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Abstract—A high-sensitivity magnetometer for simultaneous measurements of three components of a weak
quasi-stationary or high-frequency magnetic-field vector was developed and investigated. Microstrip struc-
tures that are based on irregular resonators serve as the magnetometer transducers. An anisotropic thin-film
magnetic structure is used as the sensing element. This structure consists of two thin magnetic films that are
prepared by magnetron sputtering of a Ni75Fe25 permalloy target and separated by a silicon monoxide layer.
It is demonstrated that the transducer exhibits the maximum sensitivity, when the easy magnetization axis of
the film structure is orthogonal to the polarization direction of the pumping microwave magnetic field in the
microstrip resonator and at an optimal value of a constant magnetic bias field and its optimal deflection from
the pumping-field polarization direction which is parallel to it. The magnetometer is characterized by a wide
dynamic range of measured magnetic fields, 10–10–10–4 Т, and a wide frequency range, 10–1–105 Hz.

DOI: 10.1134/S0020441216030131

INTRODUCTION

High-sensitivity magnetometers of weak quasi-sta-
tionary magnetic fields are intended for solving
numerous scientific and technological problems, pri-
marily the geomagnetometry problems that are associ-
ated with both studies of the geological structure of the
earth and exploration activity [1–3] and archeologic
investigations [4, 5]. Sensors of weak magnetic fields
are used in medicine [6], burglar alarms, and special
instruments, which are used in space technologies [7]
and other fields. In view of the great need of such
devices, it is important that the latter would have not
only a required sensitivity but also be simple in manu-
facture and have acceptable mass–size and energy
characteristics, high reliability, and a relatively low
cost in mass production.

As is known, SQUID magnetometers have the low-
est sensitivity threshold, ~10–15 T [6], but they are
complex, expensive, power-consuming, and bulky
devices. Liquid helium is used to provide cryogenic
temperatures in them; therefore, these devices are not
suitable for operation under field conditions. Other

quantum-magnetometry methods that are based on
the high stability of the energy of the standard transi-
tions between long-lived atomic states are also prom-
ising in metrology of the magnetic-field strength [8].
These methods also have a record-level high sensitiv-
ity, but instruments on their basis can be successfully
used only when solving special problems from a com-
paratively narrow range.

Easy-to-operate fluxgate magnetometers have
become widespread [9], although their threshold sensi-
tivity is much lower and reaches ~10–10 T. It is import-
ant to note that the upper limit of the operating-fre-
quency band of fluxgates is only several kilohertz, but in
some applications, e.g., in pulse electrical prospecting
with the artificial excitation of a medium, magnetome-
ters must have an operating-frequency band of several
tens of kilohertz [10]. Therefore, the development and
investigation of novel designs of broadband high-sensi-
tivity magnetometers are important and urgent prob-
lems. In this case, researchers pay special attention to
vector magnetometers that are able to register not only
the magnitude of the measured field but also its direc-
tion.

GENERAL EXPERIMENTAL
TECHNIQUES
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The comparatively narrow operating-frequency
band of both f luxgate magnetometers and conven-
tional magnetometers that are based on thin magnetic
films (TMFs) [10–12] is determined by the use of
inductive sensitive elements—magnetic-field sen-
sors—in them. In inductive sensors, the high-fre-
quency pumping and signal picking-off are performed
with coils that are wound directly on a core of a soft
magnetic material or on a substrate with a TMF
deposited on it. It is obvious that in such structures,
the coil windings shield external high-frequency mag-
netic fields, thus substantially lowering the upper fre-
quency-band edge of magnetometers. Thin-film sen-
sors in the form of microstrips are deprived of these dis-
advantages and are also more manufacturable [13–15].

This paper presents the results of investigations of a
vector magnetometer that is based on microstrip reso-
nance structures, which contain TMFs, and satisfies
the state-of-the-art requirements.

MAGNETIC-FIELD SENSOR BASED
ON A MICROSTRIP RESONATOR
WITH A THIN MAGNETIC FIELD

Let us consider the structure of an irregular quar-
ter-wavelength microstrip resonator (MSR) that con-
sists of two sections of strip transmission lines, one of
which has a low characteristic impedance, and the
impedance of the other is high. In this case, the
stripline conductor of the resonator with the length lr
consists of two regular sections (Fig. 1а). The wide

conductor of the low-resistance section with the
length l1 is deposited on a substrate with a high relative
permittivity. One of its ends is free, and the other is
connected to the narrow conductor of the high-resis-
tance section of an asymmetric air stripline. The other
end of the conductor is connected to the shield.

