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ABSTRACT

We investigate the changes of planar Hall effect bridge
magnetic field sensors upon exposure to temperatures
between 25°C and 90°C. From analyses of the sensor
response vs. magnetic fields we extract the exchange
bias field Hey, the uniaxial anisotropy field Hx and the
anisotropic magnetoresistance (AMR) of the exchange
biased thin film at a given temperature and by compar-
ing measurements carried out at elevated temperatures
T with measurements carried out at 25°C after exposure
to T, we can separate the reversible from the irreversible
changes of the sensor. The results are not only relevant
for sensor applications but also demonstrate the method
as a useful tool for characterizing exchange-biased thin
films.
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1 INTRODUCTION

For applications of any sensor, it is important to
know and, if needed, correct for the effect of varying
temperatures of the sensor environment to be able to
perform reliable measurements. We are investigating
exchange-biased planar Hall effect sensors for magnetic
biodetection [1,2]. This sensing principle is attractive
due to its low intrinsic noise and potentially high signal-
to-noise [3].

Here, we systematically study the changes of the re-
sponse of planar Hall effect bridge sensors [4] when these
are exposed to temperatures between 25°C and 90°C
corresponding to the temperatures typically employed in
DNA based assays with amplification by the polymerase
chain reaction (PCR). From analyses of sensor signal in
sweeping magnetic field we extract the thin film param-
eters of the sensor stack at all investigated temperatures
and by performing measurements at 25°C after all mea-
surements at elevated temperatures we can quantify and
distinguish reversible and irreversible changes of each of
the sensor parameters. The results are generally rele-
vant for applications of exchange-biased thin film sen-
sors and demonstrate the method as a general tool for
studying thin film properties vs. temperature.

Figure 1: Image of planar Hall effect bridge (PHEB)
sensor with definitions of sensor geometry and variables.

2 SENSOR MODEL

We consider a material exhibiting anisotropic magne-
toresistance (AMR) such that the electrical resistivities
p) and p, parallel and perpendicular to the magneti-
zation M differ and give rise to the AMR ratio Ap/pay
where Ap = p—pL and pay = %p”—l—gpj_. For permalloy
(NigoFean), Ap/pay =~ 2-3%. Figurel shows a Wheat-
stone bridge consisting of four segments, each forming
an angle a to the xz-axis and having a homogeneous mag-
netization forming an angle 8 to the z-axis. The resis-
tance of an element of length [, width w and thickness
t is [4]

Rle6) = & [3(0) + po) — bdpeos 20— )] . (1)

wt

In Figurel, four pairwise identical elements are com-
bined to form a Wheatstone bridge. A current I injected
in the z-direction gives rise to the bridge output

VZ/: %I[R(a+’0+)_R(a—’0—)]7 (2)

where we have allowed for different magnetization orien-
tations 6, and 0_ of the arms forming angles ay and a_
to the x-axis. The maximum bridge output is obtained

when oy = —a_ = 7/4 and is given by
Vy, = 21Ap-L[sin (20) + sin (20_)] (3)
= 1V, [sin (26) + sin (26_)], (4)
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where we have defined the nominal peak-to-peak sensor
output voltage V,,,. Equation (4) is identical to the out-
put voltage from a planar Hall effect sensor with cross-
geometry except for the geometrical amplification factor
l/w. Therefore, the above sensors have been termed pla-
nar Hall effect bridge (PHEB) sensors [4].

The values of 6, and 6_ can be found by minimizing
the single domain energy density u for 64, oy and 6_,
a_. Defining @& = u/(poMs,), where g is the permeabil-
ity of free space and Mj is the saturation magnetization
of the material, we obtain the normalized energy density

U =—Hysinf — Heyx cos 0 — %HKCOS29
— 2 Hycos® (a— 0) (5)

Here, H, is the external magnetic field applied in the
y-direction, Hey is the exchange field due to a unidi-
rectional anisotropy along 8 = 0, Hk is the anisotropy
field due to a uniaxial anisotropy along § = 0 and Hy
is the shape anisotropy field of the element. Denoting
the demagnetization factors along and perpendicular to
the element N and N, the shape anisotropy field is
given by Hy = (N — N))M, [5]. For zero shape aniso-
tropy 84+ = 6_ = 0. Equation (5) expands on previous
work [4] where the shape anisotropy was not considered.

We will generally define the sensor low-field sensitiv-
ity Sp by the relation

Vy = SolHy- (6)

When the shape anisotropy is negligible (Hs = 0), Eq.(5)
can be minimized for small values of € to give

L Ap 1

So=——————.
0 w t Hg + Hey

(7)
When the shape anisotropy is no longer negligible, it
will give rise to a reduction of the low-field sensitivity
compared to Eq.(7), whereas the peak-to-peak signal for
small shape anisotropies will still be given by Eq.(3) [6].

