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ARTICLE INFO ABSTRACT

In this paper, we developed a low-cost, highly sensitive magnetization characterization instrument using a sound
card and compared its sensitivity with commercially available measurement techniques. Firstly, we use an RLC
circuit to measure the frequency-dependent response of the sound card and compare it with a lock-in amplifier.
Then, we construct a simple but versatile measuring instrument, vibrating sample magnetometer (VSM) based on
audio components, where data acquisition is performed by the sound card and the commercial lock-in amplifier.
We test our magnetometry by measuring the magnetic hysteresis of three distinct samples: Nickel bulk piece,
perm-alloy thin film with an easy-plane anisotropy, and Co/Pt multilayer with perpendicular magnetic aniso-
tropy. We also analyze the magnetizations of three samples for different vibration frequencies and compare the
sensitivities of two data acquisition methods. Although the sound card performs slightly worse than the lock-in
amplifier at the vibration frequencies lower than 20 Hz due to the frequency cut-off, the sound card provides
approximately seven times better sensitivity than the lock-in amplifier does at higher frequencies up to 60 Hz.
We found that the sound card based VSM can have a sensitivity as high as 2 micro-emu at 34.7 Hz vibration
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frequency, which can be suitable for various laboratory and industrial applications.

1. Introduction

Measurement of magnetization is an important characterization step
for magnetic materials in the field of condensed matter physics to un-
derstand their fundamental properties and to utilize in industrial ap-
plications [1]. To quantitatively define the magnetic state of the matter,
the induction from the total magnetic moment is usually measured as a
function of an external magnetic field, which is known as a magnetic
hysteresis measurement [2]. In this method, a hysteresis measurement
can provide information about magnetic properties such as retentivity,
coercivity, and susceptibility, all of which play crucial roles in studies of
magnetic materials [1,3-6]. The most common instruments employing
the induction method are SQUID and vibrating sample or coil magne-
tometries. Although SQUID provides the highest sensitivity (~10~ emu
[7]1) among three, its operation is costly due to the usage of cryogenic
liquids. On the other hand, vibrating sample or coil magnetometers are
relatively cost-effective for magnetic hysteresis measurements, and they
provide a sensitivity at the order of 10~ emu [6]. Vibrating sample
magnetometry (VSM) is more straightforward and sensitive compared
to vibrating coil magnetometry; however, the later makes the mea-
surements possible even at sub-Kelvin temperatures [8].

The VSM technique employs a vibrator (e.g., motor) to create a
magnetic flux change around the magnetic sample, which induces an
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AC emf on pickup coils near the sample. This AC voltage is proportional
to the magnetization of the sample, and its measurement can be per-
formed by a dedicated circuit or a lock-in amplifier [9,10]. Although
lock-in amplifiers are common in research laboratories for phase-sen-
sitive measurement of modulated signals, they still cost around $5000.
On the other hand, commercially available sound cards are able to re-
cord modulating waveforms and provide an extremely high bit analog-
to-digital conversion (ADC), similar noise levels to a lock-in amplifier,
multiple inputs for synchronous measurements, and default computer
interface [11], and these sound cards are widely available at a fifty-
times lower price compared to a lock-in amplifier. These advantages
make them an alternative for measurements within the frequency range
of human hearing, which is between 20 Hz and 20,000 Hz frequencies.
Indeed, this frequency range is suitable for many laboratory measure-
ments, such as VSM [12].

In this paper, we evaluated the performance of a 4-channel
Behringer (Model UMC404HD) sound card with a 24-Bit ADC resolu-
tion and a 192 kHz sampling rate as an alternative to a commercial
lock-in amplifier (Signal Recovery 7230) with a 10-Bit ADC resolution.
Although a computer can directly acquire the phase sensitive mea-
surements from the lock-in amplifier, we developed a LabView code to
compute the in-phase and out-of-phase component of the measured
waveform from the sound card. First, we constructed an RLC circuit and

Received 15 November 2019; Received in revised form 23 January 2020; Accepted 3 February 2020

Available online 04 February 2020
0304-8853/ © 2020 Elsevier B.V. All rights reserved.



