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Reversible and Irreversible Temperature-induced Changes
in Exchange-biased Planar Hall Effect Bridge (PHEB)
Magnetic Field Sensors
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DTU Nanotech, Building 345B, DK-2800 Kongens Lyngby, Denmark
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Abstract: We investigate the changes of planar Hall effect bridge magnetic field sensors prepared
without field annealing and with field annealing at 240 °C, 280 °C and 320 °C when these are exposed
to temperatures between 25 °C and 90 °C. From analyses of the sensor response vs. magnetic field we
extract the exchange bias field He, the uniaxial anisotropy field Hx and the anisotropic
magnetoresistance (AMR) of the exchange biased thin films at a given temperature. By comparing
measurements carried out at elevated temperatures 7 with measurements carried out at 25 °C after
exposure to 7, we separate the reversible from the irreversible changes of the sensors. The un-annealed
sample shows a significant irreversible change of H.x and Hx upon exposure to temperatures above
room temperature. The irreversible changes are significantly reduced but not eliminated by the low-
temperature field annealing. The reversible changes with temperature are essentially the same for all
samples. The results are not only relevant for sensor applications but also demonstrate the method as a
useful tool for characterizing exchange-biased thin films. Copyright © 2012 IFSA.

Keywords: Magnetic biosensors, Planar Hall effect, Exchange bias, Anisotropic magnetoresistance.

1. Introduction

For applications of any sensor, it is important to know and correct for the effect of varying
temperatures of the sensor environment. Moreover, it is important to be aware of irreversible changes
of the sensor parameters induced by varying temperatures of the environment. Planar Hall effect
magnetic field sensors have proven attractive for magnetic field sensing due to their low intrinsic noise
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and potentially high signal-to-noise ratio [1]. We are investigating exchange-biased planar Hall effect
sensors for magnetic biodetection [2, 3].

Here, we systematically study the changes of the response of planar Hall effect bridge sensors [4] upon
exposure of these to temperatures between 25 °C and 90 °C. These temperatures correspond to the
range typically employed in DNA based assays with amplification by polymerase chain reaction
(PCR). From analyses of magnetic field sweeps of the sensor response we extract the parameters of
thin film sensor stacks at all investigated temperatures and by performing measurements at 25 °C
performed after all measurements at elevated temperatures we quantify and distinguish reversible and
irreversible changes of each of the sensor parameters. These studies are carried out for a stack which is
not exposed to any magnetic field annealing and for stacks that are field annealed at 240 °C, 280 °C
and 320 °C. The results are generally relevant for applications of exchange-biased thin film sensors
and demonstrate the method as a general tool for studying thin film magnetic properties vs.
temperature.

2. Sensor Model

Below, we consider a material showing anisotropic magnetoresistance (AMR) with resistivities p; and
p. parallel and perpendicular to the magnetization vector M, respectively. The AMR ratio, defined as
Ap/pay, where Ap = pj—p. and p,y = p)/3+2p./3, assumes a value of 2-3 % for permalloy (NigoFeoo).
Fig. 1 shows a Wheatstone bridge consisting of four pairwise identical elements of the material of
width w and length /. The resistance of a single element forming an angle « to the x-axis and with a
homogeneous magnetization forming an angle &to the x-axis is [4]

R(,0) =L p, +p.)-LApcos[2(0-a)]), (1)

where ¢ is the thickness of the element. A current / injected in the x-direction results in the bridge
output
V,=41[R(e,,0,) - R(a_,6.)], )

where the orientation of magnetization of the elements forming angles a: and o to the x-axis are
denoted 6, and #_. The maximum bridge output, obtained when a; = —a_ = /4, is given by

V, =11 Ap-L[sin(26,)+sin(20.)]= 1V, [sin(26,) +sin(26.)], 3)

where we have introduced the nominal peak-to-peak sensor output voltage V,, = IApl/(wt) [4].
Equation (3) is identical to the output voltage from a cross-geometry planar Hall effect sensor
multiplied by the geometrical amplification factor //w. Therefore, we have termed the above sensors
planar Hall effect bridge (PHEB) sensors [4].

