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Wide-Range Calibration of Magnetic Moments for
Vibrating Sample Magnetometers

Zhigao Zhang , Zhiyi Xu , Jian He , and Jun Lu

Abstract— Vibrating sample magnetometers (VSMs) have been
widely used in the characterization of industrial magnetic mate-
rials, and their reliability is dependent on proper calibration.
To improve the precision and range of calibration for VSMs,
current-carrying microcoils were used to produce a tunable
magnetic moment over a wide range. Based on comprehensive
designing, we built a detection coil set of 0.3% uniformity in 8 mm
along vibration direction. The calibration chain via moment coils
of 2.5 mm diameter and height has been linked up between Ni
spheres and the quantum benchmark. The differential magnetic
moment due to a change in the applied current was used for
calibration without dependence on the magnetic field. Magnetic
moments with ranges across four orders of magnitude were
calibrated and compared to those of the nickel standard and
slope method. In situ calibration of a wide range of magnetic
moments for VSMs without dependence on the field and materials
was established, and the typical relative standard error did not
exceed 0.3% within the range of 2.5–3.7 memu.

Index Terms— Magnetic moment calibration, quantum trace-
ability, vibrating sample magnetometer (VSM).

I. INTRODUCTION

V IBRATING sample magnetometers (VSMs) have been
developed and widely used for investigating the magne-

tostatic properties of matter since the 1950s [1], [2]. In com-
parison to force-based instruments such as magnetic balances
and flux measurement equipment such as the superconduct-
ing quantum interference device (SQUID), VSMs possess
great advantages in terms of the measurement range of the
magnetic moment, sensitivity, operational convenience, and
compatibility of the environment for magnetic materials [3],
[4]. As a result, VSMs have become a standard instrument
for characterizing industrial magnetic materials, and they can
be properly applied in various electronic devices, such as
inductors, transformers, and motors [5].
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The accuracy and reliability of VSM measurements are
crucial for large-scale industrial applications. In compari-
son to magnetic steels with special shapes and sizes above
1 cm, the testing standards for which have been covered
by the IEC 60404 series, magnetic samples with millimeter
or submillimeter dimensions lack a calibration standard for
moment measurement with an uncertainty below 1% [6], [7].
As early as the 1960s, National Institute of Standards and
Technology (NIST) introduced two VSM calibration methods:
the comparison method and slope method [8]. The comparison
method uses the saturated magnetic moment of a standard
nickel ball as the reference object to calibrate the magnetic
moment, and the slope method uses materials with high
magnetic permeability (μr ≥ 2000), where the magnetic
moment and the external magnetic field are correlated and
calibrated simultaneously by using the linear dependence of
the observed magnetic moment on the applied field over the
lower region of the magnetization curve [8].

The magnetostatic force method has also been taken as
an independent method of calibration for magnetic moments
[9]. Currently, industrially available calibration standards are
rather dependent on materials that could be influenced by
stress and temperature. When detection coils are specifically
designed with significant nonlinear sensitivity, based on the
presupposition of an ideal fabrication process that exactly
conforms to the design coil winding and configuration, a VSM
can also in principle be calibrated without a standard reference
[10]. Nevertheless, in addition to their untraceability and the
fact that the fabrication and assembly process of coil systems
may deviate from the ideal design, such nonlinear detection
coils have much smaller uniform saddle regions than standard
VSMs, causing larger uncertainty due to high sensitivity
dependence on the sample position. As a result, reliability
over a wide range and traceability remains a problem for the
accurate calibration of magnetic moments in VSM metrology.

Current-carrying coils can be used to replace a nickel ball
and generate an adjustable magnetic dipole moment without
demagnetization problems in any applied field [11], [12], [13].
In the American testing standard, the standard nickel sphere
for saturation magnetization may be replaced by a coil of
known dimensions and number of turns carrying a known
dc current, where a multiple-layer coil may be used with
the moments of each layer computed separately and added
together [14]. Zieba and Foner [12] used the coil moment to
confirm the image effect in a superconducting magnet with
a magnetic moment range of 1 memu–1 emu by applying a
0.01–50-mA current. In an alternating gradient magnetometer,
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a coil moment was applied to surround the magnetic sample
under testing and produce precision compensation [13]. Guy
and Howarth [11] demonstrated that magnetic quadrupoles
could also be measured in a VSM with calibration from a
coil pair connected with a reverse current.