B.R. Sankhi and E. Turgut

measured the frequency-dependent voltage on the resistance by both
the sound card and the lock-in amplifier. This RLC circuit test allows us
to understand the internal mechanisms, limitations, and advantages of
the sound card. Next, we constructed a vibrating sample magnetometer
based on audio components, which makes magnetization character-
ization significantly economical and versatile. In our hysteresis tests, we
used three distinct samples: a Nickel piece, a perm-alloy thin film with
an easy-plane anisotropy, and a Co/Pt multilayer with perpendicular
magnetic anisotropy. All the hysteresis curves of the samples have been
successfully obtained, and the Anomalous Hall effect measurement
confirms the Co/Pt multilayer hysteresis as being the most challenging
sample among three. We also varied vibration frequency to optimize
the sensitivity, which is found at the order of 5.4 x 10 ~° emu at 34.7 Hz
with the sound card and approximately seven times higher compared to
the sensitivity of the lock-in amplifier.

We organize the paper as follows: The second section describes the
RLC circuit and the LabView code for the phase-sensitive detection with
the sound card. The third section details the VSM design, the theoretical
calculation of the VSM sensitivity, and the hysteresis characterization of
three samples. The fourth section summaries our findings.

2. RLC circuit

An RLC circuit is a common method to evaluate a frequency re-
sponse of a phase-sensitive measurement by analyzing the amplitude
and the phase of an AC voltage from the components. One RLC circuit
was already used to evaluate the frequency response of a sound card by
comparing a commercial lock-in amplifier [13]. This characterization is
a crucial step before using sound cards for scientific purposes, because
each sound card may have a different filtering and frequency-depen-
dent amplification, which requires to be determined for calibration
purposes. In our RLC circuit, we connected the circuit components in
series and attached the measurement units, as in Fig. 1. We employed
the oscillator output of the lock-in amplifier as an AC voltage source for
the circuit. We also connected this output into Channel 2 input of the
sound card to demodulate the signal, which is similar to the reference
input in the lock-in amplifier. The voltage dropped across the resistor is
first measured by the lock-in amplifier and then by the sound card, both
of which are analyzed by Labview codes. We avoided simultaneous
measurements by two instruments to prevent any cross-talk. Below we
give a background about the phase-sensitive measurement of the
modulated signal, which will be helpful to elaborate our home-made
lock-in code in LabVIEW software.

The voltage on the resistor R (Vg), can be written as [13];

W:%R(Ru(m_ 1)]

2nfC 6

Lock-in amplifier

¥ Reference

g Sound card

Fig. 1. Schematic of the RLC-circuit and connections with the lock-in amplifier
and the sound card. The frequency-dependent voltage on R (Vi) is measured by
the lock-in amplifier and the sound card.
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where Vy, f, L, and C are the amplitude and frequency of the sinusoidal
input, inductance, and capacitance of circuit elements, respectively.
The resonance frequency is simply f, = {27 (LC)"/?}~1. The phase dif-
ference between the input signal and the Vy is

8= Arctan[(Zﬂ - ;)R’l]
2zfC )

In a phase-sensitive detection, a signal V; = Asin(2zft + §) is mixed
with both in-phase reference sin(27ft) and out-of-phase reference
cos(2xft) signals. After mixing, the resulting voltages would be
X= %cosﬁ + AC for the in-phase reference and Y = %siné + AC for
the out-of-phase reference. By using a low-pass filter, we filter the AC
components and only retain the DC components of X and Y signals,
which can be directly read from our lock-in amplifier. Then, the am-
plitude and the phase on R are calculated by A; = IX + iYl and 6=Angle
[X + iY], where Angle is a function to find the angle of the complex
number.

While commercial lock-in amplifiers can straightforwardly provide
X and Y components of the signal, we implemented additional data
processing after we acquire the signal V; and the reference using the
sound card. Fortunately, these processes are relatively fast and
straightforward by today’s personal computers and widely available
software.

In Fig. 2, we show the block diagram of the phase-sensitive detec-
tion process, which is implemented by LabView software. The signal
and the reference waveforms are measured by Channel 1 and Channel 2
inputs of the sound card, respectively, at 24-Bit ADC and 192 kHz
sampling rate. Because the reference signal is strong enough (0.1 Volt),
the first part of the code called VI-1 accurately calculates the frequency,
amplitude, and phase of the reference signal. To find the out-of-phase
reference, we apply a 90-degree phase shift to the reference in the
second part of the code called VI-2 using the sampling info from VI-1.
Next, we mix the input signal with both in-phase and out-of-phase re-
ference signals resulting in the two outputs, i.e. X and Y. By using
Butterworth low-pass filter, we reject the AC component and finally
obtain the DC components of X and Y values. This filter function also
uses the vibration frequency obtained from the VI-1 and valid high and
low-frequency cut-offs [14].