Theoretically, the angles 6, and - can be found by minimizing the single domain energy density for o
and a_, respectively. We divide the volume energy density by the saturation flux density to form the
normalized energy density u

u=—H, sind-H, cosf—L+H, cos’d -1 H_ cos’(a—0), 4)

which expresses the energy density in units of the H-field. In Eq. (4), H, is the external magnetic field
applied in the y-direction, He is the exchange field due to a unidirectional anisotropy along 6 = 0,

23



Sensors & Transducers Journal, Vol. 15, Special Issue, October 2012, pp. 22-34

Hk is the anisotropy field due to a uniaxial anisotropy along 6 = 0 and Hj is the shape anisotropy field
of the element (preferring a magnetization orientation with € = ). Defining the demagnetization
factors along and perpendicular to an element as N and N, respectively, the shape anisotropy field is
Hg = (N, — N)M; [5]. Our previous work [4] considered only the case of negligible shape anisotropy
where 0. = 0_= 0.

We write the low-field sensor output voltage as
V,=SIH,, (5)

where we have defined the low-field sensitivity Sp. For negligible shape anisotropy, minimization of
Eq. (4) for H;= 0 and small values of fyields

[ Ap 1
Sy=—""t
* wit H +H, ©)

If the shape anisotropy is significant but still small, the sensor response curve will be modified such
that it flattens near zero applied field, resulting in a decrease of Sy compared to Eq. (6), while still
maintaining a peak-to-peak signal V},, given by Eq. (3) (unpublished results).

3. Experimental

A batch of four wafers with top-pinned PHEB sensors was prepared on 4” silicon substrates with a
1 um thick thermally grown oxide as follows: First, the stack Ta(3 nm)/NigoFez0(30 nm)/Mngplryg
(20 nm)/Ta(3 nm) was grown in a K. J. Lesker company CMS 18 multitarget sputter system in an
Argon pressure of 3 mTorr with an RF substrate bias of 3W. The easy magnetization direction and axis
of the permalloy layer were defined by applying a uniform magnetic field of poH, = 20 mT along the
x-axis during the deposition. Subsequently, 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.

One of the nominally identical four wafers was not given any further treatment and was labeled ‘not
annealed’/’un-annealed’. The other three wafers were annealed in vacuum in the sputter deposition
chamber at temperatures of 240 °C, 280 °C and 320 °C for 1 hour in the presence of a saturating
magnetic field poHx =20 mT applied along the x-axis.

The dimensions of the elements of all investigated sensors were w=20 pm and / = 280 um (Fig. 1). All
sensors were surrounded by magnetic stack with a 3 pm gap to reduce the shape anisotropy of the
elements. The simple theory presented in section 2 accounts for the elements but not the corners
connecting the elements. The effect of corners was therefore investigated by finite element analysis of
the sensor output for a single domain sensor structure. The calculations showed a sensor response that
can be described by an effective sensor aspect ratio //w = 14.87, which is 6% higher than the nominal
one of //w=14.

The magnetic properties of continuous thin films with dimensions 3x3 mm? were characterized for all

four wafers using a LakeShore model 7407 vibrating sample magnetometer (VSM) and values of He
and Hg were extracted from easy axis hysteresis loop measurements.
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Fig. 1. Image of planar Hall effect magnetic bridge sensor with
definition of geometric variables and symbols.

Values of the stack sheet resistances py/¢t and p,/t for the four wafers were obtained from electrical
measurements of the resistance on transmission line test structures placed near the investigated sensor
chips on the wafers in saturating magnetic fields applied parallel and perpendicular to the current,
respectively.

Measurements of the sensor response vs. applied field were carried out as follows: the sensors were
biased with an alternating current of root-mean-square (RMS) amplitude lzms = 1/¥2 mA and
frequency f = 65 Hz provided by a Keithley 6221 precision current source. A Stanford Research
Systems model SR830 lock-in amplifier was used to record the first harmonic in-phase root-mean-
square (RMS) signal V), rms. Note, that Eq. (3) also holds for the RMS values rms and Vyrms. To
simplify the notation below, we will therefore refer to the RMS values as V), and 1. The applied
magnetic field poH, was generated by a custom built electromagnet and monitored using commercially
available Hall probes. Field sweeps were carried out by sweeping the field in both directions between
toH, = +40 mT. The sensor temperature was regulated to stability better than 0.1°C by use of a Peltier
element, platinum RTD and a precision temperature controller. Sensor characteristics of all sensors
were measured at temperatures from 25°C to 90°C in steps of 10°C. Each measurement performed at
an elevated temperature was followed by a reference measurement performed at 25°C.

