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Giant magneto-resistance (GMR) spin-valve films with an FeSiB/CoFeB free layer were fabricated

to detect applied strain in a GMR device. The magnetostriction constant of FeSiB was experimen-

tally determined to have 32 ppm, which was one order of magnitude larger than that of CoFeB. In

order to detect the strain sensitively and robustly against magnetic field fluctuation, the magnetic

field modulation technique was applied to the GMR device. It was confirmed that the output

voltage of the GMR device depends on the strain, and the gauge factor K¼ 46 was obtained by

adjusting the applied DC field intensity and direction. We carried out the simulation based on a

macro-spin model assuming uniaxial anisotropy, interlayer coupling between the free and pin

layers, strain-induced anisotropy, and Zeeman energy, and succeeded in reproducing the experi-

mental results. The simulation predicts that improving the magnetic properties of GMR films, espe-

cially reducing interlayer coupling, will be effective for increasing the output, i.e., the gauge factor,

of the GMR strain sensors. Published by AIP Publishing. https://doi.org/10.1063/1.5018467

I. INTRODUCTION

Giant magneto-resistance (GMR) and tunnel magneto-

resistance (TMR) films are used as sensitive magnetic field

sensors due to their significant change in resistance under the

application of small magnetic fields.1–3

The GMR (TMR) elements consist of two ferromagnetic

layers separated by a non-magnetic metallic (insulation)

layer, which is referred to as a spin valve structure, and the

variation of the relative angle between their magnetizations

results in the large change in the resistance of the elements.

The spin valve GMR and TMR were widely used as key

devices in the read head of the magnetic recording and con-

tributed to a tremendous increase in the recording density of

hard disk drives. The spin valve device also has a feature

capable of monolithic integration, since the GMR and TMR

elements are regarded as a simple two-terminal resistance,4

which broadens the range of its application.

In general, TMR exhibits magneto-resistance (MR) at

least one order of magnitude larger than that of GMR, which

is beneficial for detecting small magnetic fields. However,

for the detection of extremely small fields, such as bio-

magnetic fields, the area of the MR elements should be large

enough to reduce the magnetic noise.5 Also, the TMR ele-

ments in which the current flows perpendicular to the plane

(CPP) require a microfabrication process that is complicated

compared with the current-in-plane (CIP) GMR. In practice,

the area of the TMR elements cannot be arbitrarily large due

to the increase in pinholes in the tunneling barrier, whereas

the GMR is effective for increasing the device size without

the reduction of the MR.

Aside from the detection of the external magnetic field

or the bio-magnetic field,6–8 the GMR (TMR) is useful for

detecting a mechanical strain in the film through a change of

the magnetization direction of the sensing layer induced by

the inverse effect of magnetostriction. Thanks to the high

sensitivity of the GMR/TMR element, the MR devices are

reported to be applicable to strain gauges that are smaller in

size and more sensitive9–16 compared with conventional

strain gauges. In order to realize highly sensitive GMR/TMR

strain sensors, a magnetic layer having a large magnetostric-

tion constant and exhibiting a soft magnetic property is

required. For example, it has been reported that the spin

valve GMR sensor with a permalloy sensing layer fabricated

on an atomic force microscope cantilever exhibits a gauge

factor of 150.9 Moreover, for the magnetic tunnel junctions

with a magnetostrictive free layer, gauge factors of 400–600

have been reported.12,13 More recently, CoFeB/MgO/CoFeB

magnetic tunnel junctions have been reported to exhibit a

gauge factor of 2150.16 These values are much larger than

those of conventional metallic films with a gauge factor of

2–5. In addition to the GMR/TMR strain sensors, a giant

magneto-impedance (GMI) strain sensor with a high gauge

factor has been reported, although a high frequency signal is

necessary to observe the GMI effect.17

However, a drawback of the reported GMR/TMR strain

gauges, especially for those exhibiting a large gauge factor, is

that the output is significantly influenced by the fluctuation of

the external magnetic field. We have developed modulation-

type magnetic field sensors which distinguish the signal from

disturbance in the magnetic field.18–21 In this paper, we fabri-

cated a GMR spin valve element with an FeSiB free layer

exhibiting relatively large magnetostriction and small mag-

netic anisotropy,22 and applied the modulation technique to

detect the strain sensitively and robustly against the magnetic

field fluctuation. Figure 1 shows a schematic of the present

GMR strain sensors, whose free layer magnetization direction

is modulated by an AC magnetic field. A DC bias field was

applied to rotate the magnetization along the hard axis (HA)