In our RLC experiment, we first measure X and Y components with
the lock-in amplifier and then repeat the measurement with the sound
card by varying the frequency of the input signal between 5 Hz and
50 kHz. The circuit elements used in the circuit are resistance (R), in-
ductance (L), and capacitance (C) with the values of 5.0 Q, 116.8 mH,
and 1.0 pF, respectively. The measured frequency-dependent ampli-
tudes and phases from the sound card and lock-in amplifier are plotted
in Fig. 3(a) and (b), respectively. Fig. 3(a) shows a perfect agreement
between the sound card and lock-in for the amplitude of the signal.
However, in Fig. 3(b) the sound card shows small discrepancies for the
phases below 20 Hz and above 3 kHz frequencies. Our theoretical
calculations obtained by Egs. (1) and (2) and shown by the black curves
in Fig. 3 mostly agree with the experimental findings, yet the quality
factor is different due to the non-ideal inductance and capacitance in
the circuit.

Notably, the sound card shows a limitation for low frequencies, e.g.
below 20 Hz. This originates from high-pass filters used in most of the
sound cards due to our hearing limit below 20 Hz. Our sound card still
can measure the amplitude correctly, but the phase has an approxi-
mately 10% error below 15 Hz. Secondly, other abnormalities at the
high frequencies in Fig. 3(b) originate from the digitalization of the
signal and the reference and relative delay between them, which be-
comes significant at high frequencies after 2 kHz. By using an RLC
circuit, we conclude that the sound card has comparable specifications
between 20 Hz and 2 kHz and measurements below 20 Hz and above
2 kHz frequencies require additional precaution. Next, we implement
our sound card as a magnetometry measurement instrument to
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Fig. 2. Diagram of the LabView code for
the detection of phase-sensitive signals
with the sound-card. The sound card ac-
quires the signal (Vy) from the resistor and
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characterize three specific magnetic materials.

3. Vibrating sample magnetometer

In our VSM design (Fig. 4), we use a woofer speaker and an audio
amplifier as the vibrator, exploiting the availability of commercial
audio components. The speaker oscillates the sample and creates si-
nusoidal magnetic induction, which is then picked up by the pick-up
coils. For the pick-up coils, choosing the most sensitive coil config-
uration is a tedious task, and there is already a significant amount of
literature on this topic. Mallison et al. used a 4-coil configuration based
on the reciprocity theorem [15], which employs a symmetric arrange-
ment for simplicity. Besides, Bernards [16] had studied 8-coil and 12-
coil configurations and stated the superiority of later one as the output
signals were primarily affected by the image charges in the 8 coil
configuration [16,17]. For complicated arrangements of the coils, Zieba
et al. presented an approximate solution of sensitivity function by using
spherical harmonic expansion [18]. In addition to previous works, there
are recent studies to improve sensitivity and the data acquisition and
process in the VSM technique as being an important characterization
instrument [19-23].

In our VSM, we used the 4-coil configuration as Mallison et al. de-
scribed [15] to have a high sensitivity while keeping the setup compact
and simple. The axes of the coils are parallel to the applied magnetic
field with an electromagnet, which is along the z-axis. Even though this
configuration allows us to measure the magnetization in only one di-
rection, using more coils and sensing magnetization in multiple direc-
tions is left as a future study. As illustrated in Fig. 4, along the z-axis,
the electromagnet creates a uniform magnetic field that is recorded by a
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Gaussmeter, and the sample is vibrated along the x-axis. As the mag-
netic field is swept between two saturated states, serially connected
pick-up coils pick up the periodic flux change. Resulting sinusoidal
voltage is sensitively measured by the lock-in amplifier and the sound
card turn by turn.