In addition, we also studied the effect of repeated exposure to 90 °C for an un-annealed sensor and a
sensor from the wafer that was field annealed at 280 °C. These temperature cycling experiments were
carried out as follows: first, the temperature was set to 25 °C and left for 10 min before a field sweep
was carried out. The field sweep took about 8 min to complete. Then, the temperature was set to 90 °C
and the measurement procedure was repeated. Finally, this cycle between 25 °C and 90 °C was
repeated for about 7 hours.

4. Results
4.1. As Deposited Samples
In this section, we present results obtained for the samples at 25 °C in their as-deposited state (i.e. prior

to sensor characterization at elevated temperatures). We establish the model used for analyzing the
field sweeps and compare to electrical and magnetic reference measurements.
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The sensor signal ¥, normalized with the bias current /, was measured vs. the sweeping field H, for all
four wafers. Fig. 2 shows the initial field sweeps measured for the samples with no annealing and with
annealing at 280 °C. The annealing is observed to shift the peak of the sensor response towards lower
field values and to increase the low-field sensitivity. The peak-to-peak value of the sensor response is
found to be essentially unchanged by the annealing.
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Fig. 2. Normalized sensor output (V,/]) vs. external field (#,) for sensors from the wafers with no annealing and
with field annealing at 280°C in their initial condition. The inset shows the low-field region of the sensor
response. The lines are fits to the single domain model for the sensor response described in the text.

The solid lines in Fig. 2 are least-squares fits to Eq. (3) with values of &, and & obtained by
minimizing Eq. (4). The investigated free parameters in the fitting were V,,/I , Hex and Hx. The value
of Hs was found to vary only marginally between the different temperature and annealing conditions
and was fixed to the average value poH; = 0.789 mT obtained from fitting data for all sensors and
temperatures with this parameter set free. In the fitting we also allowed for offsets in the sensor output
and the applied field. The quality of all fits was comparable to those shown in Fig. 2. Table 1 shows
the values of poHex and poHx obtained from the VSM measurements, the values of Ap/t and the AMR
ratio obtained from reference electrical measurements on the transmission line structure as well as the
values of poHex, MoHk, So and Vpp/I obtained from fits to field sweeps of the sensor response. Values
reported for the low-field sensitivities Sy were taken as the slope of the fits between £0.15 mT.

Table 1. Parameters of the magnetic stack obtained from VSM measurements, electrical measurements on a
transmission line structure and from fits to sensor field sweeps. All measurements were carried out at 25°C on
as-deposited samples (i.e. prior to any experiments at elevated temperatures). Numbers in parentheses indicate

the uncertainties reported by the least squares fitting routine.

Annealing VSM Electrical ref. Sensor field sweeps
conditions BoHex roHx Apt | AMR | poHe | poHk S V,,/l
[mT] [mT] [€2] [%] | [mT] | [mT] | [V/(AT)] | [V/A]
No annealing 2.89(5) | 0.39(5) | 0.1296(1) | 1.88 | 2.66(1) | 0.90(3) 465 1.779(2)
240 °C 2.02(5) 0.41(5) | 0.1318(1) | 2.03 | 1.91(1) | 0.52(2) 637 1.785(3)
280 °C 1.90(5) 0.50(5) | 0.1319(3) | 1.95 | 1.60(1) | 0.50(2) 699 1.764(4)
320 °C 1.39(5) 0.46(5) | 0.1317(1) | 2.03 | 1.32(1) | 0.34(3) 807 1.768(7)
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The values of Hex obtained from VSM measurements and fits to the sensor field sweeps correspond
well to each other although the values from the field sweeps are slightly lower than those obtained
from the VSM measurements. The values of Hk obtained by VSM and from the sensor field sweeps
are comparable for the annealed samples, but they differ about a factor of two for the un-annealed
sample. The main effect of the low-temperature annealing is that H. is found to decrease
monotonously with increasing annealing temperature. A decrease of about a factor of two is observed
for annealing at 320 °C. The values of Hk extracted from the sensor field sweeps are found to decrease
with increased annealing temperature, whereas no systematic change is found from the VSM studies.
The value of Ap/t remains essentially unchanged by the annealing. The low-field sensitivity is found to
increase with annealing and increases almost by a factor of two for the highest annealing temperature.

