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Rhombus-shaped microobjects formed by strips of two micrometers wide were fabricated from the spin valve

film. The influence of the shape anisotropy on the layers magnetic moment rotation during the spin valve magnetic

reversal is studied. A method for two-stage thermomagnetic treatment in a direction-fixed magnetic field has been

found. The method allows to obtain the opposite sign values of the exchange bias fields in the non-parallel rhombus

sides. The direction of the formed exchange bias is determined by the deviation of the strip from the uniaxial

anisotropy axis and from the magnetic field applied during thermomagnetic treatment. Based on a rhombus-shaped

microobject made from a single spin valve film, the device is a Full Wheatstone bridge. Each side of the rhombus

is an active magnetically sensitive element.
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1. Introduction

Spin valve type nanostructures have a giant magne-

toresistance effect, well reproducible by consistently high

magnetoresistance and high magnetoresistive sensitivity in

weak fields. These characteristics allow the use of spin

valves in magnetic field sensors [1,2].
The spin valve is a multilayer structure that includes

two ferromagnetic (FM) layers separated by a non-magnetic

copper layer, an antiferromagnetic (AFM) layer, buffer and

protective layers. One of the FM-layers, called fixed, is

located next to the antiferromagnetic and is connected to

it by an exchange interaction. As a result, unidirectional

magnetic anisotropy occurs with the axis of unidirectional

anisotropy (PD). The loop of the magnetization reversal

hysteresis of the fixed layer is shifted to the region of large

fields. The magnitude of the shift field (Hex) characterizes

the exchange interaction at the FM/AFM boundary. The

second FM-layer is called free and is magnetized in small

fields. The shift of the low-field hysteresis loop (Hj)
is determined by the characteristic interaction field of

FM-layers separated by a layer of copper [3]. Upon

sputtering in a magnetic field, a uniaxial anisotropy is

formed in the spin valve with an easy magnetic axis (EA)
parallel to the magnetic field applied during sputtering. The

shape anisotropy [4] is of great importance in microobjects.

Often, in a spin valve to expand the operating temper-

ature range, the fixed layer is replaced with a synthetic

antiferromagnet — SAF [5,6]. The SAF consists of two

FM-layers separated by a ruthenium layer and bound by

an antiferromagnetic RKKY interaction. In this case, the

ferromagnetic layer adjacent to the antiferromagnet is called

fixed, the other FM-layer is a reference layer. SAF at a

certain value of the applied field (Hsf) goes into a spin-

flop state. At H = Hsf, the magnetic moments of the

fixed (Mp) and the reference (Mr) layers are antiparallel and
perpendicular to the applied field. When the applied field

decreases (H < Hsf) Mp and Mr are oriented parallel to H

and antiparallel to each other, and when the field increases

(H > Hsf) Mp and Mr rotate, setting in the direction of H.

The PD direction in the spin valve can be changed by

thermomagnetic treatment (TMT). TMT consists of heating

the spin valve to a temperature exceeding than the blocking

temperature (Tb), at which the field Hex tends to zero, and

subsequent cooling. Upon cooling, PD is formed again and

coincides with the direction of the magnetic moment Mp of

the fixed FM-layer.

When designing various electronic devices, the work of

which is associated with fixing changes in the magnetic

field and measuring its magnitude, magnetically sensitive

elements are often connected in accordance with the

electrical circuit of the Wheatstone bridge [7–11]. This

allows avoiding a temperature drift, reducing noise and

obtaining an output signal which is symmetrical with respect

to H = 0 [10]. The principle of operation of the Wheatstone

bridge is based on measuring the potential difference (Uout)
between the average terminals of two parallel branches.

In each branch, two magnetically sensitive elements (arms)
are connected in series. The maximum ratio between the

applied to the bridge branches (Uin) and Uout is obtained
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if the electrical resistance increases in the two arms of the

bridge, and decreases in the other two ones in case of any

change of the magnetic field. Such a scheme with four active

elements is called a full Wheatstone bridge.

If the active elements of the Wheatstone bridge are spin

valves, then their PD should be mutually pairwise opposite.

The following techniques are used to obtain the required PD

orientation: two-stage sequential sputtering of spin valves

with different directions PD [12] and EA [13] or with a

different composition [14] on the corresponding parts of the

substrate; conducting TMT in the field corresponding to the

spin-flop the state in the SAF [6,13]; the use of a permanent

magnet to create additional oppositely directed components

of the field in the active elements of the bridge [11].
Earlier, we proposed in the work [13] a method for

the formation of a pairwise opposite exchange shift and

perpendicular mutual arrangement of PD and EA in

the spin-valve elements of the Wheatstone bridge. The

technique consisted in two-stage sputtering of the spin valve

film on the corresponding parts of the substrate to obtain

mutually perpendicular directions EA and subsequent three-

stage TMT using the spin-flop transition field Hsf.

In this paper, the features of the magnetization reversal

of spin valves due to a combination of shape anisotropy,

unidirectional and uniaxial anisotropy and the effect of

shape anisotropy on changes in exchange displacement

during thermomagnetic processing of micro-objects based

on spin valves are investigated. Taking into account the

data obtained, a technique for the formation of a pairwise

opposite exchange bias with a small angle of deviation

PD from EA in the spin-valve elements of the Wheatstone

bridge is found.

2. Experiment

Spin valves compositions

Ta(5 nm)/[Ni80Fe20]60Cr40(5 nm)/Co70Fe20Ni10(tFMF)/Cu(tCu)/
Co70Fe20Ni10(tFMR)/Ru(0.8 nm)/Co70Fe20Ni10(tFMP)/
Fe50Mn50(tAFM)/Ta(6 nm) are made by magnetron sputtering

at room temperature on glass substrates 25× 25mm.