Next, we describe the experimental parameters, which are used to
calculate the induced voltage on the pick-up coils. An individual coil
has an outer radius r, = 8.93 mm, an inner radius r; = 4.22 mm, and a
width of w = 8.74 mm. We use AWG 42 copper magnet wire with a
diameter of D = 0.07112 mm to wrap the pick-up coils. The number of
turns of each coil is calculated by n = (”;—?)w and found to be 8118.
The external magnetic field acts along the z-direction and we take the
sample as a point dipole m. The z component of the magnetic field (B,)
due to the magnetization (m) is

By = uym(3z% — x> — y? — zoz)(47r(x2 +y2 + zoz)%)_1 3)
where p, is the magnetic permeability of a vacuum. The coils are fixed
on a 3D printed frame, which keeps 2, constant at 13.24 mm. The coils
are also 25 mm apart in the x-direction. The flux produced on a coil is
found by ¢, = [f Bzdxdy, where we change variables to the cylindrical
coordinate of a coil by x = x, + psiné andy = pcos6. We then express
the integral by 6 = 0 — 27 and p = 0 — r; limits, where r; is the radius
of the ith wrap along the radius. There are approximately 66 layers
((r, — 1)/D) along the radius and 123 layers (w/D) along the axial di-
rection. Next, we calculate individual flux quantities and sum these 66
flux quantities and multiply with 123. This method results in a more
accurate calculation of the total magnetic flux, instead of assuming all
the wraps have the same magnetic flux and multiplying with the total
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Fig. 3. a) The potential on the resistor as a function of frequency. a) amplitude and b) phase with respect to the input reference. The blue circles (o) and red circles (o)
correspond to the soundcard and the lock-in amplifier measurements, respectively. The black line is the theoretical calculation by assuming ideal circuit components.
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Next, we find the induced voltage on the coil V' = =% = — ==,

where x is the vibration direction. The displacement of vibration at any

time t is represented by x = Asin 2xft, where f is the frequency and A is

the amplitude. Using Mathematica, we first differentiate with respect to

x and perform the integration. We finally find the rate of flux change

% = 36.4 X 10°Wb/m and the induced voltage,
Mo X m 6
V=4—-(36.4 X 10° X A2
o ( f) 4

After we theoretically calculate the induced voltage due to a mag-
netic moment, we test the sensitivity of our VSM by studying hysteresis
curves of three distinct magnetic samples, i.e. a tiny nickel piece
(99.99% pure), perm-alloy thin film, and Co/Pt multilayer. The fol-
lowing sections below explicate the theoretical calculations and ex-
perimental results obtained in our VSM experiment for each sample.

3.1. Ni piece

In our first test, we use a nickel piece (99.99% pure) with a mass of
0.22 g. Density and the saturation value of magnetization of Ni are
given 8.90 g/cm® and 5.1 X 10° A/m, respectively [1]. The total
magnetic moment is found by m= M x Volume= 12.75 x 107> Am?
The experiment is repeated for the vibration frequencies of 17 Hz,
34 Hz, and 64.7 Hz and corresponding induced voltages are captured by
both the lock-in amplifier and sound card. By using Eq. (4), we find the
value of saturated induced voltages 2.38 x 1072V (with an oscillation
amplitude A = 1.22mm), 1.72 x 1072V (with A = 0.43mm), and
1.92 x 1072V (with A = 0.26mm), at 17 Hz, 34 Hz, and 64.7 Hz fre-
quencies, respectively. These oscillation amplitudes are found from the
displacements of the sample using a high-speed camera.

In the experiment, the time constant and waveform acquisition time
for lock-in amplifier and soundcard are maintained at 200 ms and
800 ms, respectively. We also varied the cut off frequency in the
Butterworth filter for the optimum mixing of the signals from the sound
card. Fig. 5. a), b) and c) represent the measurements of induced
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Fig. 4. (a) 3-D printed coil holder with the
dimensions of 12 x 41 x 82 mm?®. We built
the pickup coils from sewing bobbins with a
20 mm diameter and 12 mm width. (b) The
picture of pickup coils mounted on 3-D
printed holder. (¢) Schematic of vibrating
sample magnetometer. Four pickup coils are
located between the pole pieces of an elec-
tromagnet. The sound card and the lock-in
amplifier are connected to the VSM turn by
turn. A laud woofer speaker and audio am-
plifier are used to vibrate magnetic samples.

voltages from the Ni piece as the magnetic field sweep from —0.2 T to
0.2 T at different frequencies, which are referred to as hysteresis loops.
In each plot, blue and red curves represent the soundcard and lock-in
amplifier, respectively. The saturation induced voltages measured by
the lock-in amplifier are 2.25 x 1072V, 1.19 X 1072V, and 2.85 X 1072V
for the frequencies of 17 Hz, 34 Hz, and 64.7 Hz, respectively. Because
the soundcard has complicated filtering and amplification, the mea-
sured values with a sound card are calibrated using the lock-in mea-
surements. We note that our experimental results are in very good
agreement with the theoretically estimated induced voltages. More-
over, the induced voltage responses measured with the soundcard are in
perfect correspondence with the ones obtained with the lock-in am-
plifier, which illustrates the excellent performance of the soundcard for
measuring modulated signals.