From a metrological point of view, for a reliable calibration
method, the traceability path should be clearly established
to the quantum standard, which is closer to Planck’s natural
unit system [15]. The construction of connections between the
magnetic moment and quantum current standard is fundamen-
tally important and valuable for improving the metrology of
VSMs. Therefore, its reliability needs further exploration on
accuracy, precision, and stability.

Generally, coils can be used for a separate standard of
magnetic moment [14], but to what extent and how are the
procedures for traceable calibrations with low error? More-
over, Ni spheres can reach 0.5% uncertainty when properly
applied [8], but how far can the uncertainty be exceeded using
an independent method? These two main issues motivated the
current work.

Here, we study the calibration of current-carrying coils for
tunable magnetic moments over a wide range to improve the
accuracy and range of calibration for VSMs. From the standard
current and flux calibration method, a magnetic moment is
designed to experimentally connect quantum standards of the
natural emission frequency. Differential magnetic moments
driven by differential currents are used to avoid hysteresis and
additive effects due to nonideal materials in coils. Moreover,
with comparison to the Ni standard and slope method, wide-
range calibration of the magnetic moment is performed in
situ for VSMs without dependence on the field and materials,
where the optimized uncertainty does not exceed 0.3% in the
range of 2.5–3.7 memu.

II. OPTIMIZATION OF THE DETECTION COIL SET

A. Designing Tool Based on the Reciprocal Principle

It is a substantial challenge to establish an absolute standard
of magnetic moment connected to the quantum bench and
simultaneously pursue low uncertainty. The detection coil set
becomes the most important prerequisite for VSM calibration,
so a designing tool is necessary to optimize the detection
apparatus. Optimization of detection coils for VSM requires
high sensitivity and a large saddle range. To obtain 0.5% error
compared to the standards of Ni spheres and other fundamental
quantities in the quantum benchmark, a large saddle range
is critical. To make the magnetic moment comparable with
standard Ni spheres, the coils for calibration are wound to
be 2.5 mm in diameter and height. Considering the vibration
amplitude of 1–4 mm, the designed saddle range along the
Z -direction is set as 8 mm within 0.5% uniformity.

As studied by Mallinson, the reciprocal principle is effective
for constructing the designing software [16]. The induction in
a coil segment by the movement of the unit magnetic moment
is related to the field gradient component in the corresponding
directions of the unit current, as shown in Fig. 1, where g
and s are the field gradient of the unit current and VSM
sensitivity of the unit moment, respectively. After multiple

Fig. 1. Schematic of the reciprocal principle of VSM detection.

Fig. 2. Flowchart of the designing procedures for VSM detection.

integrations of field vectors produced by the unit current, the
field distribution in the detection range and corresponding field
gradient distribution of the unit current can be immediately
obtained. Although both magnetic moment M and magnetic
field H are the vectors with three components, M and H
indicate Mx and Hx , respectively, with a simple way of
symbolization, since VSMs usually apply x component of H
and measure x component of M. The calculation procedures
are shown in Fig. 2, where Biot–Savart law is the starting
point. Corresponding to the optimization requirement on high
sensitivity and large saddle range, two key quantities for our
VSM studies are calculated according to the following equa-
tions: total gradient of unit current gxz and relative deviation
of the gradient δgxz

s/μ0 ≈ gxz =
∑

coil array

∑

each coil

d Hx

Idz
(1)

δgxz = max{gxz(R)} − min{gxz(R)}
gxz(R)

× 100%. (2)

The default range [R in (2)] to calculate δgxz is ±2 mm along
the Z-direction in the center of the standard four detection
coils, as shown in Fig. 3(a).
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Fig. 3. (a) Structure and configuration of the VSM detection coils and
(b) flowchart for the structure optimization plan.

