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Abstract: The spin valve principle is the most prominent sensor design among giant- (GMR) and
tunneling (TMR) magnetoresistive sensors. A new sensor concept with a disk shaped free layer
enables the formation of a flux-closed vortex magnetization state if a certain relation of thickness to
diameter is given. The low frequency noise of current-in-plane GMR sensing elements with different
free layer thicknesses at different external field strengths has been measured. The measurements of
the 1/f noise in external fields enabled a separation of magnetic and electric noise contributions. It
has been shown that while the sensitivity is increasing with a decreasing element thickness, the pink
noise contribution is increasing too. Still the detection limit at low frequencies is better in thinner
free layer elements due to the higher sensitivity.
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1. Introduction

The adaption of semiconductor magnetoresistive (MR) sensors for a variety of applications like
current sensing, automotive and biomedical purposes is driven by its low cost and power
consumption at a small size. Among other MR technologies, the use of GMR and TMR sensors is
vastly expanding due to their high magnetoresistive ratio and large bandwidth. The major sensing
principle is the spin valve concept. It consists of two magnetic layers separated by a spacer layer. In
the case of GMR devices the spacer layer is a conductive material. The introduction of a new sensor
concept [1] with a disk shaped free layer enables a flux-closed magnetization state when small or no
external fields are applied (see Figure 1b). This sensor concept enables high saturation fields
compared to other spin valve sensor technologies, a theoretically hysteresis-free transfer curve if the
vortex annihilation field is not exceeded and the absence of phase noise due to the energetically
favored, well defined vortex magnetisation state [2,3]. The intrinsic noise of the sensor is the crucial
value regarding the minimum detectable field at low frequencies. In this article the transfer
characteristic and the low frequency noise of vortex GMR sensors with different free layer thicknesses
are studied to evaluate the sensor performance.
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Figure 1. (a) Noise measurement set-up with a potentiometer Rvp to limit the current through the
device under test (DUT). The small voltage fluctuations are amplified (ULNA) and monitored with a
lock-in amplifier (LIA) to obtain the frequency resolved noise amplitudes. (b) An active elements free
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layer with the diameter D and the thickness tru in its vortex magnetisation state (arrows) without
external field.

2. Materials and Methods

The GMR current-in-plane samples were fabricated by optical lithography consisting of a
sputter-deposited layer stack with a PtMn-pinned synthetic antiferromagnet as pinned layer, a Cu
spacer layer and a CoFeB free layer of varying thickness. The noise measurements were performed
by supplying the device under test (DUT) with a battery connected to a potentiometer in series to
limit the current. The set-up is shown in Figure 1a with the DUT placed in an electrically shielded
environment inside an electromagnet calibrated by a Hall sensor. The active sensor elements are
arranged in a Wheatstone bridge configuration to suppress external noise sources. Each resistive leg
of the bridge contains 1752 active disc elements. The noise of the bridge output has been amplified
using an ultra low noise amplifier (ULNA, see [4]) and monitored with a lock-in amplifier. For the
resistance measurements a sourcemeter has been used.

3. Results

Magnetoresistance measurements of the samples are shown in Figure 2. The sweeping direction
of the external field up to the saturation field of the sensor is indicated by the colored arrows. The
delayed renucleation of the vortex state after the saturation of the discs, which results in an
annihilation of the vortex state, can be observed as hysteresis. While both the nucleation and the
annihilation fields increase with thickness, the sensitivity around zero field decreases.
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Figure 2. Measured resistance variations R normalised to the saturation values of the sensors in
dependence of external fields Bex:.

The sensors noise as a function of frequency in the vortex state (i.e., with no external fields
applied) is given in Figure 3. The data is represented using a boxplot with whiskers and the mean
with its positive and negative standard deviation as a triangle. To obtain the frequency and bias
voltage independent Hooge parameter a [5], the noise contributions of the sensor can be splitted in
a white noise and a pink noise contribution with the latter containing noise of electric as well as
magnetic origins [6,7]:
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with the noise of the ULNA 57 ., Boltzmann'’s constant ks and the temperature T in Kelvin. Noise
measurements of the sensors at a fixed frequency of 10 Hz, shown in Figure 4, were performed at a
supply current of 500 pLA over an external field range of 100 mT. The measurements were performed
at a delay time of 3 min after each field sweep increment and averaged over 500 measurements to
ensure a stabilized noise measurement. The intrinsic noise is highest near the vortex nucleation fields
and is clearly lower in the saturated region of the sensor. The voltage noise Sv is dependent on the
sensitivity what can be related to the magnetic noise contributions [7,8]. If the sensor is in a saturated
state, the magnetic noise contributions can be neglected, enabling a separation of the electric (aH.1)
and magnetic (anmag) part of the Hooge parameter an = aHe + anmag using Equation (1). Using the
results of the noise measurements shown in Figure 4 to estimate the noise values, the contribution of
electric and magnetic noise can be listed in Table 1.
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Figure 3. Noise measurements at no external field in the low frequency regime. The measurements
are displayed by boxplots with standard deviation and mean (triangles) for two different supply
currents. The measured data are fitted according to Equation (1) (dashed lines) to extract the empirical
fit parameter a.
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Figure 4. Noise Sv of the sensor during external field sweeps at a frequency of 10 Hz and a supply
current of 500 pA.

Table 1. Electric and magnetic noise contributions.

Thickness #rz [nm] Noise Parameter oz Magnetic Contribution asmag

40 1.7 -10715 aHmag =0.83 - an
50 1.0-10 aHmag =0.76 - an
60 0.7 -1071 aHmag = 0.63 - an
70 0.5-1071° aHmag = 0.57 - an

4. Discussion

The sensors linear range is increasing with the thickness of the free layer and therefore the
sensitivity is decreasing. This can be analytically derived from the “rigid” vortex model discussed by
Guslienko et al. [9], showing that the initial susceptibility of the free layer is dependent on thickness
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and diameter. The second result is that the magnetic contribution to the sensors low frequency noise
is dominant in thinner discs. The minimum detectable field is expressed by the frequency dependent
detectivity D given as the sensors noise power divided by the sensitivity S = (AR/AB)/Ro times the

supply voltage V' [6]:
D= /55/(5 - V)2 [T/VHz] )

The sensor properties are summarized in Table 2. Despite the fact of an increasing noise with
decreasing free layer thickness, the detectivity is still somewhat better in thin free layers due to the
increased sensitivity.

Table 2. Geometrical, electrical and magnetic properties of the measured samples.

Thickness Diameter Resistance MR Ratio Sensitivity Detectivity
tr [nm] D[pym] Ro(B=0)[Q] MR[%] S[%/mT]  DInT/vHz]l@10 Hz
40 2 4972 5.87 0.141 29.3
50 2 4504 5.52 0.113 28.2
60 2 4228 5.18 0.076 35.2
70 2 4058 4.68 0.063 36.0
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