The equivalent circuit of the resonator is a parallel
oscillatory circuit (Fig. 1b), in which a transmission-
line section with a low characteristic impedance was
used as the capacitance, and a section with a high
characteristic impedance served as the inductance.
The magnetic film that is produced on its substrate is
positioned under the narrow conductor of the MSR at
the location of an antinode of the microwave magnetic
field h. The amplitude distribution of this field along
the entire conductor length is shown in Fig. 1c.

As is known, irregular microstrip resonators are
widely used not only in the structures of band-pass fil-
ters [16], but also as measuring cells for studying the
dielectric characteristics of materials (e.g., liquid crys-
tals) at microwaves [17]. Irregular MSRs may also
serve as sensors of weak quasi-stationary or high-fre-
quency magnetic fields [18]. In this case, the resonator
that contains a TMF is connected via capacitive cou-
pling to the input and output ports (see Fig. 1a). The
points for connecting the ports to the strip conductor
may be chosen arbitrarily because the input and out-
put ports are matched to the leading-in high-fre-
quency transmission lines by selecting the coupling
capacitances.

In this case, as the distance between the point of
connection of any port to the free end of the MSR’s
wide conductor, where the high-frequency voltage
antinode is located, decreases, the optimal value of the
corresponding coupling capacitances decreases as
well. The pump oscillator that operates at the MSR
resonance frequency is connected to the input port,
and a microwave detector that yields a useful signal is
connected to the output port. A signal is formed owing
to a shift of the resonance frequency and a change in
the resonator quality factor upon a change in the mag-
netic permeability of the TMF under the action of the
measured magnetic field, i.e., according to the same
scheme as in conventional f luxgate magnetometers on
the basis of oscillatory circuits with TMFs [10].

It should be noted that in order to increase the sen-
sitivity of a sensor, it is desirable to use multilayer mag-
netic structures possessing a uniaxial magnetic anisot-
ropy in their plane, as in film magnetometers on oscil-
latory circuits with TMFs [10]. As a rule, such
structures are manufactured via vacuum evaporation
of metal magnetic films with a thickness of about one
skin layer, which are separated by dielectric interlayers
that exclude an electric contact between TMFs. This is
necessary for reducing the microwave-power losses
that are related to eddy currents.

In the investigated sensor, we used a magnetic film
structure that consisted of only two permalloy TMFs

Fig. 1. (a) A microstrip resonator with a thin magnetic
film, (b) its equivalent circuit, and (c) the distribution of
the high-frequency current amplitude along the length of
the resonator conductor.

l1

H0

l1

lr

lr

θH

h/hmax

h

1.0

x0

0.5C

L

(а)
To oscillator

Dielectric
substrate

Microstrip
conductor

Magnetic
film

To detector

(b) (c)



INSTRUMENTS AND EXPERIMENTAL TECHNIQUES  Vol. 59  No. 3  2016

A MAGNETOMETER OF WEAK QUASI-STATIONARY 427

with a thickness of 0.15 μm each, which were separated
by a 0.5-μm-thick silicon monoxide layer. To be pro-
tected against the atmosphere, the film structure was
also coated with a 0.5-μm-thick silicon monoxide layer.
The magnetic films were obtained via magnetron sput-
tering of a Ni75Fe25 target onto СТ-50 glassceramic sub-
strates of standard dimensions, 60 × 48 mm2, and a
thickness of 0.5 mm, which were preliminarily coated
with a 0.5-μm-thick silicon monoxide layer for “cur-
ing” irregularities on the substrate surface.

The uniaxial magnetic anisotropy, which is character-
ized by a field Ha with a typical small value of 4–8 Oe,
was induced in the TMF by a constant uniform mag-
netic field of ~200 Oe that was applied in the substrate
plane during the evaporation. It is obvious that the
easy magnetization axis (EMA) of the thus manufac-
tured film structure is positioned in its plane and coin-
cides with the direction of the magnetic field that is
applied during the TMF evaporation. Note that the
magnetic moments of the films in the absence of
external magnetic fields are oriented in the EMA
direction.

