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Il. Motivation

As the sizes of today’s MR sensors continue to shrink, the thermally excited
ferromagnetic resonance of the MR sensor, which is also called mag-noise, will start to

become a major noise source that affects the read back performance of the MR sensor.
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Figure 1. Calculation results of the effect of Mag-Noise on the read back waveform

Figure 1, which shows the calculated results of how mag-noise affects the read back
performance in the frequency and temporal domains, gives a fairly clear picture of the effect
of mag-noise on read back. The light gray lines represent the actual mag-noise in the sensor
and the black ones are the waveforms after passing the signal through a low pass filter
typical of a normal read head circuit and amplifier. It is obvious that the mag-noise is
distorting the read back waveforms. Experimental measurement of mag-noise in the low
frequency region (< 500MHz) has been done on some kind of spin valve sensors’. It has
been demonstrated that mag-noise can exceed Johnson noise in these sensors in the low

frequency region, where the mag-noise is basically white noise just like Johnson noise.
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However, since the origin of the mag-noise is the thermally excited ferromagnetic resonance
which has its resonance peak in the region of 2 GHz to 6 GHz, study of the spectrum in the
high frequency region is necessary to fully understand the nature of the mag-noise

phenomena.

Il Approaches

To approach the high frequency measurement of the mag-noise spectrum, there are basically five

steps:

1. Bias circuit scheme and signal amplification
The temporal effect of ferromagnetic resonance on magnetic spins is magnetization
fluctuation. In spin valve sensors biased by a sense current, the fluctuation of spins in the
free layer will cause an AC voltage signal between the two pins of the sensor. This AC
voltage signal is the effective mag-noise signal in the head read out waveform. As all
commercial read head bias circuits and amplifiers cut off below 1 GHz, to measure the mag-
noise spectrum, a bias scheme must be designed and an amplifier capable of high frequency

amplification must be utilized.

2. Reduction of unwanted radio frequency (RF) noise
Since the measurement is in the RF range, external RF noise, such as all kinds of radio
signals in the air and electromagnetic (EM) interference emitted by instruments, should be
reduced or eliminated. This can be achieved by keeping the system in a shielded room to
avoid radio noise in the air, by containing the system circuit in a grounded box to reduce EM
interference from the instruments and by using coaxial cables as connectors between the

circuit and instruments.



3. Field generation
A magnet that can provide constant DC field to the head must be utilized. The highest
field generated by the magnet should be able to saturate the spin valve Sensor while the field
magnitude must be adjusted in fine steps so that the spectrum’s change with field could be

captured in significant detail.

4. Measurement Methodology
Since the mag-noise signal in the obtained spectra will be mixed with other noises, most
of which are electrical noise, analysis of the signal measured is required. Thus, a method of

measurement must be devised to extract the mag-noise part from the whole signal.

5. Discussion and analysis of measured spectra
By varying the magnetic field applied to the spin valve sensor and testing heads of
different physical structure, three phenomena of the mag-noise spectra have been observed.
Analysis of the spectra behavior indicates the spectra’s relationship with the spin valve

sensors’ internal properties.



IV. Measurement Setup and Experimental Results

1. Measurement Setup

The measurement system used is shown schematically in Figure 2, which includes an HP8592D

spectrum analyzer with frequency range of 9KHz — 22 GHz and input impedance of 50 . A

PC & NI GPIB
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Figure 2. Schematic of the measurement system

MITEQ AFS42-00101000-20-10P-42 amplifier with amplification of 45 to 48 dB and a roll-off
frequency at 10 GHz was utilized. A electromagnet that is controlled by a Sorensen DCS 60-18
and/or an HP6634A current source was designed for the setup to provide external magnetic field to
the head. A high impedance circuit was used to provide sense current to the GMR head. A PC via an
NI GPIB card controls the spectrum analyzer and the current source in the setup. Details of each part

of the setup will be discussed in the following four sections.



(A) High Impedance Circuit Design

An enlarged diagram of the bias circuit is illustrated in Figure 3. The batteries in the circuit are all

T

Potentiometer R'1

GMR L__—"

Batteries: 8V Head

— Potentiometer RZ2

P
Figure 3. Diagram of the high impedance circuit

9V. The ground point of the circuit is the connection between the two batteries as indicated in the
figure. Big potentiometers R1and R2 are used to maintain the sense current in the circuit so that the
effect on the current by the GMR sensor resistance change is negligible. The potentiometers, whose
resistance is kept much higher than the spin valve sensor, have another function as high impedance
elements in the circuit to reduce the capacitance effect of the batteries and the transmission wires.
The reason why such high impedance elements reduce the effect of capacitance can be explained by

following simple circuit.

