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Abstract. Magnetic sensors used for non-destructive testing, metal detection and other applications are
subjected to large perpendicular field. In this paper we show that the existing models describing the
response of anisotropic magnetoresistors (AMR) cannot be used for fields larger than the critical value,
which is 350 pT for the Honeywell HMC1001. This critical value is one order of magnitude lower than
the anisotropy field and it is decreasing with increased value of the measured field. From our findings it is
clear that AMR sensors cannot be safely used in applications in which fields above 250 uT can appear.
Neither flipping, nor feedback compensation can compensate for this error. We show that this behaviour
is caused by the fact that the single-domain state of the AMR is broken at the mentined critical field.
Compared to that, fluxgate sensors including microfluxgates are by principle immune against the
crossfield. Unlike in AMR, crossfield sensitivity in fluxgate sensors is second-order effect, which can be
kept under control by proper design. We show that even crossfield of 10 mT does not cause significant
degradation of the sensor precision.
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1. Introduction

Non-linear response to the magnetic field perpendicular to the sensing direction is unwanted property
of all magnetic sensors which contain ferromagnetic material [1]. This so called crossfield response can
cause serious error of compass, gradiometer or current sensor.

In this paper we discuss crossfield resistance of AMR sensors and integrated fluxgate in the wider
field range. Electromagnetic inspection methods often use strong AC or DC excitation field and very
small field deviation caused by the defect is observed in perpendicular direction [2, 3]. In such case the
crossfield response can cause significant error.

Theoretical response is compared to the measured results. The crossfield response was measured by
two sets of the Helmholtz coils, one generating field in the sensitive axis of the tested sensor, the other
perpendicular. Ferromagnetic objects which could deform the magnetic field or cause nonlinearity were
removed from the vicinity of the test setup. Each characteristics was measured several times to check
repeatability; the data were not averaged, but they are shown in the same plot. The perpendicularity of the
crossfield coil was adjusted to give minimum response. The residual linear response was corrected in the
collected dataset.

2. AMR sensors

Crossfield sensitivity is inherent for all AMR sensors [4]. For the compass based on the unflipped
Honeywell HMC 1001 the azimuth error caused by crossfield is 1 deg.

The crossfield is in the easy direction of the sensor permalloy stripe magnetization, so AMR sensors
are very sensitive to it.
The basic equation for the response of the barber-pole sensor bridge is [5]
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In [4] we have used simplification for |Hy|, |Hy|<<|Ho| and we finally arrived to
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where

Hy is the crossfield

Hy is the measured field

Ho is the (constant) anisotropy field
a is the sensitivity constant



The anisotropy field for Honeywell HMC1001 is Ho = 0.8 mT. Increasing Ho leads to suppression of
the crossfield effect, but also to the decrease of sensitivity, which is accompanied by the increase of the
magnetic field sensor noise.

Many AMR sensors are stabilized by flipping, i.e. reversing the remanent magnetization of the
magnetic layer by applying SET/RESET pulses into the flipping coil. Flipping pulses should have large
amplitude to restore single-domain state of the sensor core [6]. The flipping field has the same direction
as the crossfield. In [4] we have shown that flipping reduces sensitivity to crossfield. Later in this paper
we will show that this is limited to small fields.

Mohamadabadi et al. [7] used more precise approximation of the AMR equations
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and they developed and experimentally verified correction method which reduces the crossfield error
without flipping by the factor of 8, and with flipping by the factor of 9. The problem of the mentioned
correction methods is that they work only at small fields and they also require two or three sensors.

For perpendicular field larger than 200 uT the AMR sensors exhibit loss of sensitivity. Fig. 1 shows
the characteristics of the HMR2003 AMR module which is based on HMC1000 sensors. The flipping was
switched-off and the characteristics was measured for several values of the crossfield. Applying crossfield
has similar effect as increasing Ho: the sensitivity is decreased and the full-scale range is increased. This
behaviour seems to be useful for increasing of the sensor range more effectively than using offset stripe,
which has only 50 mA/G field factor.
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Fig. 1 AMR magnetometer characteristics for several values of the crossfield. Measured without flipping.

However, for practical situations this mode fails when the flipping is on, as shown in Fig. 2. When the
flipping is applied, the sensor output polarity is periodically changing. The sensor output is therefore



processed by synchronous detector controlled by the flipping signal. Two subsequent readings are
subtracted giving double sensitivity.

Even for small crossfield the small field sensor characteristics is not affected, as the SET/RESET
pulses erase the crossfield effect. The large field response is no longer reversed by flipping, which results
in the sensor sensitivity falling to zero. Thus the claim that flipping increases the AMR sensors stability
[8] is valid only for small field range.
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Fig. 2 Characteristics of the flipped AMR sensor without and with 50 pT crossfield
The flipped sensor response is dramatically changed for larger crossfield values. This situation is
illustrated by Fig. 3. The crossfield of Hx = 250 uT is here so large, that flipping cannot fully reverse the

core magnetization. For crossfield of Hx = 500 uT the magnetisation is constant, regardless the polarity of
the flipping pulse. The detector output is therefore zero.
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Fig. 3 Characteristics of the flipped AMR sensor with 250 uT and 250 uT crossfield



If we look on the sensor output as a function of the crossfield, we finally observe the hysteresis,
indicating that the sensor magnetic core is no longer in the single-domain state. Fig. 4 shows the sensor
output as a function of crossfield for small values of the measured field Hy. For every field value in the
measuring direction Hy < 200 uT, the response is very similar.
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Fig. 4 Sensor output as a function of crossfield for small value of the measured field Hy = 50 uT (no flipping)