In the investigated sensor, a section of the low-
resistance transmission line with a 5-mm-long con-
ductor with a width of 4 mm was manufactured on a
0.5-mm-thick thermostable high-frequency B-80
ceramic substrate. Its relative permittivity was ε = 80.
A magnetic film structure with an area of ~5 × 4 mm2

was positioned under the conductor of an air high-
resistance line with a 0.5-mm-wide and 6-mm-long
stripline conductor; in this case, the resonance fre-
quency of the strip structure was 0.46 GHz.

The manufactured sensor was investigated on a test
bench, in which, using one pair of Helmholtz rings,

sinusoidal probe (measured) magnetic fields of prede-
termined amplitude and frequency were created in the
microstrip-structure plane. The second pair of Helm-
holtz rings was used to create a controllable constant
magnetic bias field H0 in the film plane. The field H0
was oriented at the angle θH to the polarization direc-
tion of the high-frequency magnetic field h (see
Fig. 1a). During the experiments, the sensor conver-
sion coefficient K was measured, which was deter-
mined as the ratio of the voltage change across the
detector to the probe magnetic-field value.

Figure 2 shows the change in the sensor conversion
coefficient K/Kmax, which is normalized to its maxi-
mum value, as a function of the constant magnetic bias
field H0, which is in turn normalized to the uniaxial
magnetic-anisotropy field Ha.

The dependences were measured at θH = 5° for the
orthogonal orientation of the EMA of the magnetic
film relative to the polarization direction of the high-
frequency microwave magnetic field of the MSR, i.e.,
the EMA-direction angle θa = 90°. The constant mag-
netic field was swept in the forward and backward
directions. It is seen that the maximum value of the
conversion coefficient is observed in a field that is close
to the anisotropy field, and a hysteresis is properly dis-
played for fields H0 < Ha.

As was expected, the conversion coefficient of the
studied sensor depends not only on the value of the
bias field H0 but also on its direction θH. Figure 3
shows the angular dependences K(θH)/Kmax that were
plotted at H0 = Ha for three orientation angles θa of the
TMF easy-magnetization axis. The experimental
results were normalized to the maximum conversion-
coefficient value that was measured at θa = 90°. As is

Fig. 2. The dependences of the conversion coefficient,
which is normalized to its maximum value, on the bias
magnetic field, which is normalized to the uniaxial mag-
netic-anisotropy field. Light and dark dots show the for-
ward and backward traces of the magnetic field.
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Fig. 3. The dependences of the normalized conversion
coefficient of the microstrip sensor on the direction angle
of the bias magnetic field for three orientation angles of the
TMF easy-magnetization axis relative to the high-fre-
quency field polarization. 
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seen, the sign of K changes at the point θH = 0°, the
dependences K(θH) are nonmonotonic in this case,
and extrema are observed in them near the angles θH ≈
±2°. In addition, the extreme values strongly depend
on the EMA orientation angle θa. Identical magni-
tudes of K are observed at the minimum and maxi-
mum only at θa = 90°; as the angle θa increases or
decreases only by 5°, the value of one extremum drops
by a factor of ~2, and the other slightly increases.

It should be noted that in the hysteresis region at
H0 ≤ Ha (see Fig. 2), the equilibrium state of the TMF
magnetic moment is unstable because of existing slight
nonuniformities of the value and direction of the uni-
axial magnetic anisotropy, which are observed in some
regions over the entire film area [19]. A TMF mag-
netic-state instability manifests itself in the sensor
detector as a comparatively high noise level, which is
maximized at H0 ≈ Ha. However, the level of this noise
quickly falls as the field increases, H0 > Ha, and already
at H0 = 1.2Ha, magnetic noise from the TMF is virtu-
ally not detected by the sensor detector. Therefore,
despite the fact that the sensor conversion coefficient
decreases with an increase in the biasing field, it is
desirable to use the biasing field H0 ≥ 1.2Ha.