(1) Explanation of High Impedance Element Effect by Simple Circuit Example



To explain how the high impedance elements reduce the effect of parasitic capacitance in the
circuit, let’s first consider a simple circuit as in Figure 4, which is also the original design of the bias

circuit.
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Figure 4. Diagram of a simple circuit example

In Figure 4, AR(w) is the head’s resistance fluctuation and R is the nominal resistance of the

head. R, is the high impedance element. C is the equivalent capacitor of the capacitance of the
transmission wires and the batteries in Figure 3. I is a DC current source that provides sense current

to the GMR sensor. It is straightforward to get the following relationship for small signal analysis

1+ joCR,
+ Ia)C[Rt + RO + AR((U)]

Vnut = I|.R0 + AR(CO)] 1 (1)

where @w=2mf , and f is the frequency of resistance fluctuation. With R, >>AR(w) and

considering only the AC component of the voltage signal, i.e. AR(®) in the first bracket of equation

(1), the frequency response of the output in power is



V.|  1+0’C’R?
IAR(®)| 1+ w’C*(R, +R,)*

2)

When the impedance of R, satisfies R, >> R, so that R, + R, =R, , equation (2) will always

yield 1 for any ®value. On the other hand, if R, is so small that it is comparable to Ry, the output

power spectrum will have a 3dB cutoff at @ =1/ \/EROC . And for the extreme case where R, =0,

the output power spectrum will have a 3dB cutoff at @ =1/ R,C . To avoid this cutoff phenomenon,

high impedance elements are desired to sit in the circuit.

Another advantage have big resistors in the circuit is that they reduce current noise. With the
same battery voltage noise but bigger resistors, there is less current noise, which is crucial to
measuring the mag-noise signal. Although the resiétors’ Johnson voltage noise will also increase
with resistance, it is proportional to the square root of the resistance. Divided by the resistance of the
resistor itself, the current noise from the resistor is actually proportional to the inverse of square root
of the resistance. Thus, the total effect is that the bigger the resistors, the lower the total current noise
in the circuit. Since the mag-noise signal from the spin valve sensor is directly proportional to the
sense current in the circuit, the smaller the current noise, the more accurate the measured mag-noise

spectrum.
(2) Analysis of the Circuit Used in the Setup

The circuit in Figure 4 was abandoned because of the total voltage accumulated on the non-

grounded end of the head causing the head’s susceptibility to ESD damage when the sense current
was higher than 3mA. The final circuit is as in Figure 3, where the values of Rland R2 are always
kept the same R, (as indicated in Figure 5), so that a voltage near ground potential always remains in

the GMR sensor to make the sensor less prone to ESD damages.
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Figure 5 Diagram of the high frequency equivalent circuit of the bias circuit used in the setup

The frequency response of the circuit in Figure 3 can be analyzed with the high frequency

equivalent circuit in Figure 5. Johnson noise from the resistors can be viewed as AC voltage sources
V, and V, in Figure 5 with root mean square (RMS) noise voltage of /4kTR,Af °, where ks the
Boltzmann’s constant, T is the absolute temperature, R, is the resistance of the resistors and Af is the
bandwidth of the system. Capacitors with value C are equal capacitance of batteries and transmission
wires. R, + AR(w) is the resistance of the spin valve head. Current source I provides the sense

current to MR sensor.

Considering the total current flows in the circuit, it has two components. One is the DC current,

I =2U /2R, + R,), provided by the current source, where U is the electrical potential of one

battery. The other  one is the  AC current  from  Johnson noise



voltage I = V, +V,)/(2R, + R, +2/ jwC) . With R, being the nominal resistance of the head

and AR(w) being the resistance fluctuation, the total voltage at the output point is

-V IR, + AR(@))(R, +1/ j
V=2 (g 1 jec) (Mo PARONR A1 j0C) )
2R, + Ry +2/ joC 2R, + R, +2/ joC
Johnson’s  Noise CC Mag—Noise ”

Discarding the DC part (IR, portion of the mag-noise part in equation (3) ) and considering R~ 60R,

equation (3) can be transformed to

Vz B Vl

total

+ é AR(@) 4)

The first component in equation (4) is the contribution from Johnson noise and the second
one is from mag-noise. From equation (4), one can see that the measured mag-noise voltage
is half the actual signal through the MR sensor. The total effective Johnson noise voltage

can be deduced from calculating the total effective Johnson noise power, which is

NP

Johnson

=1/ 4(V17; +V2)=1/2V,V,. Considering V; and V are uncorrelated (V;V,=0),

NP =V?, where V =,V +V27 /2. Thus the resulting Johnson noise voltage is V .