4.2. Temperature Dependence of Parameters

In this section, we first present results of the experiments carried out at elevated temperatures for the
un-annealed sample and show that our measurement procedure enables us to clearly distinguish
reversible and irreversible changes of the sensor parameters upon exposure to a given elevated
temperature. Then, we report the results of the corresponding experiments carried out on sensors from
the low-temperature field annealed wafers. All parameters shown below have been obtained from fits
to sensor field sweeps as described in section 4.1.

Fig. 3 shows the values of Sy, Hex and Hyx obtained from analysis of sensor field sweeps in a series of
experiments carried out on a sensor from the wafer with no annealing at sequentially increasing
temperatures 7. First, the sensor response was measured at 25 °C. Then, the temperature was increased
to 30 °C and the sensor response was measured after a waiting time of 2 min and finally, the
temperature was reduced to 25 °C to carry out a reference measurement after a waiting time of 2 min.
This procedure was repeated for temperatures increasing up to 90 °C in steps of 10 °C. The sensor
parameters measured at the elevated temperature 7 result from the sum of reversible and irreversible
changes, whereas the series of reference measurements carried out at 25 °C show only the irreversible
changes. This enables us to clearly distinguish the reversible and irreversible changes of the sensor
parameters as indicated by the colored areas in Fig. 3.

In Fig. 3, the value of S is found to increase about 20% when the temperature is increased from 25 °C
to 90 °C. Slightly more than half of this increase is irreversible. The values of Hex and Hy are found to
decrease approximately linearly with increasing temperature with temperature coefficients of
—0.42%/°C (27% total decrease) and —0.68%/°C (44% total decrease), respectively, in good agreement
with a previous study [6]. For Hex about 20% of the change is irreversible and for Hx about 50 % of the
change is irreversible. Thus, the irreversible changes are significant for this sample.

Corresponding series of experiments were carried out for the wafers exposed to the low-temperature
field annealing.

Fig. 4(a) shows the values of V,,/I for the measurements carried out on all samples. These values are
proportional to Ap/t. The values obtained at 25 °C are close to identical and show no systematic
variation with annealing conditions. Upon exposure to elevated temperatures, the values are found to
decrease linearly with temperature with a temperature coefficient of —0.22 %/°C. The change is found
to be fully reversible, i.e. no irreversible changes result from the increased temperature. This shows
that the low-temperature field annealing and the experiments performed at elevated temperatures do
not result in any detectable changes of the AMR properties of the sensor stack.

Fig. 4(b) shows the values of the low-field sensitivities Sy normalized to the initial values obtained at
25 °C (given in Table 1) for the four investigated wafers as function of the measuring temperature 7.
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The data for the sample with no field annealing from Fig. 3 are shown for comparison. The field
annealed samples show a much smaller temperature variation than the sample with no annealing. For
the sample annealed at 240 °C the relative change of Sy is about 7 % when the temperature is increased
to 80 °C, but more than half of this change is irreversible. For the sample annealed at 280 °C, the
points measured at 7 coincide with the reference points measured at 25 °C, indicating that the entire
change of Sy of about 3 % is irreversible. For the sample annealed at 320 °C, there is a net decrease of
So with T of about 2 % resulting from an irreversible increase of Sy of about 3 % and a reversible
decrease of Sy of about 5 %.
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Fig. 3. Values of Sy (top), Hex (middle) and Hg (bottom) extracted from fits of the field sweeps on the un-
annealed sample. Filled points are measured at temperature 7, empty points are measured at the reference
temperature 25°C after exposure to 7. The full lines are linear fits corresponding to the indicated temperature
coefficients.
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Fig. 4. Values of (a) the peak-to-peak sensor response V},,/I and (b) the low-field sensitivity Sy normalized to its
initial value at 25°C obtained from field sweep fits. Different data sets are for sensors from wafers with the
indicated annealing conditions. Filled points are measured at 7, open points are measured at 25 °C after
exposure to temperature 7. The arrows to the right indicate the reversible and irreversible change for the un-
annealed sample at 7=90 °C.
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Figs. 5(a) and (b) show the values of Hex (normalized to their initial values given in Table 1) and Hx
obtained for the four investigated wafers as function of the measuring temperature 7, respectively. For
all annealing conditions, the reversible change of H.x with temperature is linear and can be described
by the temperature coefficient —0.37%/°C. For the un-annealed sample the irreversible change of Hey is
about 8 % when the temperature is increased from 25 °C to 90 °C. The field annealed samples show a
smaller, but not negligible irreversible change of H., which appears to be independent of the
annealing temperature.
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Fig. 5. Values of (a) the normalized exchange bias field H.(7)/H(25°C) and (b) the anisotropy field H.
Different data sets are for sensors from wafers with the indicated annealing conditions. Filled points are
measured at 7, open points are measured at 25 °C after exposure to temperature 7. The dashed lines indicate the
initial values of the parameters.