Fig. 4. Relative gradient dependence on positions along the Z center line
for several main diameters and vertical spacing, while the horizontal spacing
and winding parameters are identical. (a) Normalized gradient. (b) Absolute
gradient.

B. Optimizing Plan Based on Structures

As shown in Fig. 3(a), conventional four coils are used in
this study, where the rotation arrows show the relative direction
of the coil array via orientation and electrical connection.
There are five main parameters in the structure and config-
uration for VSM detection coils: main diameter D, vertical
spacing SV , horizontal spacing SH , radial winding number NR ,
and winding layers NT . To realize high precision and high
uniformity in the VSM saddle range in a convergent manner,
these parameters are sequentially optimized, and SH must be
reoptimized when the winding parameters change, as indicated
in Fig. 3(b). The optimizing procedures are further described
in Sections II-C–II-G.

C. Main Diameter

The maximum saddle range is determined by the main
diameter of all coils. As shown in Fig. 4, the coils with a
diameter of 3 cm are suitable for <0.5% uncertainty in the
8-mm range along the Z -direction, where the sensitivity is
approximately 13% of that from 1-cm coils. For a coil set
with the main diameter of 4 cm, although the saddle range is
more sufficient, its sensitivity decreases to <9% of that from
1-cm coils.

D. Vertical Spacing

Vertical spacing SV is obviously no less than the main
diameter, and Fig. 5 shows that both gradient coefficient and
uniformity decrease when SV increases. Therefore, SV should
be directly following the main diameter.

Fig. 5. Gradient coefficient and its deviation dependence on positions along
the (a) Z center and (b) vertical spacing.

Fig. 6. Gradient coefficient and its deviation dependence on positions along
the (a) Z center and (b) horizontal spacing.

E. Horizontal Spacing

Compared to SV , the horizontal spacing SH requires opti-
mization. As shown in Fig. 6, the gradient coefficient decreases
when SH increases, but its deviation is minimal at maximal
uniformity. Therefore, SH should be reoptimized whenever the
winding parameters change.

F. Radial Winding Number

Radial winding number NR depends on the main diameter of
the coils and wire diameter. A larger radial winding number
can produce a higher gradient coefficient, but the electrical
resistance will increase and introduce thermal noise. There-
fore, the best NR should be optimized by the total resistance
of the winding coil (<500 �), which is calculated from the
integrated length and diameter. Since NR can jointly influence
the uniformity, as shown in Fig. 7, the best SH should refresh
upward after NR increases.

G. Winding Layers

Proper winding layers NT and the corresponding thickness
of coils must be found for mechanical reason and better
uniformity. As shown in Fig. 8, SH refreshes downward
after NT increases, which is opposite to NT , as discussed in
the previous section. Moreover, NT is also a parameter for
calculating the resistance of the coils. As a result, NT and NR
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Fig. 7. Gradient deviation dependence on the horizontal spacing with several
radial winding numbers.

Fig. 8. Gradient deviation dependence on the horizontal spacing with several
combinations of the radial winding number and winding layers.

are simultaneously optimized to refresh the best SH in this
work.

H. Three-Dimensional Saddle Range

Since moment coils always have three dimensions, it is
interesting to show the saddle range in 3-D for availability
checking. Figs. 9–11 have depicted the uniformity of gradient
coefficient gxz in three main center planes. The saddle range
has the largest size along the Z-direction, while the uniform
range along the X- and Y -directions is approximately 3 mm,
which is sufficient for the standard Ni spheres and moment
coils studied in this work.

I. Summary of VSM Coil Designing

The VSM saddle range can be realized by designing D,
SV , SH , NR , and NT sequentially, as indicated in Fig. 3,
with respect to the gradient coefficient, uniformity, and coil
resistance. The most important parameter should be horizontal
spacing SH , which is the only parameter that can be optimized

Fig. 9. Distribution of the gradient coefficient in the center XZ plane for the
VSM coil set with D = SV = 3 cm, SH = 15 mm, NR = 34, and NT = 1.