Figure 4 shows the dependences K(θH)/Kmax that
were measured at H0 = 1.2Ha for the orthogonal (dark
dots) and parallel (light dots) orientations of the TMF
easy-magnetization axis relative to the polarization
direction of the high-frequency pumping magnetic
field. It should be noted that when the bias field H0
increases, the character of the dependence K(θH) for
the orthogonal orientation of the TMF easy-magneti-
zation axis relative to h virtually does not change, but
in this case, the angle θ0 that characterizes the position

of the extrema monotonically increases. As a result, at
H0 = 1.2Ha, the maximum and minimum of K are
observed at θ0 ≈ 5° and at θH ≈ –5° (–θ0), respectively.
The magnitudes of these extrema are at least 5 times
higher than the magnitudes of the extrema that are
observed at θH ≈ ±80°, provided that h is parallel to the
EMA. Therefore, in a microstrip sensor for weak mag-
netic fields, an operating mode when the EMA of the
TMF is orthogonal to the polarization of the high-fre-
quency magnetic field should be preferred.

Figure 5 shows the dependences of the equilibrium
angle θM of the film magnetic-moment orientation on
the magnetic bias field, which account for the nature
of the existence of extrema that are observed in the
dependences K(θH)/Kmax for the EMA directed
orthogonally to the polarization of the high-frequency
magnetic field (Fig. 4). The curves are plotted on the
basis of a numerical analysis of the phenomenological
TMF model [20] for four bias-field orientation angles
θH: 0°, 1°, 5°, and 10°. When the probe (measured)
field is directed along the bias field, it is obvious that
the conversion coefficient is proportional to the deriv-
ative of the function θM(H0), which is calculated at the
point that corresponds to the applied bias field. This
explains the dependence of the sensor conversion
coefficient on the bias-field orientation angle. In fact,
the above curves clearly demonstrate that in the region
H0 ≥ Ha at θH = 0°, the conversion coefficient is zero
for any bias field H0 > Ha. However, for any fixed value
of this field, e.g., H0 = 1.2Ha, which is shown in Fig. 5
with a dashed line, the optimal angle θH exists, which
provides the maximum derivative of the function
θM(H0) and, consequently, the maximum sensor con-
version coefficient.

Fig. 4. The dependences of the normalized conversion
coefficient of the microstrip resonator transducer on the
direction angle of the bias magnetic field for two orienta-
tions of the TMF easy-magnetization axis relative to the
high-frequency field polarization. 
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It should be noted that the conversion coefficient
increases by a factor of ~4, if the probe field is orthog-
onal to the bias field. In this case, the maximum value
of this coefficient is observed if the probe field is
orthogonal to the equilibrium orientation of the TMF
magnetic moment. However, when the probe field is
parallel to the equilibrium direction of the magnetic
moment, the conversion coefficient is zero. This fact is
confirmed by the directional pattern of the investi-
gated microstrip sensor (Fig. 6) that is measured in the
sensor plane. In this case, the angle φ of the probe-
field direction was measured from the equilibrium ori-
entation of the film magnetic moment. It is seen that
the measured points are in good agreement with the
theoretical dependence, which is shown with a solid
line in Fig. 6 in the form of two circles.

MAGNETOMETER ON RESONANCE 
MICROSTRIP STRUCTURES

WITH THIN MAGNETIC FILMS
Two clearly pronounced extrema in the depen-

dence of the conversion coefficient on the orientation
angle of a constant magnetic bias field (Fig. 4) indicate
the possibility of building a sensitive element of a mag-
netometer (microstrip transducer) on the basis of two
identical microstrip sensors in which narrow stripline
conductors are “tilted” with respect to the resonators
at angles of ±θ0 (Fig. 7). This will allow the useful sig-
nal to be doubled after summing in the operational
amplifier [21].

In this case, the structural scheme of the magne-
tometer consists of a pump oscillator POmcw that feeds
a sensitive element, which consists of two MSR-based
sensors signals from which arrive at the amplitude

detectors and then to an operational amplifier. In such
a structural scheme, when the microwave-oscillator
frequency coincides with the MSR resonance fre-
quencies, a significant compensation of the pump-
generator amplitude noise is observed, because the
voltage from the sensors after the detectors are mutu-
ally subtracted at the operational amplifier. In addi-
tion, the magnetic-noise level of the sensitive element,
which is built on two sensors, also decreases, evi-
dently, by a factor of .