The initial values of Hx are found to decrease monotonically with annealing conditions. For the sample
with no field annealing, the value of Hk changes almost 50 % when the temperature is increased from
25 °C to 90 °C and approximately half of this change is irreversible. The field annealed samples show
a much smaller change and the irreversible change is smaller than the error on the individual points
(and smallest for the sample annealed at 320 °C). The reversible decrease of Hx with temperature for
these samples is about 20 %.

4.3. Temperature Cycling

Fig. 6 shows the effect of prolonged exposure at 90 °C on Sy, Hex and Hk vs. the time of the
temperature cycling experiment. Note, that only half of this time was spent at 90°C. Field sweeps were
measured on the sensor annealed at 280 °C and on the un-annealed sensor while cycling the
temperature between 25 °C and 90 °C with each temperature step taking 18 min. The lines in Fig. 6
connect points measured at the same temperature. The extracted values for the different parameters are
normalized by the value reached at 90 °C after about 7 h of temperature cycling.

Fig. 6(a) shows the normalized value of Sy vs. the time of the temperature cycling experiment. As for
the results discussed above, the sensitivity of the sensor annealed at 280 °C changes little upon heating
compared to the un-annealed sensor. The parameters obtained at 25 °C for the un-annealed wafer show
a big change (>7 %) after first exposure at 90 °C and then slowly approach their asymptotic values.
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For this sample, the sensitivity at 25 °C still changes after 7h of cycling with a total irreversible change
of about 20 %. The values measured during the cycle steps at 90 °C show a similar settling over a
period of hours. The chip from the wafer annealed at 280 °C shows a significant initial change in the
first cycle after which the parameters slowly settle near their asymptotic values. Thus, for this sample,
the irreversible change of Sy is less than 5 % during the whole cycling experiment, and the value at
25 °C reaches 98.4 % of its final value after the first exposure to 90 °C.
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Fig. 6. Values of (a) low-field sensitivity Sy, and (b) He, and Hx normalized by their value measured at 90 °C
after 7 h temperature cycling between 25 °C and 90 °C. Different data sets are for sensors from wafers with the
indicated annealing conditions. Filled points are measured at 90 °C open points are measured at 25 °C. The
temperature was cycled between 25 °C and 90 °C, each temperature was held constant for 18 min.

Fig. 6(b) shows the corresponding normalized values of Hex and Hk. The value of H.x measured at
25 °C decreases for both sensors but the relative change for the annealed sensor is seven times smaller
than for the un-annealed sensor. Again, the values measured at 90 °C show a similar behavior. The
relative change in Hk is bigger than for H., for both sensors, although the change for the un-annealed
sensor is twice as big as that for the sample annealed at 280 °C. We also notice for both H.x and Hg
and independent of low-temperature field annealing that the ratio between the values obtained at 90 °C
and 25 °C approach the same value.

5. Discussion

5.1. Analysis Method

The presented single domain model for the sensor response provides excellent fits of all measured field
sweeps. The parameters obtained from the fits are generally found to agree well with corresponding
parameters obtained by VSM and on electrical reference samples although some differences appear. In
section 4.1 in Table 1 that the value of Hx from the fits of the sensor measurements was about twice
that obtained from the VSM measurements. This difference is in agreement with previous studies [6]
and is attributed to effects of the sensor structuring.

Assuming negligible shape anisotropy, the low-field sensitivity is given by So = (/w)(Ap/t)(He+Hx)™
(cf. Eq. (6)) and the peak-to-peak sensor output is given by V. /[ = (Ap/t)(llw) = 14.87(Ap/t)
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(cf. Eq. (3)). Inserting the values for the reference samples, we find that the measured low-field
sensitivities are generally about 20 % lower than the calculated values and the measured values of V,,p//
are about 9 % smaller than the calculated values. This is attributed to demagnetization effects due to
the sensor geometry, which cause the magnetization of the sensor elements to deviate from the
nominal single domain state near their edges [7]. From fits we found the shape anisotropy field poHs =
0.789 mT, which is comparable to the values of poHe and poHg reported in Table 1 and hence is
significant.