of the free layer. When the AC field was applied along the
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easy axis (EA), the magnetization direction was oscillated as

in Fig. 1(a). When the stress was applied to easy or hard axis,

uniaxial anisotropy was induced which varied the AC oscilla-

tion angle of the free layer magnetization. However, a unidi-

rectional magnetic field along the easy axis does not change

the AC oscillation angle, but only deflects the center axis of

the oscillation as shown in Fig. 1(b). This means that the uni-

directional magnetic field does not influence the sensor AC

output. If we use two sensors whose easy axes are perpendicu-

lar to each other, the unidirectional external field and uniaxial

stress-induced anisotropy are detected independently. Here,

we report the output of this type of GMR strain sensor and

apply a macro-spin model to elucidate the output of the GMR

strain sensors.

II. EXPERIMENTAL METHODS

The GMR film with a stack of substrate/Ta (5)/

Fe72Si14B14 (20)/(Co90Fe10)92B8 (1.5)/Cu (2.2)/Co90Fe10 (3)/

Mn80Ir20 (10)/Ta (2) was deposited using a magnetron sput-

tering system. The units of the layer thickness and alloy

composition are nm and at. %, respectively, and the substrate

is Matsunami’s micro cover glass or ultrathin glass with a

thickness of 0.15, 0.1, or 0.07 mm. The CoFeB (1.5) layer

was inserted between the FeSiB and Cu layers to obtain a

moderate MR. The GMR film with CoFeB (20) instead of

the FeSiB (20)/CoFeB (1.5) double layer was also fabricated

to compare the effect of the FeSiB layer with a high magne-

tostriction constant. In order to measure the magnetostriction

constants of CoFeB and FeSiB in our GMR films, we fabri-

cated a CoFeB single layer film with a stack of substrate/

(Co90Fe10)92B8 (150)/Ta (2), and an FeSiB laminated film

with a stack of substrate/SiN (5)/[Fe72Si14B14 (100)/SiN

(5)]10. In the case of the growth of the thick FeSiB, the lami-

nated structure was applied for the magnetostriction mea-

surement in order to prevent the grain growth of the FeSiB

crystal, which significantly increases the magneto-crystalline

anisotropy of FeSiB. The Ar pressure during the deposition

was kept at 0.4 Pa. Before the deposition of the GMR films,

the substrate was cleaned using 1 keV Arþ ion bombardment

for 5 min, and during the deposition, a DC magnetic field of

Hex¼ 200 Oe was applied to induce uniaxial anisotropy of

the GMR film.

The magnetostriction constants of the CoFeB and FeSiB

films were evaluated by measuring the torque curves under

application of the uniaxial strain to the film.23,24 The MR

loops of the GMR films were measured by a DC 4-point

probe method in which a magnetic field is applied along the

easy axis (EA) and hard axis (HA) in the film plane. The

GMR films were patterned into a wire shape with a width of

100 lm and a length of 1200 lm as shown in Fig. 2(a). The

microfabrication of the GMR elements was done by photoli-

thography and Arþ ion etching. The easy axis of the GMR

element runs along its width direction, and the external field

HDC was applied along hH from the easy axis, which tilts the

magnetization of the free layer (uM) as shown in Fig. 2(b).

The GMR element was connected to the sensor circuit to

amplify the voltage due to the resistance change induced by

the strain and magnetic field. Figure 3 shows a schematic of

the application of the uniaxial stress to the GMR test device.

The cantilever beam of the GMR device with a length of L is

subjected to a vertical force at the free end, which induces

the vertical deflection d at the free end. The strain e at the

position s from the fixed end is expressed as

e ¼ 3dts L� sð Þ
2L3

; (1)

FIG. 1. Schematic of free layer magnetization of the present GMR strain

sensor modulated by an AC magnetic field. The magnetization direction in

the free layer is oscillated by the AC field, and the magnetization oscillation

angle is modified by the application of the stress in (a). The external field

applied along the easy axis does not change the AC oscillation angle but

only deflects the center axis of the oscillation shown in (b).