Johnson
Considering the RMS voltage is the same for the two resistors, the RMS of V is the Johnson
noise from a resistor of half the value of R. This is reasonable because the whole circuit is
like two parallel lines. Capacitors act as shorts at high frequency, so the circuit is like two

parallel resistors. The total effect is a single resistor with a resistance of half of R.

However, when talking about the electric noise of the system, the amplifier noise is an
additional contribution. This issue is easily addressed though, because we do not need to
know the exact component of the electric noise as long as it does not change with magnetic

field or sense current, which is demonstrated in the ‘Experimental Results’ section of this
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report. As to the mag-noise, since it acts as an addition to the Johnson noise voltage and is
uncorrelated with the Johnson noise, the mag-noise components could be readily separated

from Johnson noise in the spectrum analyzer. This will be discussed in the following section.

(B) Components of Measured Noise Power Spectra

From section (A), the output voltage is deduced to be in the form of
Vtotal (t) = Velecrrical ([) + Vmagnetic ('t) (5)
where V.0 @0d V, ... are electrical and magnetic noise voltages. Although the total

output noise signal is the voltage signal, the spectrum analyzer actually displays the power spectrum
1 T
density. With g(¢) = }im?J.V(T)V(T —1)d T being the autocorrelation function, the noise power
—>oo
0

spectrum density (NPSD) of the total voltage signal is

NPSDtotal = FT[gmta[ (t)]

17
=FT ]1,1_1;2 ? !Vtotal (T)mel (- ndt

(6)

1T
= FT{ }.1_{2 .—f J’ [Veiectrical (T)Velectrical (T - T) + Vmugneric (T)Vmagneric (T - f)
0

+ Velectricul (T)Vmagnetic (T - t) + Vmagnetic (T)Velectrical (T -t )]dT }

simce Velectrical a'nd V

magnetic

are uncorrelated,

17 ‘
NPSD/()M! = FT{}.I_I;I}O .]—-. J. [Velccfriml (T)Velectrical (/[ - t) + Vmagn/:tic (T)Vmagneric (T - t)]dr}
0

1 T
= FT[lim—-
T T 0

1
Velectrical (T)Velecrricul (T - l‘)d’l’} + FT{]IH’I = JVmagnetic (T)Vma enetic (T - t)dT:|
T—eo T 5 8
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= FT[gelectrical (t)] + FT[g magnetic (t)]

= NPSD + NPSDmagnetic (7)

electrical

Thus, the total measured NPSD from the spectrum analyzer is the addition of the NPSD of

the electrical noise of the system and the NPSD of mag-noise of the MR sensor.

To get the pure mag-noise part NPSD the electrical part, NPSD can be

magnetic ? electrical

measured first and then subtracted from the total noise spectrum to get the mag-noise. Measuring

the electrical noise spectrum was achieved by applying a saturation field to the head. At a saturation
field, the mag-noise is suppressed by the field and will not show in the spectrum. Using this
electrical noise spectrum as the background noise spectrum and subtracting it from other spectra
obtained at non-saturating fields, the portion left should be the mag-noise spectra only. Thus, the
mag-noise spectrum can be seen and its performance with magnetic field can be studied. An
assumption in the procedures mentioned above is that the electrical noise will not change with
~ different applied field. Since the electrical noise at the output arises from different origins than the
mag-noise, it is not affected by the DC magnetic ficld applied in the measurements. The assumpﬁon
is valid here. This method of obtaining the mag-noise spectrum will be demonstrated in more detail
in the ‘Experimental Results’ section of this report, where the method is proved to be practically

feasible.

Another part of the electrical components of the system that deserves discussion is the Miteq
amplifier, The reason why this RF amplifier, which is usually used in Wireless Communication, is
used here is due to the high frequency requirement of the measurement system. The noise signal ’
passes through the amplifier and gets amplified before it reaches the spectrum analyzer. So the noise
power spectrum density captured by the spectrum analyzer is actually the product of the real noise

power spectrum and the power amplification profile of the amplifier. The way to get rid of the
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Figure 6. Voltage amplification profile of the Miteq amplifier used in the setup

amplification profile is to measure it with a network analyzer and then divide the measured spectrum
with the profile. The division result will give a noise power spectrum in the actual magnitude. The -
voltage signal amplification profile measured for the amplifier used in the setup is as in Figure 6,

which is plotted in dB. As can be seen from the Figure, the amplification profile of the amplifier is

reasonally flat from 1GHz to 9 GHz range at the level of 45 dB to 48 dB.

(C) Magnet Construction, Control and Field Calibration

(1) Magnet Construction and Control

The electromagnet used in the measurement has the structure as illustrated in Figure 7. The

whole magnet is manufactured with Cold Rolled Steel that has least impurities of all the iron
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