3 EXPERIMENTAL

The top pinned PHEB sensor with the nominal stack
Ta(3 nm)/NiggFes (30 nm)/MngoIrag(20 nm)/ Ta(3 nm)
(t = 56 nm) was grown by sputter deposition on a silicon
substrate with a 1 pm thick thermal oxide and struc-
tured by lift-off. During deposition, a uniform magnetic
field of pupH, = 20 mT was applied along the z-axis
to define the easy direction and easy axis of magneti-
zation in the permalloy layer. Contacts of Ti(10 nm)/
Pt(100 nm)/Au(100 nm)/ Ti(10 nm) were deposited by
e-beam evaporation and defined by lift-off. The negative
lithography process employed a reversal baking step at
120°C for 120 s on a hot plate in zero magnetic field.

The sensor dimensions in Figurel are w = 20 pum
and [ = 280 pum. The sensor was surrounded by mag-
netic stack with a 3 um gap to reduce the shape aniso-
tropy of the elements. The simple theory in Eq.(3) does

not account for the effect of the corners of the stack. A
finite element analysis of the sensor output assuming a
single domain magnetization yielded the effective sensor
aspect ratio [/w = 14.87, which is 6% higher than the
nominal one, {/w = 14.

The magnetic properties of a continuous thin film
with dimensions 3 x 3 mm? were characterized using
a vibrating sample magnetometer (VSM) and values of
H. and Hgk were obtained from easy axis hysteresis
loop measurements.

Values of the sheet resistances p|/t and p, /t for the
stack were obtained from resistance measurements on
transmission line test structure in saturating magnetic
fields applied parallel and perpendicular to the current.

During sensor measurements, the sensor was biased
with an AC current of root-mean-square (RMS) am-
plitude Igms = 1/v/2 mA and frequency f = 65 Hz
supplied by a Keithley 6221 precision current source.
The first harmonic in-phase root-mean-square (RMS)
signal V, rms was measured using a Stanford Research
Systems SR830 lock-in amplifier. We note that Eq.(4)
also holds for the RMS values V,, rms and Irms, we will
therefore refer to the RMS values as V,, and I to simplify
the notation below. The external field was generated by
a custom electromagnet and monitored using commer-
cially available Hall probes. The sensor characteristics
were measured at temperatures from 25°C to 90°C regu-
lated by means of a Peltier element and a platinum RTD
to a stability better than 0.1°C. A reference measure-
ment was performed at 25°C after every measurement
at elevated temperatures to allow for the distinction be-
tween reversible and irreversible effects of heating.

4 RESULTS AND DISCUSSION

VSM measurements of the easy axis hysteresis loops
yielded the values of exchange and anisotropy fields Hey, =
2.89(5) mT and Hkx = 0.39(5) mT in good agreement
with previous studies on a similar magnetic stack [7].

Electrical measurements on the transmission line struc-
ture carried out at room temperature yielded Ap/t =
0.1296(1) © corresponding to an AMR ratio of 1.88% in
agreement with previous studies [4]. Figure 2 shows the
normalized sensor output V,/I as function of the mag-
netic field applied in the y-direction measured at 25°C
and 90°C. It is seen that the higher temperature leads
to a reduced value of the peak-to-peak sensor output
Vpp/I and also moves the peak position towards lower
field values. The low-field sensitivity is observed to in-
crease upon an increase of the temperature (see inset,
Figure 2).

The solid lines in Figure 2 are fits obtained by mini-
mizing Eq.(5) to obtain 6, and 6_ for the two orienta-
tions of the elements and inserting the result in Eq.(4).
First, the fitting of all measurements was carried out
with Vi,p /I, Hex, Hik and Hj as free parameters. As the
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Figure 2: Sensor response V,/I vs. applied magnetic
field measured at 25°C and 90°C. The solid lines are
curve fits obtained as described in the text. The inset
shows a zoom-in on the low-field data.

value of Hy was found to only vary little between the fits,
it was fixed to the average value pgHs = 0.97 mT and all
data were fitted again. In addition to the above parame-
ters, we also allowed for offsets in the sensor output and
the applied field. All fits were of a quality comparable
to those in Figure 2.

From the fits of the data obtained at 25°C prior to
heating, we obtain He, = 2.69(2) mT, Hkx = 0.83(3) mT
and V,,/I = 1.785(2) V/A. The value of Hex ob-
tained from the fit compares well with that obtained
from the VSM measurements, whereas the value of Hk
obtained from the fit is about twice that obtained from
the VSM measurements. The latter observation is in
agreement with previous studies [7] and the increase is
attributed to effects of the sensor structure. The value of
Vpp/I is expected to be given by Vi, /I = (Ap/t)(l/w).
Using the value of Ap/tgpy obtained from the electri-
cal measurements on the transmission line and the cal-
culated effective aspect ratio of I/w = 14.87, we find
Vop/I = 1.927(1) V/A, which is 8% higher than the
value obtained from the fit. This deviation is likely due
to demagnetization effects that modify the magnetiza-
tion of the elements near their edges and corners.