It is well known that the high long-term stability of
the conversion coefficient must be provided in the
magnetometer, thus substantially influencing the
accuracy of determining the measured magnetic field.
As a rule, this requirement is provided by the compen-
sation measurement method with a feedback, when
the sensitive element is placed inside a special coil Lfb
(Fig. 7), which compensates for the measured-field
value with a high accuracy by its magnetic field. As a
result, the stability K is mainly determined by the sta-
bility of the constant of this compensation coil and the
stability of the feedback resistor Rfb [1], which are the
load of the operational amplifier, as is seen in Fig. 7.

As the compensation coil, Helmholtz rings with
small dimensions were used, which make it possible to
significantly reduce the shielding of the measured
high-frequency magnetic fields, in contrast to sole-
noids that are commonly used for this purpose.
It should be noted that the value of the inductance Lfb,
also determines the frequency of the upper operating-
frequency-band edge, when the reactive impedance of
the coil becomes unacceptably high. However, a
decrease in the inductance Lfb with the purpose of an
additional extension of the operating frequency band
will require a corresponding power increase in the
compensation circuit.

In view of the directional pattern of the microstrip
transducer with the TMF (see Fig. 6), it is obvious that
in order to construct a vector magnetometer, it is pos-
sible to use three identical transducers with mutually
orthogonal maximum-sensitivity axes. The circuit

2

Fig. 6. The directivity pattern of the microstrip sensor of
weak magnetic fields: (points) experiment and (line) cal-
culation.
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diagram of the vector magnetometer is shown in
Fig. 8, and the nominal values of the resistors and
capacitors are presented here in the table. The micro-
wave oscillator is based on an insulated-gate field-
effect transistor Q1 (BF998), KD922 diodes were used
as the detectors D1 and D2 diodes, and a МАХ9943
chip served as the operational amplifier М1.

As is known, permalloy films with the ~Ni80Fe20
composition, which is close to a composition with zero
magnetostriction, are widely used in sensors of weak
magnetic fields. The ferromagnetic-resonance (FMR)
line for these films that was measured at a frequency of
2.3 GHz is ΔH ≈ 7 Oe, the magnetic-anisotropy field
is low, Ha ≈ 5 Oe, and the saturation magnetization is
also comparatively low, Ms ≈ 860 G. The magnetic
permeability at microwaves in such films is low, but
the parameters of the amplitude δHa and angular δαa

dispersions in them are low, thus substantially reduc-
ing magnetic noises. A high permeability at micro-
waves is inherent to chemically deposited nanocrystal-
line cobalt films [22], which are promising for the use
in magnetic sensors, but the “aging” problem has not
yet been solved for them.

We manufactured permalloy films with the
Ni75Fe25 composition for microstrip sensors. Their
saturation magnetization is Ms ≈ 1100 G, the magnetic
anisotropy is Ha ≈ 8 Oe, and the FMR linewidth mea-
sured at a frequency of 2.3 GHz is ΔH ≈ 5 Oe; these
parameters are much better than the corresponding
characteristics of Ni80Fe20 films. It is also important
that in the considered design of the microstrip sensor,
a significant decrease in noise from films is observed,
in contrast to sensors on inductance coils. This is
favored primarily by the fact that the longest edge of
the TMF, which are the main noise sources, do not fall

Fig. 8. The circuit diagram of the vector magnetometer of weak fields.
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within the region of the high-frequency magnetic
fields of the MSR (see Fig. 1а); therefore, these
regions do not participate in the signal formation. Sec-
ond, owing to the small dimensions of the microwave
sensors (~11 × 5 mm), the dimensions of the films are
also small (5 × 4 mm) and, consequently, the disper-
sions of the characteristics of the uniaxial magnetic
anisotropy δHa and δαa are also small [19, 22].

In addition, a scanning ferromagnetic-resonance
spectrometer [23] was used to measure the distributions
of the saturation magnetization, the value and direction
of the uniaxial magnetic-anisotropy field, and the FMR
linewidth over the entire area (60 × 48 mm2) of the
manufactured thin-film magnetic structure with a step
of 1 mm. This allowed us to select areas of the mag-
netic structure of predetermined dimensions with the
most uniform characteristics and thus to minimize the
magnetic noise from the TMF.