FIG. 2. (a) GMR pattern prepared on glass substrate and (b) direction of DC

magnetic field HDC and magnetization M from the easy axis (EA).

FIG. 3. Schematic of the cantilever beam of the GMR test device used to

apply uniaxial strain along the hard axis of the GMR.
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where ts is the thickness of the substrate.25 The strain e indu-

ces the uniaxial magnetic anisotropy through the inverse

effect of the magnetostriction. In this experiment, the uniax-

ial stress was applied along the hard axis (long axis) of the

GMR element (Fig. 3). Figure 4 shows the signal detection

circuit consisting of a bridge circuit, an instrumentation

amplifier (INA217), a high-pass filter, and a low-pass filter.

A bias voltage of 1.5 V was applied to the bridge circuit

whose one leg contained the GMR element. The typical bias

voltage applied to the GMR element was 0.77 V. The GMR

device was placed at the center of four orthogonal electro-

magnets to apply a DC magnetic field HDC in the direction

of hH from the easy axis, as shown in Fig. 2(b), in order to

rotate the free layer magnetization away from the easy axis.

The additional two electromagnets were used to apply an

alternating magnetic field HAC (0.6 Oe rms at 1 kHz) along

the easy axis as shown in Fig. 2(b) to induce harmonic

oscillation of the free layer magnetization, leading to the

resistance change of the GMR element at 1 kHz. The modu-

lation of the magnetization direction is effective to reduce

the DC noise of the circuit. Also, when the magnetization is

oscillated around the hard axis, the oscillation amplitude

becomes insensitive to the external stray field along the easy

axis, which makes the sensor robust to the external field fluc-

tuation as explained in Fig. 1. The application of the uniaxial

strain along the hard axis changes the amplitude of the mag-

netization oscillation due to the strain-induced anisotropy,

and the resultant AC component of the GMR terminal volt-

age is also modified by the strain-induced magnetic anisot-

ropy field. The GMR voltage in the bridge circuit was

amplified 300 times by the instrumentation amplifier, and the

1 kHz component of the amplifier output was selectively

extracted by the high- and low-pass filters. The cut-off fre-

quencies of the high- and low-pass filters were 0.512 kHz

and 5.305 kHz, respectively. We defined the amplitude of the

1 kHz component of the output voltage to be Vout.

III. RESULTS AND DISCUSSION

A. Magnetostriction constants of Fe72Si14B14 and
(Co90Fe10)92B8

The uniaxial strain in the CoFeB and FeSiB films was

applied by pressing the substrate between a pair of sample

holders whose inner surfaces have convex and concave cyl-

inder shapes with a radius of curvature of r¼ 200 mm. The

stress r and strain e are, respectively, expressed by the fol-

lowing equations:

r ¼ Ye
1þ � ; (2)

e ¼ ts

2r
; (3)

where Y and � are the Young’s modulus and Poisson’s ratio

of the film, respectively. Here, we used Y¼ 2.1� 1012 dyn/

cm2 and �¼ 0.3. In this experiment, the strain was estimated

to be about e¼ 3.8� 10�4 and 1.8� 10�4 for the CoFeB and

FeSiB films, respectively. Figure 5 shows the torque curves of

the CoFeB and FeSiB films under the application of tensile,

Lten (red), and compressive, Lcomp (blue) stress. In addition to

the stress-induced anisotropy, the torque curves Lten and Lcomp

contain in-plane anisotropy of the ferromagnetic layer, back-

ground signals from the holder and sample tilting. However,

the stress-induced anisotropy is selectively extracted by tak-

ing the difference between them, Lcomp–Lten, since the in-

plane anisotropy and background signals are canceled by the

subtraction, as shown by the green lines in Fig. 5. From the

amplitude of Lcomp–Lten, the magnetostriction constant k can

be obtained using the following equation:

Lcomp: � Lten: ¼
3

2
kr� 2: (4)

FIG. 4. Circuit for detecting the strain applied to the GMR element.

