross section is not a simple geometric shape, such as the
nanowire. An image of the cross section is shown in Fig. S3 in the
supplementary material; these data were obtained by tomography,
as described previously.'>*® From the cross-sectional image,
parameters A and I can be determined numerically; we obtain
A=295x10°nm” and I=7.68x10° nm". Using these values, as
well as p=4720 kg/m3 and E =467 GPa,”’ we obtain L=15 um.
This length is significantly different from the 12 um which can be
measured in Fig. S1 in the supplementary material, implying that
the suspended length of the nanowire extends approximately 3 um
inside the area covered by the Ta needle. Further proof that the
part of the nanowire located close to the edge of the needle is
vibrating is given in Fig. $4 in the supplementary material, which
shows a high-resolution image of the nanowire lattice in that area.
The profiles show that the lattice along the direction of the vibra-
tion (“Y”) is much less resolved than the perpendicular direction
(“X”), which should not be the case considering the cubic lattice of
LaBg and is a result of blurring introduced by the vibration.

D. Temperature dependency of the vibration
amplitude

The vibration amplitude can be obtained by fitting the profile
of the 1st harmonic of the fundamental vibration mode in Fig. 3(e).
We have found that a suitable expression for performing this fit is
the “asymmetric peak” function implemented in Gatan’s
DigitalMicrograph software. This expression is defined as

- w o a2y
g(x) —A{s(cl pr xo)z n wz) +(1 s)(we (=) )], (5)

where w =x-E+w, ¢; =2/, ¢; = V/4In(2)/7, c; = 4In(2), A is
the scale, xo is the position for E =0, w is the FWHM for E=0, E is
the asymmetry factor, and s is the shape factor. All of the parame-
ters in Eq. (5) are fitting parameters, except for x which is the inde-
pendent variable. With respect to Fig. 3(e), xo is the location of the
center of the curve (which indicates the equilibrium position of the

METHOD pubs.aip.org/aip/jap
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FIG. 5. Temperature dependency of the nanowire vibration amplitude.

nanowire), while Wy = x; - E + w represents the width (which is
proportional to the vibration amplitude). The results of fitting the
profile at each temperature are plotted in Fig. 5, by considering the
vibration amplitude as wy/2.

The amplitude of the vibration can be modeled considering
Boltzmann’s equipartition theorem, which assigns each vibration
mode an energy of 1/2 kT,”’

22 \/F
Z—7\/ﬁ E, (6)

where k is Boltzmann’s constant. Using the previously determined
values for L and I, we obtain z = 2.88 x 10~1°y/T. This is in excel-
lent agreement with the red curve in Fig. 5, which is obtained by
fitting the experimental data z = 3.07 x 10719y/T.

It is interesting to note that, somewhat counterintuitively, this
method cannot be used to obtain the amplitudes of the higher
vibration modes. This is because the higher order modes are modu-
lated by the fundamental mode. This modulation has the effect of
extending the signal of the higher order vibrations to the entire
area covered by the first mode. The opposite also holds; however,
the effect should be less pronounced owing to the much smaller
amplitudes of the higher order modes. Nevertheless, this could
explain the slightly higher experimental value in the previous
paragraph.

IV. DISCUSSION

There are two factors which complicate our measurements
and analysis. The first and arguably the most important is the fact
that the nanowire has an irregular, rounded cross section, as shown
in Fig. S2 in the supplementary material. This distorts the time-
domain signals in Fig. 2 and broadens the FFT intensity profiles in
Fig. 3. Additionally, this complicates our modeling because
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established expressions for simple geometrical shapes cannot be
used. An even more straight-forward example of this problem is
illustrated in Fig. S5 in the supplementary material, which shows
averaged plots of the nanowire’s width at different temperatures.
There is no obvious broadening of the profiles, despite the increas-
ing amplitude of the vibration.

Another important issue is the temporal resolution of the
system, which is determined by the response time of the HAADF
detector. The Gatan 806 detector has a scintillator/photomulti-
plier (PMT) design; the scintillator used is yttrium aluminum
perovskite (YAP), which has a reported decay time constant of
7~271ns,%% resulting in a pulse width of 37~ 100 ns. However,
the PMT and downstream electronics broaden this pulse to
~400-500 ns.”’ This is likely due to design considerations since
such a detector is mainly optimized for high gain and low noise.
This becomes an issue when collecting square-wave signals with a
very high dwell-time since, as illustrated in Fig. 2(a), the time
when the signal is low can be much shorter than the ~2.5us
vibration period of the nanowire, preventing the detector signal
from returning to its initial level. Since these high dwell-time
signals are located toward the interior of the nanowire, this could
explain why the peaks in Fig. 3(e) show an asymmetry in that
region. While the current setup is limited in terms of time resolu-
tion to ~10 MHz, the latest generation of fast scintillator detec-
tors have shown response times down to ~I1ns,”" which would
allow vibration measurements into the GHz regime and extend
the methods shown here to a wide variety of nanoresonators.

Lastly, the agreement between the measured and calculated
vibration amplitudes allows us to infer that there is no difference
between the actual temperature of the nanowire and the value set
using our heating holder. This fits well with estimates according
to which the temperature of ceramics should increase by less
than 0.1 K when using a 100 pA electron probe.’” Another argu-
ment comes from the fact that the irradiated region of the nano-
wire shown in Figs. 2(b) and 3(a) is ~150 nm in length, which
represents ~1% of the total volume of the nanowire, considering
the 15 um length estimated earlier. Therefore, we can confidently
state that heating by the electron beam is negligible in our
experiments.

V. CONCLUSIONS

In conclusion, we have combined the well-known spatial reso-
lution of the TEM with the high temporal resolution of our custom
acquisition system and with temperature control in order to gain
insight into how temperature influences the thermal vibration
properties of individual nanowires. Within the constraints of our
experiments, the nanowire vibration can be accurately modeled by
classical formalisms, such as mechanical vibration theory and
Boltzmann’s equipartition theory, despite the small size. We have
taken advantage of this in order to measure material properties
which would otherwise be difficult to determine, such as the tem-
perature coefficient of Young’s modulus.

SUPPLEMENTARY MATERIAL

See the supplementary material for a low-magnification
image of the nanowire (Fig. Sl), square-wave signals and

METHOD pubs.aip.org/aip/jap

corresponding FFTs (Fig. S2), nanowire cross section (Fig. S3),
nanowire high-resolution data near the end of the Ta needle
(Fig. S4), and HAADF profiles of the nanowire at various tempera-
tures (Fig. S5).
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