These results indicate that the even though the results are influenced to some degree by
demagnetization effects, the analysis method is robust and the parameters obtained from the fits to the
single domain model reflect the variation of the physical parameters of the thin film stack. This means
that field sweeps of the sensor response can be used to quantify the exchange and anisotropy fields as
well as the magnetoresistive properties of the thin film stack.

5.2. Temperature Dependence of Parameters and Effect of Low-temperature Field Annealing

The studies on the as-deposited samples show that the effect of the low-temperature annealing is to
decrease H.x and Hx while Ap/t remains essentially unchanged. The latter indicates that the
microstructure of the stack is not significantly changed by the field annealing. The changes of Hex and
Hy indicate that the interaction between the ferromagnetic and antiferromagnetic layers is sensitive to
the low-temperature field annealing. Considering the exchange bias as an interface phenomenon, the
exchange bias field and the coupling energy per area J are related by J = poMtpmHex, where
poMs = 1.0 T is the saturation flux density of permalloy and fmv = 30 nm is the thickness of the
permalloy layer. Inserting the values of H.x from the VSM measurements in Table 1, we obtain
Jor =0.07 mJ/mZ, which is comparable to values reported in the literature for similar stacks [8, 9].

The low-temperature annealing at 280 °C and 320 °C resulted in reductions of Hex of 34 % and 52 %,
respectively. Similar observations have been made in studies of similar structures with a top-pinned
ferromagnet [8-11]. Previous studies have generally used measurements of the magnetic hysteresis by
magnetometry [9-11], magnetooptical measurements [9] or Lorentz microscopy [8] to characterize the
variation of Hex and Hx with temperature, but they have not systematically studied the reversible and
irreversible changes induced by exposure to elevated temperatures.

In this work we were able to separate reversible and irreversible changes of the parameters for the
magnetic stack vs. temperature for samples exposed to different low-temperature field annealing
conditions. We find that the temperature variation of Ap/t is fully reversible. For the exchange bias
field H.x we find that the relative reversible change with temperature is the same for all samples
(Fig. 5(a)). The irreversible change of H., however, is sensitive to the field annealing and is
significantly reduced compared to a sample without field annealing. For all field annealed samples, Hex
still shows irreversible change upon heating above 25 °C with a relative change that seems to be
insensitive to the annealing conditions (Fig. 5(a)). For the anisotropy field Hx we find from Fig. 5(b)
that both the reversible and irreversible changes upon exposure to elevated measuring temperatures are
significant for the sample that was not field annealed, whereas the samples that were field annealed
show significantly smaller changes with temperature. Only the sample annealed at 320 °C shows a
negligible irreversible change of Hx upon exposure to 90 °C. The observed increase of the low-field
sensitivity Sp with field annealing and with exposure to elevated temperatures results from the
combined effect of the reversible decrease of Ap/t and the decrease of Hx+Hey (cf. Eq. (6)), where the
latter term dominates the temperature dependence.

To further investigate the effect of repeated exposure to elevated temperatures, we studied in Section
4.3 the samples with no annealing and with field annealing at 280 °C for repeated cycles between
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90 °C and 25 °C. In Fig. 6(a), we found that for both the annealed and the un-annealed sample that the
irreversible changes in the sensitivity as measured at 25 °C take place upon repeated exposure to 90 °C
on a time scale of hours. Moreover, the relative change in sensitivity for the un-annealed sample is
several times bigger than for the annealed sample. This change in sensitivity has to be attributed to the
change in Hx and H.. Indeed, these two parameters show decay upon long exposure to 90 °C. Also,
they show reduced irreversible changes in the annealed sensor compared to the un-annealed one.

For all samples, we find that even after field annealing at temperatures up to 320 °C, the values of Hex
and H still show irreversible changes upon exposure to temperatures above room temperature. These
changes have to be taken into account when these stacks and sensors are used for sensing purposes in
environments at elevated temperatures. The largest changes are found for the sample that was not field
annealed and we have found that the field annealing significantly reduces the irreversible changes.