FIG. 5. Torque curves of (a) CoFeB (150) single-layer films and (b) [FeSiB (100)/SiN (5)]10 laminated film under the application of tensile (red) and compres-

sive (blue) stresses. The differences between the tensile and compressive stresses to eliminate the background and in-plane anisotropy of the film are shown as

green lines.
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The estimated kCoFeB and kFeSiB values are þ3.7 ppm and

þ32 ppm, respectively, indicating that FeSiB has a magneto-

striction constant one order of magnitude larger than that of

CoFeB.

B. Magnetoresistance characteristics of the GMR
element

Figures 6 and 7 show the MR loops of GMR films with

CoFeB (20) and FeSiB (20)/CoFeB (1.5) free layers, respec-

tively. The external field was applied along the easy axis and

hard axis of the GMR films. Figures 6(a) and 6(c) show the

major loops, and Figs. 6(b) and 6(d) show the minor loops.

The MR ratio was defined as (RAP – RP)/RP. Here, RP and

RAP are the resistances when the magnetizations of the free

and fixed layers are parallel and antiparallel, respectively.

The GMR film with the free layer CoFeB (20) showed an

MR ratio of about 4% as seen in Fig. 6(a), whereas the MR

ratio of the FeSiB (20)/CoFeB (1.5) free layer decreased

to about 2.5% as seen in Fig. 7(a). From the minor loops

in Figs. 6(b) and 7(b), the loop shift of the free layer is

estimated to be 15 and 5 Oe for the GMR films with CoFeB

and FeSiB/CoFeB free layers, respectively. The loop shift

indicates the existence of the interlayer coupling through the

Cu layer, which will be originated from the magneto-static

orange peel coupling26 and the Ruderman-Kittel-Kasuya-

Yoshida (RKKY) coupling.27

C. Output signals from GMR devices under
the application of strain

Figure 8 shows the waveforms obtained from the GMR

devices with CoFeB (20) [Figs. 8(a) and 8(b)] and FeSiB

(20)/CoFeB (1.5) free layers [Figs. 8(c) and 8(d)]. The exter-

nal field HDC¼ 10 Oe was applied along the hard axis

(hH¼ 90�). In order to avoid the domain formation in the

free layer, we first applied HDC along the easy axis to satu-

rate the free layer, then rotated HDC along the direction at hH

[see Fig. 2(b)]. The waveforms of Vout were taken at the out-

put of the filter circuit, and the displacement of the cantilever

end was set at d¼ 0 [Figs. 8(a) and 8(c)] and d¼ 0.1 mm

FIG. 6. MR loops along the easy axis and hard axis of the GMR films with

CoFeB (20) free layers. Panels (a) and (c) are the major loops taken by

applying a maximum field of 1 kOe, and panels (b) and (d) show the minor

loops taken within (b) 650 Oe and (d) 6100 Oe.

FIG. 7. MR loops along the easy axis and hard axis of the GMR films with

FeSiB (20)/CoFeB (1.5) free layers. Panels (a) and (c) are the major loops

taken by applying a maximum field of 1 kOe, and panels (b) and (d) show

the minor loops taken within (b) 650 Oe and (d) 6100 Oe.

FIG. 8. Waveforms obtained

from the GMR devices with (a),

(b) CoFeB (20) and (c), (d)

FeSiB (20)/CoFeB (1.5) free

layers. The external field

HDC¼ 10 Oe was applied along

the hard axis hH¼ 90�. The dis-

placement of the cantilever end

was set at (a), (c) d¼ 0 mm and

(b), (d) d¼ 0.1 mm.
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[Figs. 8(b) and 8(d)]. The waveforms of the GMR outputs

show a sinusoidal signal at a frequency of 1 kHz since the

free layer magnetization oscillates at 1 kHz due to the alter-

nating field HAC. From Figs. 8(a) and 8(b), the peak to peak

value Vout was 20 mV for the GMR with a CoFeB free layer,

and a slight increase in Vout around 1 mV was observed when

the deflection of the beam was changed from d¼ 0 to

0.1 mm. In the case of the GMR film with an FeSiB/CoFeB

free layer, the Vout was estimated to be 192 mV, and it

increased to 229 mV when a beam deflection of d¼ 0.1 mm

was applied. The reason that a large Vout at d¼ 0 was

observed for the GMR with FeSiB/CoFeB compared with

that with CoFeB was the small anisotropy field Hk of FeSiB/

CoFeB. The Hk of the GMR element with a CoFeB free layer

was 9 Oe, while Hk for the FeSiB/CoFeB free layer was

3.5 Oe. (Note that the Hk of the patterned GMR elements is

different from that of the corresponding GMR films, since

there exists an additional shape anisotropy in the GMR

element.)