3.2. Perm-alloy thin film

As the Ni piece created a large induced signal and provided rela-
tively easy measurements, we next perform a magnetometer on a more
challenging perm-alloy thin film sample, which is deposited on a silicon
substrate using magnetron sputtering technique. The dimension of the
sample is 6 mm X 7 mm and the thickness of the perm-alloy is 50 nm,
which gives the total volume of 21 x 107'* m® The magnetization is
measured along an easy axis, which is in-plane at this thickness of
perm-alloy. Taking the saturation magnetization 800 emu/cm? of perm-
alloy [23], we find the magnetic moment to be 1.68 X 107® Am? The
calculated values of saturation induced voltages are 3.26 x 10~°V (with
an oscillation amplitude A =2.04mm), 829 x 107°V  (with
A = 3.17mm), 1.51 X 1073V (with A = 2.90mm), and 2.59 x 10~°V (with
A = 0.26mm) for the frequencies of 10.4 Hz, 17 Hz, 34.4 Hz, and
64.7 Hz, respectively. The time constant and waveform acquisition time
are fixed at 200 ms and 800 ms for the lock-in amplifier and the sound
card, respectively.

The hysteresis curves of the film are presented in Fig. 6, and they
have a rectangular shape with a small coercive field and an adequate in-
plane magnetic anisotropy as seen previous perm-alloy thin films
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Fig. 5. Induced voltages as a function of an applied magnetic field (B) at a) 17 Hz, b) 34 Hz, c) 64.7 Hz frequencies. The red and blue curves represent the hysteresis

measurements with the lock-in amplifier and the sound card, respectively.
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Fig. 6. The hysteresis loops of a perm-alloy thin film with an easy plane anisotropy. The red data points represent the measurements with the lock-in amplifier and
the blue points are for the sound card-measurements at (a) 10.4 Hz (b) 17 Hz, (c) 34.4 Hz and, (d) 64.7 Hz vibration frequencies.

[23,24]. A linear background of the hysteresis curve is subtracted due
to the diamagnetic nature of the silicon substrate [25]. In all fre-
quencies, the measurements of the sound card have a complete overlap
with that of the lock-in amplifier. Furthermore, at lower frequencies,
the sound card data are still smoother than that of the lock-in amplifier,
even though the signal is reduced due to the filtering in the sound card,
which can be taking account as a calibration factor. The values of sa-
turation induced voltages are 2.82 x 107°V, 8.33 x107°V, 1.47 X107V,
and 8.18 X107°V at the frequencies of 10.4 Hz, 17 Hz, 34.4 Hz, and
64.7 Hz, respectively. For all the frequencies except 64.7 Hz, we have
very good agreement with the calculated induced voltage. For 64.7 Hz,
our measurement of vibration amplitude may have a large error.

Although the Ni-bulk piece with lower vibration amplitudes gave a
comparable signal for all the frequencies, we tried to increase the vi-
bration amplitude for the Perm-alloy film at 64.7 Hz and obtained
worse hysteresis curves. The reason behind this performance drop is
that the loudspeaker (vibrator) becomes hot above 60 Hz frequencies
and causes a decrease in the vibration amplitude and results in incon-
sistent measurements. In our VSM design, by choosing a loudspeaker as
the vibrator, we significantly decrease the cost, but we have to limit our
vibration frequencies below 60 Hz. A superior vibrator can increase the
performance of VSM when the frequency is used above 60 Hz to avoid
noises from the AC (outlet) lines.