5.3. Possible Mechanisms

Several reports in the literature have studied the effect of annealing at low temperatures on the
microstructure. King et al. [8] studied the magnetization reversal of NiFe/[rMn exchange bias couples
by Lorentz transmission electron microscopy. For an un-annealed sample, they found that the magnetic
domain structure in the ferromagnetic layer was highly complex on a microscopic scale near room
temperature with no clear overall orientation. After field annealing of the sample at 300 °C, they found
significantly larger magnetic domains that were essentially oriented along the cooling field. They
could not detect any changes of the microstructure and therefore attributed the change of behavior to a
reduction of the local pinning strength of the IrMn grains upon annealing. Thus, the IrMn grains
strongly pinned the ferromagnetic layer before annealing resulting in the highly complex domain
structure, but after annealing the pinning strength decreased due to relaxation in the spin structure of
the IrMn grains such that the local pinning was insufficient to force the ferromagnet to orient along the
local pinning field.

Geshev et al. [10] carefully studied the interface between Co and IrMn by high resolution cross-
sectional TEM and X-ray reflectivity measurements and found no effect of annealing at 215 °C on the
microstructure at the interface. Upon annealing in a magnetic field applied along the initial exchange
bias direction they observed a clear reduction of He that they attributed to relaxation of frustrated
spins in the top IrMn layer. They hypothesized that the first few atomic layers of the IrMn layer show
paramagnetic behavior and align themselves with the moments from the ferromagnet. When enough
atomic layers of the IrMn film to sustain antiferromagnetic order are deposited, the competition
between the alignment of the interface spins with those of the ferromagnetic layer and the
antiferromagnetic ordering will result in high frustration of the spin structure of the IrMn layer near the
interface and a high number of uncompensated spins at the interface, where the latter gives rise to the
high initial exchange bias. The annealing enables relaxation of the spin structure resulting in a
reduction of the pinning strength and hence of H.y.

Our findings that irreversible changes of H.x appear slightly above room temperature even for a sample
annealed at 320 °C for one hour and that repeated exposure to elevated temperatures result in gradually
decreasing values of H.y indicate that a slow, thermally activated process is involved in the change of
He vs. time and temperature and that the number of uncompensated interfacial spins of the IrMn layer
decreases as a result of the relaxation process. Thus, our observations are consistent with the above
interpretation in terms of thermal relaxation of frustrated spins in the IrMn layer near the interface to
the ferromagnet. We hope that our studies will provide further inspiration to further theoretical work
on this interesting topic.
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5. Conclusion

We have shown that measurements of the response vs. magnetic field of planar Hall effect Wheatstone
bridges can be used to extract the exchange field Hy, the anisotropy field Hx and the magnetoresistive
properties of the exchange-biased stack of the sensors. We have studied the temperature variation of
these parameters for a top-pinned NiFe/IrMn stack in the interval between 25 °C and 90 °C for
samples that were not annealed and samples that were low-temperature field annealed at 240 °C,
280 °C and 320 °C for one hour. In our experiments we separated reversible and irreversible parameter
changes. We found that the magnetoresistive effect is not significantly affected by the low-temperature
field annealing and only shows reversible changes upon exposure to elevated temperatures. Both Hex
and Hy are sensitive to annealing as well as the exposure to elevated temperatures and the relative
reversible decrease of He, with temperature can be described by a single temperature coefficient. Field
annealing significantly reduces but does not eliminate the irreversible changes of both He and Hx
upon exposure to temperatures even slightly above room temperature. In experiments where both field
annealed and un-annealed sensors were repeatedly exposed to 90 °C, we found a large initial change
and a gradual reduction of the change upon further exposure. We take these observations as indicative
of a slow thermally activated process that reduces the local pinning strength of the IrMn at the
interface. The observations are consistent with previous interpretations in the literature in terms of
thermal relaxation of frustrated spins in the antiferromagnet near the interface to the ferromagnet, but
further work is required to firmly establish this hypothesis.

The present results have important consequences for the use of permalloy-IrMn exchange-bias couples
in magnetic field sensors operating at variable temperatures. Stacks with no annealing are strongly
influenced by exposure to temperatures above room temperature and these should thus be used with
care in applications where the sensor is exposed to elevated temperatures and high accuracy is
required. Examples of such applications could be magnetic biosensors operating at variable
temperatures (e.g. for studies of biological interactions vs. temperature) and magnetic field sensors
operating in variable temperature conditions. The presented method provides an attractive approach to
quantitative characterization of the temperature-induced changes by exposure to given temperature
conditions. We have shown that low-temperature field annealing and prolonged exposure to the
highest operating temperature substantially reduces subsequent irreversible changes with increasing
temperatures but also that it is difficult to completely eliminate irreversible changes of the sensor
parameters. These therefore have to be considered for the use of the structures in sensing applications.
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