Figure 9 shows the dependence of the output voltage

Vout on the strain e measured for the GMR devices with (a)

CoFeB and (b) FeSiB/CoFeB free layers. The external field

HDC was applied along the hard axis hH¼ 90� and the inten-

sity was varied from 10 to 50 Oe. As seen in Fig. 9(b), the

Vout from the GMR device with an FeSiB/CoFeB free layer

has a maximum at a certain strain e, and the peak position

shifts from positive to negative with increasing HDC. This

trend is not clearly seen in the GMR device with a CoFeB

free layer, but the slope of the Vout vs e at e¼ 0 took a maxi-

mum at HDC� 20 Oe and changed its sign from positive to

negative at around HDC¼ 40 Oe. The dependence of Vout on

e is much larger for the GMR device with an FeSiB/CoFeB

free layer than for that with a CoFeB free layer because of

the large magnetostriction constant of FeSiB compared with

CoFeB as discussed in Fig. 5. The peak of the Vout seen in

Fig. 9(b) is considered to originate from the condition that

the strain-induced anisotropy roughly cancels the sum of the

applied HDC along the hard axis and the anisotropy field Hk

along the easy axis, which makes the oscillation amplitude

of the free layer magnetization by HAC large. With increas-

ing HDC, the strain necessary to cancel the sum of HDC and

Hk is changed, but the peak value of Vout is not sensitively

dependent on HDC.

In order to understand in detail the dependence of Vout

on the strain e, we carried out a simulation of the magnetiza-

tion oscillation of the free layer under the application of

HDC, HAC, and strain e. The magnetic energy of the free

layer is assumed to be expressed by the sum of the uniaxial

anisotropy, strain-induced anisotropy, Zeeman energy due to

HDC and HAC, and interlayer coupling between the free and

pinned layers as follows:

E ¼ �Ku þ Keð Þ cos2ðuMÞ �MHDC cos hH�uMð Þ
�Ki cos ðuMÞ �MHAC cosðuMÞ; (5)

where Ku is the anisotropy constant containing the induced

anisotropy due to the deposition under the field and the shape

anisotropy due to the microfabrication. Ke [¼�3kr/2 as in

Eq. (4)] is the magneto-elastic anisotropy constant, M is the

magnetization (1000 emu/cc), and Ki is the anisotropy due to

interlayer coupling between the pin and free layers. Here, we

assumed that the magnetization of the fixed layer does not

change its direction under the application of HDC, HAC, etc.

By dividing Eq. (5) by the magnetization M, i.e.,

E

M
¼ 1

2
He � Hkð Þ cos2 uMð Þ � HDCcos hH�uMð Þ

� Hi cos ðuMÞ�HAC cos ðuMÞ; (6)

we can roughly estimate the stable direction of M using the

sum of the equivalent fields. The anisotropy field Hk and the

coupling field Hi are given by Hk¼ 2Ku/M and Hi¼Ki/M,

respectively, and the magneto-elastic anisotropy field He is

given by

He ¼
3kY

M 1þ �ð Þ e: (7)

When the positive (tensile) or negative (compressive)

strain is applied to Fe72Si14B14 with a positive magnetostric-

tion constant along the hard axis direction of the GMR ele-

ment, the He is induced in the direction of the hard axis or

the easy axis, respectively. To simulate the Vout based on the

FIG. 9. Dependence of output voltage Vout on the applied strain e to GMR devices with (a) CoFeB and (b) FeSiB/CoFeB free layers. The external field HDC

was applied along the hard axis hH¼ 90� and the intensity was varied from 10 to 50 Oe.
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model of Eq. (6), the parameters Hk and Hi were first evalu-