Fig. 10. Distribution of the gradient coefficient in the center YZ plane for the
VSM coil set with D = SV = 3 cm, SH = 15 mm, NR = 34, and NT = 1.

after the coils have been made. Fortunately, as discussed
previously, for interchangeable coils, even D, SV , NR , and
NT have been fixed in a suitable range; thus, one may obtain
suitable uniformity and sensitivity by finely adjusting the
horizontal spacing SH .

The inner diameter DI of the coils has not been discussed.
In fact, a smaller inner diameter corresponds to greater effec-
tive space utilization of the coil, which helps improve the
sensitivity and uniformity, as shown in Fig. 12. During the
fabrication of coils, the actual DI inevitably has a certain
size. However, Fig. 12 shows that the gradient deviation is
insensitive to the inner diameter within 4 mm for coils with
a main diameter of 3 cm. Therefore, DI is not considered as
one of the optimization parameters in this work.

III. CALIBRATION PRINCIPLE

To improve the reliability and traceability of magnetic
moments over a wide range, current-driven coils are in
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Fig. 11. Distribution of the gradient coefficient in the center XY plane for the
VSM coil set with D = SV = 3 cm, SH = 15 mm, NR = 34, and NT = 1.

Fig. 12. Gradient deviation dependence on the inner hole diameter of the
VSM coil set with D = SV = 3 cm, SH = 15 mm, NR = 34, and NT = 1.

principle more suitable than magnetic materials, as they have
the significant advantage of environmental insensitivity when
properly applied. Coils have been used as a magnetic moment
standard for decades [11], [12], [13], [14]; unfortunately, clear
data are lacking, so it is worthwhile to clarify the principle and
application range of this standard. As shown in Fig. 13, the
magnetic moment is composed of an electrical current and
its winding area when a coil is used. To establish a path
to the quantum benchmark, the winding area and dc current
are calibrated in situ using a fluxmeter and quantum current
standard, respectively. The fluxmeter is easily traceable to the
quantum standard via a voltage-second generator and nuclear
magnetic resonance (NMR) for the magnetic flux and magnetic
field, respectively. In addition, the magnetic moment can be
transmitted ex situ to the quantum standard using another
possible method of a magnetic balance, which is suitable for
auxiliary checking, but a strict proof of the moment-force
path implies difficulty in simultaneously tracing the magnetic
gradient and force to the quantum platform. Therefore, to show

Fig. 13. Principle diagram for the traceable calibration of the magnetic
moment.

Fig. 14. Block diagram of the measuring electronics and controlling units
for a VSM with a current-driven coil as the magnetic moment standard; the
positional relationship is only for illustration, and the size is not proportional
to that of the actual system.

the reliability and traceability of the magnetic moment stan-
dard based on current-driven coils, this work investigates its
calibration process, evaluates its uncertainty, and compares its
usability with that of well-known standards of Ni spheres.

IV. IMPLEMENTATION OF THE CALIBRATION SETUP

The calibration setup is modified from that of a conventional
VSM, as shown in Fig. 14, where the main measurement
part includes a displacement module to control vibration and
translation of the sample (Keyence IL-030 as a displacement
monitor), a field controller with a combined temperature and
magnetic field sensor (EastChanging P9060), and a moment
recording unit composed of a four-coil detection set (5-mm
saddle range of better than 0.1% uniformity) and a lock-in
amplifier (SSI OE1022). To generate a current-driven magnetic
moment standard, the Yokogawa 2553A is used to set a current
of 10 nA–100 mA with an accuracy better than 100 ppm.
To trace the winding area and external field of the coil sample
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Fig. 15. Schematic configuration of (a) coil frame, (b) detection coil unit,
and (c) magnetic moment coil, with dimensions listed in the table below the
drawings, with respect to each label.

under meterage, the NIM TA102E and MetroLab PT2025 are
applied to calibrate the magnetic flux and magnetic field,
respectively. In addition to the centering operation for a
conventional VSM, to ensure that the measured winding area
is consistent with the design, the axis of the coil sample is
aligned with the set field or X-direction by a sample holder
with a transverse cylinder bore to tightly insert the coil and
adjust the rotation angle about the Z -axis to maximize the
magnetic flux.