As a result, it was established that noises of the
designed magnetometer are low and are mainly due to
the circuit elements: the pump oscillator, detectors,
and operational amplifier. The chosen pump-oscilla-
tor frequency that coincides with MSR resonance fre-
quencies is comparatively low (~0.46 GHz) for the

sensors to operate in a mode that is close to the FMR
at a relatively low bias field H0.

One of the most important characteristics of mag-
netometers is the threshold of the sensitivity to the
measured field, which is characterized by the noise
amplitude Вn, which is usually measured in a fre-
quency band with a width of 1 Hz. Figure 9 shows the
experimental dependences of Вn on the measured-sig-
nal frequency f for each channel of the manufactured
magnetometer. Noises were measured under labora-
tory conditions, the magnetometer was placed inside a
three-layer magnetic permalloy shield with 1.0-mm-
thick walls, which allowed the laboratory magnetic
fields to be reduced by approximately three orders of
magnitude. The magnetometer was powered from
storage batteries, and the output signal was measured
with a selective nanovoltmeter. As is seen, the noise
amplitude of each of the three channels of the magne-
tometer is quite small; as the frequency increases, the
noise amplitude first decreases and then begins to
increase. In this case, the minima in the dependences
Вn(f) lie within a range of 104–105 Hz.

Figure 9 also shows photographs of the manufac-
tured magnetometer with and without the shielding
housing. The microwave-oscillator and output-ampli-
fier boards are positioned in individual compartments
of brass cases for providing their proper mutual shield-
ing. The sensitive elements on the basis of two
microstrip resonators with TMFs, the detectors, and
the magnetic system for creating the bias field H0 are
positioned on a special platform, which is placed at the
center of the compensating Helmholtz rings. The
magnetic system that creates the bias field H0 ≈ 10 Oe,
is built on the basis of miniature permanent magnets
and magnetic circuits of soft magnetic iron.

The main performance characteristics of the devel-
oped and manufactured prototype of a vector magne-
tometer of weak magnetic fields are presented below:

CONCLUSIONS

The design of a vector magnetometer on microstrip
resonance structures with thin magnetic films was
developed and investigated. The magnetometer differs
from the known solutions by its simplicity, good man-
ufacturability, and a wide band of operating frequen-

Range of measured magnetic fields, Т 10–10–10–4

Range of operating frequencies, Hz 10–1–105

Deviation of mutually orthogonal axes
of channels, deg, no worse 1

Conversion coefficient, mV/μT 60
Power-supply voltage, V ±9
Consumed power, W 0.5
Dimensions, mm 190 × 66 × 46
Weight, g 385

Fig. 9. The frequency dependences of the noise amplitude
for the X-channel (1), Y-channel (2), and Z-channel (3) of
the vector magnetometer on thin magnetic films, which
were measured in a band of 1 Hz. The inset shows photo-
graphs of (on the left) the assembled magnetometer and
(on the right) the magnetometer without the protecting
housing.
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cies at a quite high threshold sensitivity, thus allowing
the instrument to be used in studies of the geological
structure of the earth and exploration of natural
resources, including pulse electrical prospecting with
artificial excitation of a medium. Owing to its small
size and weight, it can be placed on light unmanned
vehicles.

As compared to conventional f luxgate magnetom-
eters on the basis of thin magnetic films, the upper
edge of the operating frequencies is higher by almost
one order of magnitude owing to the use of MSRs
instead of oscillatory circuits on the basis of lumped
capacitances and inductances. Inductance coils in
magnetometers on oscillatory circuits, which are
wound directly on the substrate with a TMF deposited
on it, shield external high-frequency magnetic fields
and therefore considerably reduce the upper edge of
the operating frequencies. Thin-film sensors of the
microstrip design have no such shortcomings. This
opens the possibility of additionally extending their
operating-frequency band, but this will primarily
require a decrease in the inductance of the Helmholtz
rings in the feedback path in the used compensation
circuit of the magnetometer.

The directional pattern of each of the three chan-
nels of the manufactured vector-magnetometer proto-
type has the shape of a figure of eight in the plane of
the microstrip, thus providing high-accuracy mea-
surements of both the magnetic-field value and direc-
tion.
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