ated using the resistance of the GMR elements under the

application of HDC at angles from hH¼ 30� to 150� without

applying the strain e and the AC magnetic field HAC. Here,

we assume that the magnetization of the pin layer is fixed in

the direction of the easy axis. The Hk and Hi for the GMR

film with an FeSiB/CoFeB free layer were estimated to be

Hk¼ 3.5 Oe and Hi¼ 5.5 Oe by parameter fitting from the

model of Eq. (6). Hi roughly agrees with the shift of the MR

loop shown in Fig. 7(b). The GMR output Vout was calcu-

lated from the stable magnetization direction uM in Eq. (6)

at the time that the waveform of HAC took the maximum and

minimum, umax and umin, respectively. When the bias volt-

age of the GMR element and the gain of the instrumentation

amplifier are V and G, respectively, the Vout is expressed as

Vout ¼
V

2
MRð ÞG cos uminð Þ � cos umaxð Þ

� �
; (8)

where (MR) is the maximum MR ratio of the GMR element.

Figure 10 shows the simulated Vout as a function of the

applied strain e for the GMR cantilever devices with (a)

CoFeB and (b) FeSiB/CoFeB free layers under various DC

fields HDC from 10 to 50 Oe at hH¼ 90�. By comparing Figs. 9

and 10, the simulated results roughly reproduce the experimen-

tal results. In the GMR device having a CoFeB free layer, both

the experimental and simulated results showed positive slopes

at HDC¼ 10 and 20 Oe and negative slopes at HDC¼ 40 and

50 Oe. In the case of HDC¼ 30 Oe, a gentle peak could be

confirmed around e¼ 2� 10�4. In the other cases, no peak

appears in the range e of �3� 10�4� 3� 10�4 since the mag-

netostriction constant of CoFeB is small.

In the case of the GMR device with an FeSiB/CoFeB

free layer, the dependence of Vout on e is much larger than for

the device having a CoFeB free layer. There are peaks in the

Vout vs e in Fig. 10(b), and the peak position shifted in the

negative direction with increasing HDC, which coincides well

with the experimental results. In the simulation, a maximum

Vout of �280 mV was obtained at the strain e¼ 3� 10�5 for

HDC¼ 10 Oe. At this point, the effective anisotropy field (He

� Hk) is roughly compensated for by HDC, which makes the

magnetization oscillation by HAC large. As HDC increases, the

stress-induced anisotropy field He to compensate for HDC also

increases, which results in the shift of the peak position in the

negative direction of strain e.
In order to find a condition under which the value of

Vout is much larger than in Fig. 9, the direction of the applied

field hH was varied from 30� to 150�. Figure 11 shows (a)

the experimental and (b) simulated e dependence of GMR

output Vout under the DC field HDC¼ 10 Oe at various hH

values from 30� to 150�. As shown in Fig. 11(a), a large

Vout� 700 mV was obtained around the strain e¼ 0 when

HDC¼ 10 Oe was applied in hH¼ 120�, and the application

of both positive and negative strains significantly reduced

Vout. These results suggest that the x and y components of the

HDC roughly canceled the interlayer coupling Hi and the

effective anisotropy field (He�Hk) at the peak position,

respectively, thereby enhancing the oscillation of M under

HAC. The gauge factor of the sensor was estimated from the

slope of Vout vs e as follows:

FIG. 10. Simulated output voltage Vout

as a function of the applied strain e to

the GMR cantilever devices with (a)

CoFeB and (b) FeSiB/CoFeB free

layers under various HDC values from

10 to 50 Oe at hH¼ 90�.

FIG. 11. (a) Experimental and (b) simulated hH dependence of the output voltage Vout under HDC¼ 10 Oe at various values of hH from 30� to 150�.
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K ¼
DV

GV
e
: (9)

DVout/e was estimated to be 1.36� 104 around e¼ –5� 10�5

for hH¼ 120�, and by using a bias voltage V¼ 0.77 V and a

gain G¼ 300, the gauge factor K¼ 46 was obtained.

The experimental results are reproduced qualitatively by

the simulation based on Eq. (6) as shown in Fig. 11. A large

Vout was also seen in the simulated result at hH¼ 120�.
However, the peak voltage of Vout obtained in the simulation

was much larger than the experimental value. One of the rea-

sons for the discrepancy between the experiment and simula-

tion was considered to be the distribution of the magnetic

properties in the GMR film. The free layer of the GMR film

deposited under the magnetic field is considered to have the

intensity and angular distributions of the uniaxial anisotropy.