To ensure a uniform range for moment calibration, magnetic
moment coils should be designed to be sufficiently small, and
the detection coil set has a correspondingly wide saddle range.
The outer diameter and height were designed to be 2.5 mm for
the moment coils to produce a wide range of moments. The
corresponding detection coil set with a wide uniform range
was then designed according to the reciprocal principle [16].
After the fabrication of 40 detection coils, four coils with close
inductance were selected and embedded into a 3-D printed
framework to mechanically fit taped electromagnet poles with
10 cm diameter and 35 mm spacing. The detailed designed
parameters of the detection coil set and the moment coil are
shown in Fig. 15 along with a schematic demonstration of
their configuration.

V. EVALUATION AND DISCUSSION

A. Intrinsic Uncertainty

Based on the ratio of flux change to flux density, the winding
area can be experimentally determined in situ and used to set
the magnetic moment. A coil with a measured winding area of
0.001240 m2 was used to evaluate the precision and accuracy
under various applied set currents. After the conventional VSM
calibration process using the NIST saturation moment of an
SRM 772a nickel sphere, the moment of the coil under an
applied current was measured by subtracting the moment of
the applied current from that of zero current. The relationship
between the set moment and measured moment is shown in
Fig. 16; it remains equal in the range of 1e-5–1e-1 emu across
four orders of magnitude.

The original data of Fig. 16 are listed in Table I,
which are statistically analyzed from raw measurements with
the assumption of normal distribution. Raw data for all
set moments are based on 30 independent measurements

Fig. 16. Precision and accuracy of the measured moment difference in
comparison with the set moment difference for a moment coil under various
sets of currents, where (a) and (b) show relative and absolute precision,
respectively. The magnetic field was not applied during the measurement
process.

TABLE I

PRECISION AND ACCURACY OF THE MEASURED MOMENT DIFFERENCE IN

COMPARISON WITH THE SET MOMENT DIFFERENCE FOR A MOMENT

COIL UNDER VARIOUS SETS OF CURRENTS WITHOUT AN APPLIED
MAGNETIC FIELD

in 30 s for all set moments, except the moment range
of 1.24–12.4 memu, where 3600 independent measurements
were taken as raw data in 1 h. The precision (indexed
by relative deviations) is below 0.5% in the range of
1.24–12.4 memu, and the accuracy is below 0.3% in the range
of 2.5–3.7 memu.

The accuracy dependence on the set moment in Table I is
plotted in Fig. 17, where low moments and high moments
show positive and negative errors, respectively. The positive
error in the small magnetic moment range is attributed to
finite detection noise, such as thermal and electromagnetic
interference. The negative error in the large magnetic moment
range can be associated with the complex image effect, which
is well known in VSM due to the high permeability of
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Fig. 17. Relative error dependence on the set magnetic moment, plotting
from the last column of Table I. The error data of 2.48 memu were taken
from the relative deviation because the measured error was zero.

Fig. 18. Dependence of the magnetic moment on positions along the
(a) Z center and (b) amplitudes.

electromagnetic poles under a lower magnetic field, including
the standard calibration field of the Ni sphere at approximately
5 kOe. Totally consistent calibration would be possible when
replacing samples with a standard of the same shape/size,
magnetic moment and external magnetic field. To push the
accuracy and precision further, comprehensive exploration of
the image effect is ongoing for moment calibration based on
different coil shapes.

B. Environmental Compatibility

Position dependence is a well-known problem in VSM
calibration. To solve this problem and make in situ cali-
bration available, except for entering, the saddle range was
designed to be approximately 8 mm in the Z -direction with
a 0.3% relative standard error. The measured saddle curve
is shown in Fig. 18(a), and it is largely consistent with
the vibration–amplitude dependence curve in Fig. 18(b). The
accuracy decreases sharply when the amplitude is greater than
5 mm, but the precision becomes worse when the amplitude
is lower than 1 mm. Therefore, the reliable amplitude for
calibration and measurement is between 2 and 4 mm to ensure
a relative moment error below 0.3%.