Thus, we find that the single domain model provides
a good description of the sensor response and that the
parameters extracted from fitting compare well to in-
dependent measurements and hence can be considered
reliable. Below, we will discuss the reversible and irre-
versible variation of Sy, Vpp, Hex and Hk upon heating
to a temperature T'.

Figure 3 shows the low-field sensitivity Sy extracted
from the fits at temperature T" and at 25°C after expo-
sure to T as the slope between £0.15 mT. A comparison
between the measurement carried out at temperature
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Figure 3: Low-field sensitivity vs. temperature ex-
tracted from the curve fits. Filled points are measured
at T and open points are measured at 25°C after expo-
sure to 7.

T and the reference measurement carried out at 25°C
before exposure of the sensor to elevated temperatures
shows the total change of Sy with temperature. A com-
parison of the measurement carried out at 25°C after
exposure to temperature T to the reference measure-
ment shows the irreversible change of Sy upon exposure
to T. Hence, this approach enables us to distinguish
between reversible and irreversible changes of the sen-
sor response upon heating. The low-field sensitivity is
found to increase about 17% when the temperature is in-
creased from 25°C to 90°C and the observed sensitivity
increase is in agreement with a previous study of cross-
shaped PHE sensor with a similar magnetic stack [1].
Moreover, the results in Figure 3 show that more than
50% of the observed change of Sy with increasing tem-
perature is irreversible.

Figure4 shows the corresponding temperature de-
pendence of V,,,/I. We expect Vi, /I = (Ap/tem)(1/w)
and hence the temperature dependence of V,,/I will
mirror that of Ap. Figure4 shows that only a linear,
reversible change of V,,/I is observed upon increasing
temperature. The change corresponds to a temperature
coefficient of —0.21%/°C , which is consistent with pre-
vious studies [1].

Figure 5 shows the total change and irreversible change
of Hyy and Hyk upon exposure to the temperature 7.
Both H.y and Hgk are found to decrease linearly with
temperature when the temperature is increased with the
temperature coefficients —0.42%/°C and —0.68%/°C,
respectively. Both parameters show irreversible changes
of about the same absolute magnitude. The tempera-
ture coefficients of Hex and Hk are larger than that of
Vop- Therefore, when these parameters are combined
to form the ideal low-field sensitivity (for zero shape
anisotropy) in Eq.(7), the decrease of Hex + Hg will
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Figure 4: Peak-to-peak value of the sensor response vs.
temperature extracted from the curve fits. Filled points
are measured at T and open points are measured at
25°C after exposure to T. The full line is a linear fit.

dominate over the decrease of V},,, causing the observed
increase of Sy with increasing temperature. The results
also show that the irreversible change of Sy can be solely
attributed to irreversible changes of Hex and Hyx upon
exposure to elevated temperatures.

Van Driel et al. [8] have studied top pinned struc-
tures with a similar stack by measuring hysteresis loops
as function of temperature between room temperature
and about 340°C. Their results for both the absolute
and relative changes of H.. agree well with our find-
ings, but they did not distinguish between reversible and
irreversible changes. Similar stacks have also been stud-
ied by Lorentz transmission electron microscopy [9] and
magnetometry in combination with a structural charac-
terization [10]. These studies attribute the changes of
H. to changes of the magnetic domain structure of the
antiferromagnet and explain the irreversible decrease of
H., and Hg in terms of relaxation of frustrated interfa-
cial spins due to the increased thermal energy [9,10].

5 CONCLUSION

We have presented and demonstrated an effective
technique to discriminate between reversible and irre-
versible changes in exchange-biased magnetic films and
their effect on the sensitivity of planar Hall effect bridge
magnetic field sensors upon exposure to temperatures
between 25°C and 90°C. We have found that heating
to 90°C results in a 10% irreversible increase and a 7%
reversible increase of the low-field sensitivity relative to
the initial value at 25°C. The observed total temper-
ature variation of the thin film properties is consistent
with the literature [9,10]. The irreversible changes are
attributed to irreversible reductions of the exchange and
anisotropy fields due to thermal relaxation of the spin

28 | -
26 |

24

22|

ex

uH, [mT]

nH_@T

0 Tex

O mH, @25°C

20

18 |

08F ™~

o6l | ® mH @T =
I L Reve’sible

o mH @25C | Slope=—0.68%/°C

u,H [mT]

TR R T R R S B S
20 30 40 5 60 70 80 9 100

T[°C]

Figure 5: Exchange bias and anisotropy fields vs. tem-
perature extracted from the curve fits. Filled points are
measured at T and open points are measured at 25°C
after exposure to T'. The full lines are linear fits.

structure in the antiferromagnet. The results have a
clear impact on the approach that should be taken to
correct for temperature variations of the low-field sen-
sitivity in applications where the sensors are exposed
to elevated temperatures, e.g. in biological assays for
magnetic biodetection.

Our future work will investigate the effect of low-
temperature annealing that may stabilize the exchange
interaction and reduce irreversible changes of the sensi-
tivity upon exposure to elevated temperatures.
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