3.3. Co/Pt multilayers with perpendicular magnetic anisotropy

As the last sample, we grew a magnetic multilayer with a perpen-
dicularly aligned magnetic anisotropy. On a Si substrate, we deposited
Ta(4 nm)/[Co(0.4 nm)/Pt(0.4 nm)],3/Pt(3 nm) multilayer using sput-
tering technique. This Co/Pt multilayer has been reported to have a
perpendicular magnetic anisotropy and there is a great interest in such

multilayer films for spintronics applications with topological spin tex-
tures [26-32]. The dimension of the sample is 6 mm X 8.5 mm and the
total thickness of the magnetic material is 1.2 nm. We use the saturation
magnetization of Cobaltl.4 x10°4/m [1 29] and find the expected
magnetic moment to be 8.6 X 10-3Am?. The respective calculated in-
duced voltages at the frequencies of 17.4 Hz and 34.7 Hz are
4.33 x1077V (withA = 3.17mm) and 3.30 x10~7V (with A = 1.2mm). We
increased the driving voltage on the laud speaker for a larger dis-
placement about 20%. From the perm-alloy hysteresis, we found these
two frequencies give the highest signals, therefore, we measured only at
these two frequencies for the Co/Pt multilayer sample.

In the experiment, the sample is aligned perpendicular to the di-
rection of the applied field, which makes the easy axis along the field
direction. The time constant and acquisition time for the signal detec-
tion are set at 1 and 6 s, respectively, for the lock-in amplifier. Whereas,
for the SC, the corresponding values are set at 1 and 2.8 s. The mag-
netizations observed in two distinct frequencies clearly illustrate a
perpendicular magnetic anisotropy for Co/Pt multilayer. As plotted in
Fig. 7, our hysteresis curves have a rectangular shape and agree with
the previous measurements on similar multilayer samples [32]. We
obtained saturation induced voltages of 4.14 x10~7V and 3.28 X107~V
for the frequencies of 17.4 Hz and 34.7 Hz, respectively. These voltages
are in close agreement with those values obtained from the theoretical
calculation of induced voltage. The proximity between the data sets of
lock-in and sound-card shows the promise of a soundcard for such
characterization. Especially, we note that perpendicular magnetic ani-
sotropy films are relatively challenging samples for VSM characteriza-
tion due to being very thin.

To confirm the coercivity field and perpendicular magnetic aniso-
tropy of Co/Pt multilayer, we performed an Anomalous Hall effect
measurement of the film. As shown in Fig. 7c, we have a perfect
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Fig. 7. Induced voltages as a function of the applied field for the Co/Pt mul-
tilayer sample from the lock-in amplifier (red) and soundcard (blue) at (a)
17.4 Hz, (b) 34.7 Hz frequencies. (c) Hall effect measurement of the same film.
Anomalous Hall effect shows the same coercivity field as in (a) and (b).

agreement with the VSM measurements, which is strengthening the
reliability of our audio-based VSM experiment.

4. Discussion and summary

In summary, we developed a low-cost but sensitive and versatile
magnetometry instrument based on audio components, including a
sound card, amplifier, and laud speaker. We first tested the frequency
responses of the LCR series circuit by using both the sound card and a
commercial lock-in amplifier. This circuit test verified the frequency
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range of our sound card that can reliably measure a modulated signal.
Next, we built a sensitive 4-coil VSM by utilizing the sound card and
induced voltages were theoretically calculated for its coil geometry. We
then measured the magnetization hysteresis curves of a Nickel piece, a
50-nm-thick Perm-alloy film, and a perpendicularly magnetized Co/Pt
multilayer samples using the sound card and the lock-in amplifier. Two
data sets obtained from two instruments had a perfect agreement. In
addition, we confirmed the hysteresis curve of Co/Pt multilayer film
with the Hall effect measurement. The noise of our sound-card based
VSM is approximately 5.4 x 10° emu, which is obtained by vibrating
the sample holder without any magnetic sample. With a similar con-
figuration, the noise of VSM with the commercial lock-in amplifier,
however, is 3.8 X 107> emu at 34.7 Hz. When the Co/Pt multilayer
sample is inserted, the RMS value of the noise is 2 X 10~ emu with the
sound card and 1 X 107 emu with the lock-in amplifier. Although
sound cards are not calibrated as an off-shelf scientific measurement
unit, their high bit ADC and fast sampling rates can be exploited for
measuring modulated signals, such as in VSM measurements, at a very
low cost after calibrating with a lock-in amplifier or other means.
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