For larger Hy the hysteresis starts to decrease as shown in Fig. 5 and for Hy = 0.7 mT the hysteresis
disappears — the presence of the large field component the magnetization process in the strip longitudinal
direction becomes rotational, this means that the hard and easy axes are now flipped. This state is
interesting, but it can hardly any practical applications.
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Fig. 5 AMR sensor output as a function of crossfield for very large value of the measured field Hy = 500 uT (no flipping)

The same dependence for the flipped sensor is shown in Fig. 6 confirming that in this case the critical
field is about 350 uT for zero measured field, but only 100 uT for the maximum measured field of 250
uT.
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Fig. 6 Output of the flipped AMR sensor as a function of the crossfield for By = 0 and By =250 uT.

We may conclude that AMR sensors are very sensitive to crossfield larger than the critical value,
which is about 350 uT for the Honeywell HMC1001. It should be noted that this critical value is one
order of magnitude lower than the anisotropy field Ho. This value is decreasing with increased value of
the measured field Hy.

For larger values of the crossfield the sensor characteristics are heavily distorted due to the fact that
the single-domain state is broken. However, some reading is still possible for sensor with no flipping.
Once the flipping is on, the sensor output in useless.

The exact value of the critical crossfield is clear from Fig. 7. The measured field Hy was kept zero and
the response to the crossfield was measured, while the amplitude of the crossfield was slowly increased.
The figure shows that for Hx = 370 uT the response in nonlinear (as expected),without any hysteresis. The
onset of hysteresis signalling first closure domains appeared at Hx = 380 uT, which corresponds to drop
of the sensitivity of the flipped sensor (Fig. 6). With increasing maximum Hy the hysteresis rapidly
increases.
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Fig. 7 Sensor response for slowly increasing value of the crossfield Hx.



3. Fluxgate sensors

Crossfield was reported also for fluxgate sensors. First it was observed on the data from the Magsat
magnetometer and verified by measurement and simulations [9].

In general, the effect of the crossfield is suppressed by high demagnetization factor in the direction
perpendicular to the sensing axis [10]. Sensors with stripe or racetrack cores are therefore more resistant
to the crossfield than ring-core sensors.

For the PCB fluxgate the crossfield error was 0.3 %. Crossfield in fluxgate is a second-order error. It is
caused by core non-homogeneity and imperfections in the geometry of the core and windings [11].
However, crossfield effect was not examined in the wider field range and it was never measured on
microfabricated sensors.

Microfabricated fluxgates appeared recently. They replace the CMOS-based fluxgates with flat coils,
which had poor coupling between the coil and core. Lu used microfabricated solenoid coils for excitation
and flat coils for pick-up. The core was formed by two stripes [12]. Rectangular closed-core fluxgate of
this type having solenoid coils both for excitation and pick-up was described in [13]. Closed core has an
advantage in better excitation efficiency leading to lower perming and lower power consumption, but it is
more sensitive to crossfield than the rod-type core.

We made our measurements on DRV 425 integrated fluxgate manufactured by Texas Instruments
[14]. This sensor has open core formed by dual permalloy stripes of about 1 mm length. The device model
was described in [15]. Internal signal processing is analog, which is still giving better results than digital
fluxgates such as described in [16].

Fig. 8 shows that the TI DRV 425 integrated fluxgate has only 0.1 % crossfield error for perpendicular
fields up to 2 mT. The crossfield of this magnitude has no effect on the sensor linearity error which is also
0.1 % as shown in Fig. 9. For the crossfield of this magnitude AMR sensors completely fail. Even for the
crossfield of Hx = 10 mT the response of this sensor has only 0.1% hysteresis and the linearity error of 0.4
%.
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Fig.8 — Crossfield sensitivity of the integrated fluxgate DRV 425.
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Fig.9 — Linearity error of the integrated fluxgate DRV 425. The curve parameter is the crossfield.
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Fig. 11: DRV linearity error for the crossfield of Hx =10 mT

4. Conclusions



AMR sensors are by principle sensitive to crossfield, but if the total applied field is small (below 100 uT
for Honeywell HMC 1001), this sensitivity can be suppressed by feedback, flipping or by calculation. For
larger fields the crossfield error becomes dramatic and due to non-linearity it cannot be compensated. As
a result, barber-pole AMR sensors cannot be used in applications in which fields above 250 uT can be
present.

Compared to that, fluxgate sensors including microfluxgates are by principle immune against the
crossfield. Unlike in AMR, crossfield sensitivity in fluxgate sensors is second-order effect, which can be
kept under control by proper design.

The high crossfield resistance of the integrated fluxgate is caused by

1. high homogeneity of the deposited magnetic core compared to amorphous tapes

2. geometrical accuracy of the sensor core and windings thanks to the microfabrication technology

3. high demagnetisation factor of the stripe cores in the crossfield direction.

We show that even crossfield of 10 mT does not cause significant degradation of the sensor precision.
High crossfield resistance allows to use the microfabricated fluxgate sensor in the vicinity of permanent
magnets (for position sensing) and strong electric currents (for current sensing in multiphase systems).
The compass error caused by the measured crossfield error would be below 0.1 deg. Crossfield resistance
is also required for applications based on eddy-currents such as non-destructive testing and distance
sensing of conductive objects.
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