Moreover, the roughness of the spin valve and the thickness

distribution of the Cu spacer will result in the variation of

orange peel coupling and RKKY coupling between the free

and pin layers, respectively. Then, we introduced the disper-

sion of the Hk direction and the distribution of the Hi value

into the simulation. We also investigated the effect of the

distribution of the Hk value in the simulation, but there was

little effect on the simulated Vout at hH¼ 120�. Figure 12

shows the assumed (a) angular distribution of Hk and (b)

intensity distribution of Hi. Both are assumed to have

Gaussian distributions, and the standard deviations for the

direction of Hk and the intensity of Hi were set at 6� and

0.5 Oe, respectively. We calculated Vout at various combina-

tions of Hk direction and Hi value using Eqs. (6) and (8), and

weighted-averaged based on the profiles in Fig. 12 to calcu-

late Vout from the GMR device with these distributions.

Figure 13 shows the simulated results of Vout from the

GMR device assuming the directional dispersion of Hk and

intensity distribution of Hi shown in Fig. 12. The overall ten-

dency of the dependence of Vout on e under various values of

hH was similar to that in Fig. 11(b), but the maximum Vout

was significantly reduced by including the distribution of the

magnetic properties of the GMR film. Therefore, the distri-

bution of the magnetic properties of GMR films is consid-

ered to be one of the reasons that Vout is reduced compared

with the ideal case. The simulated results shown in Fig. 13

still exhibited a Vout value 2–3 times larger than the experi-

ments shown in Fig. 11(a). The formation of the domains in

the free layer may reduce the sensor output Vout, although we

paid special attention to avoiding the domain formation in

the free layer as mentioned in Fig. 9. In Fig. 13, we included

both distributions, the Hk direction and Hi intensity, but the

Hi distribution made the dominant contribution to reducing

Vout (not shown here). Thus, the improvement of the mag-

netic properties of GMR films, especially the reduction of

interlayer coupling, will be effective to increase the output,

i.e., the gauge factor of the GMR strain sensors. The inter-

layer coupling will be reduced by improving the flatness of

the spin-valve to reduce the orange peel coupling as well as

the precise control of the Cu thickness to adjust the RKKY

interaction between the free and pin layers.

IV. CONCLUSIONS

We fabricated a GMR spin valve with a magnetostric-

tive FeSiB free layer and applied a modulation technique

to detect strain sensitively and robustly against the magnetic

field fluctuation. The magnetostriction constants of

(Co90Fe10)92B8 and Fe72Si14B14 used as free layers in our

GMR devices were measured with a torque magnetometer

and confirmed to be þ3.7 ppm and þ32 ppm, respectively.

Two kinds of GMR films with (Co90Fe10)92B8 (20 nm) and

Fe72Si14B14 (20 nm)/(Co90Fe10)92B8 (1.5 nm) free layers

were compared and confirmed to show sensitive strain detec-

tion using GMR with an FeSiB/CoFeB free layer due to the

large magnetostriction constant of FeSiB. We also performed

a simulation assuming uniaxial anisotropy, interlayer cou-

pling, strain-induced anisotropy, and Zeeman energy to elu-

cidate the dependence of the output signal voltage Vout on

the strain e. The overall tendency of the experimental results

was reproduced by the simulation, but the simulated results

had much larger Vout values compared with the experiments.

By assuming a model including the angular dispersion of the

anisotropy field and the intensity distribution of the inter-

layer coupling, we found that the distribution of the magnetic

properties of GMR films was one of the reasons for the

reduction of Vout in the experiment. Thus, the improvement

of the magnetic properties of GMR films, especially the

reduction of interlayer coupling, will be effective for increas-

ing the output, i.e., the gauge factor of the GMR strain

sensors.

FIG. 12. (a) Assumed angular distribution of Hk having the standard devia-

tions rHk
of 6� and (b) assumed intensity distribution of Hi having the stan-

dard deviations rHi
of 0.5 Oe.

FIG. 13. Simulated results of output voltage Vout as a function of the applied

strain e under HDC¼ 10 Oe and various values of hH from 30� to 150�

assuming the directional dispersion of Hk and the intensity distribution of Hi

in the GMR film shown in Fig. 11.
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