The stability was also evaluated for typical applied
moments. As shown in Fig. 19(a)–(c), in a period of 10 h,
the relative standard error was approximately 0.3% for a
set moment of 0.012 emu, where the deviation of the field
and temperature was 0.4 Oe and 0.1◦, respectively. When
the applied current was increased, the relative standard error
decreased, as shown in Fig. 19(d). In a period of 500 s, the

Fig. 19. Stability of the measured magnetic moment during the testing time,
(a) and (b) in different time windows, where environmental conditions such as
(c) field and (d) temperature vary with the same time period as that of (a).

Fig. 20. Field dependence of the magnetic moment under various set currents.

Fig. 21. Comparison of the current coil method with the saturated moment
and slope method using standard nickel spheres in a wide range of magnetic
fields and moments.

relative standard error was approximately 40 ppm for a set
moment of 0.14 emu.

C. Comparison With Standards

The wide field and moment range are the most interesting
advantages of the proposed standard of the magnetic moment
of a current coil. As shown in Fig. 20, the measured moments
agree quite well in a field range of ±5 kOe and moment range
of four orders of magnitude.

Compared to the conventional VSM standard using nickel
spheres, as shown in Fig. 21, the saturated moment and slope
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methods are available at approximately 5 kOe and within a
range of ±1 kOe, respectively, while the proposed standard
is independent of the magnetic field in the moment range of
±0.14 emu. The moment range could be increased further if
heat exchange conditions were applied to prevent coil damage
under a large applied current.

In principle, the moment range of nickel spheres could
be adjusted by changing the diameter. Nevertheless, in the
range of 1e-5–1e-1 emu, microspheres are difficult to fabricate
for standard usage. The field-dependent behavior of nickel
spheres makes in situ calibration impractical. Moreover, fun-
damentally, magnetic property-based standards have no path
to recognize quantum benchmarks, which is a benefit of the
proposed coil-based magnetic standard. High uncertainty and
fusing may become possible due to electromagnetic noise in a
moment range below 1e-5 emu and irreversible heating dam-
age in a moment range above 1e-1 emu, respectively. However,
magnetic moments below 1e-5 emu and above 1e-1 emu are
expected, when measures of noise inhibition and active cooling
are applied, respectively.

In order to further improve the calibration accuracy and
precision, it is worth mentioning NIM-2 joule balance with
240-ppb uncertainty [17] and NIST-3 watt balance within
77 ppb for ten years [18], where the control of magnetic
moment and magnetic field is remarkable to follow. With
the integrated use of precise electromagnetic gradient design,
superconducting current, and interference suppression technol-
ogy, the ultimate calibration uncertainty is expected to reach
20 ppb [17], [18].

As mentioned in the previous sections, a special detection
coil set with a wide saddle range is needed, while the reliability
is not guaranteed by conventional VSM detection coils of a
narrower saddle range. Moreover, the best uncertainty range
may change when the environment and VSM detection con-
figuration vary, so the traceability process is difficult outside
of metrology organization. Therefore, this method is unfortu-
nately not directly used for mass diffusion for industrial sites.
Nevertheless, for industrial usage of this method, transmission
and recalibration of Ni spheres are more convenient from
metrology organizations to end manufactory users.

The proposed moment coil method is complementary for
the metrology system of magnetic moment with respect to Ni
spheres, which are not replaceable at the moment because of
convenience and simplicity. The main motivation and contri-
bution of the current work is establishing a bridge between
Ni spheres and the quantum benchmark and extending the
calibration range in a continually tunable manner with an
independent configuration.

VI. CONCLUSION

In situ calibration of a wide-range magnetic moment for
VSMs is established without dependence on the field and
materials, where the relative uncertainty does not exceed 0.3%
within the range of 2.5–3.7 memu. Because this method
can trace back to a recognized quantum benchmark, it is
expected to be applicable in the standard metrology of mag-
netic moments. For industrial usage, standard transmission and

recalibration of Ni spheres are more convenient from metrol-
ogy organization to end manufactory users; in fundamental
science studies, the precision and accuracy can be improved
as soon as there is improvement in noise inhibition and shape
optimization.
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