During sputtering, a magnetic field with a strength

of H =80Oe was applied in the plane of the substrate. The

three-layer structure of Co70Fe20Ni10/Ru/Co70Fe20Ni10 is a

synthetic antiferromagnet.

The thicknesses of the layers are indicated in nanometers.

The thickness of the copper layer tCu = 2, 2.1 and 2.4 nm,

at the thicknesses of the free FM-layer tFMF = 3.5 and 4 nm,

reference FM-layer tFMR = 3.1, 3.5, 4 and 4.3 nm, fixed

FM-layer tFMP = 3 and 3.3 nm and AFM-layer tAFM = 10

and 11 nm.

The method of mask-free laser lithography using the

DWL 66+ unit manufactured by Heidelberg Instruments

Mikrotechnik GmbH was used for the manufacture of

micro-objects. The following three types of micro-objects

were manufactured. (1) Microstrips of width w = 1, 4

and 6µm whose long side is parallel to EA. (2) V-shaped

objects representing two angle-forming microstrips with

6.10

80 mm

ba

Figure 1. Photos of micro-objects: a — sample V-shape.

The width of the microstrips w = 6µm, the angle between the

microstrips and EA 10◦; b — a rhombus-shaped microobject.

copper contact pads at the top of the corner and at the

ends of the microstrips. The magnitude of the angle

is 20, 40 and 60◦, and its bisector coincides with EA

(Fig. 1, a). (3) Rhombus-shaped micro-objects (Fig. 1, b)
with copper contact tracks at the corners. The sides of the

rhombus are microstrips 315 µm long and 2µm wide. The

angle at the top of the rhombus is 40◦ . EA is directed

along the long diagonal of the rhombus. This micro-

object is designed to implement the electrical circuit of the

Wheatstone Bridge. Contact pads and tracks were made

using a lift-off procedure.

Magnetoresistance measurements and TMT were carried

out in an unit assembled on the basis of a Bruker

electromagnet and a LakeShore 336 temperature controller.

The resistance was measured by a four-point probe method

with a constant current flowing in the plane of the film.

Magnetoresistance was determined as

1R/Rs =
(

R(H) − Rs
)

/Rs ,

where R(H) is the resistance of the sample in the

magnetic field and Rs is the resistance in the saturation

field (Hsat). In the TMT process, annealing was conducted

in a helium atmosphere at a temperature TTMT = 448K,

exceeding the blocking temperature Tb, which for spin

valves with SAF based on antiferromagnetic alloy FeMn is

Tb = 423−433K [5].
An automated vibration magnetometer was used for

magnetic measurements.

When measuring the dependence of the output voltage

on the applied field of the Wheatstone bridge, a constant

voltage Uin = 5V was applied to the contact pads at the

sharp corners of the rhombus. The measured signal Uout(H)
was removed from the contact pads in the obtuse corners of

the rhombus.
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3. Results and discussion

3.1. Effect of shape anisotropy
on remagnetization of spin valves

To identify the effect of the sample size and shape on the

magnetization reversal of spin valves, the field dependences

of magnetoresistance for microstrips of different widths

were measured. Figure 2, a shows magnetoresistive curves

for microstrips w = 6 and 1µm, measured in a field applied

parallel to PD ‖EA and the long side microstrips. At

w = 1 µm, the width of the low-field loop characterizing the

magnetization reversal hysteresis of the free layer is greater

than at w = 6µm. The obtained magnetoresistive curves

are very close for the rest of the parameters.

When discussing the measurement results, we will use the

interaction between the layers in the spin valve and changes

in its magnetoresistance to understand the orientation of the

magnetic moments of the free, reference and fixed layers.

It is known that the dependence of the spin valve

resistance on the angle (ϕ) between the magnetic moments

of the free layer Mf and the reference layer Mr is described

by the expression

R(φ) = RP + (RAP − RP)(1− cosφ)/2, (1)

where RP and RAP is the spin valve resistances in the co-

directional and counter-directional state Mf and Mr.

The maximum magnetoresistance (1R/Rs)max(‖)
(Fig. 2, a) corresponds to ϕ = 180◦ and is 10.8 and 11.3%

at w = 1 and 6µm.

Fig. 2, b shows the field dependence of the magnetore-

sistance obtained in a field applied perpendicular to PD

for a microstrip w = 6µm. The dependences obtained for

w = 4 and 6µm (1R/Rs)(H) are typical for spin valves

when measured in the field H⊥ PD. Namely, the maximum

magnetoresistance is (1R/Rs)max(⊥) ≈ 0.5(1R/Rs)max(‖),
which corresponds to ϕ ≈ 90◦ [15].
For a microstrip with a width of w = 1µm, the magne-

toresistive curve looks completely different (Fig. 2, c). In

particular, on the descending branch of the hysteresis loop,

the magnetoresistance reaches a value

(1R/Rs)max(⊥) ≈ (1R/Rs)max(‖),

of ϕ ≈ 180◦, respectively.

During remagnetization, the following changes occur in

the direction of the magnetic moments of the free, reference

and fixed layers of the spin valve. When the applied field is

H ≥ Hsat, the magnetic moments Mf, Mr and the magnetic

moment of the fixed layer Mp are co-directional and parallel

the field, and the magnetoresistance is minimal. When the

applied field decreases, Mr and Mp, turn antiparallel to each

other due to the exchange interaction through the ruthenium

layer, and then orient along PD due to the interaction at

the FM/AFM boundary. This results in an increase of the

angle ϕ and magnetoresistance.

Fig. 3 shows the region of small fields for magnetoresistive

curves (Fig. 2, b, c) obtained for microstrips of width w = 1

and 6µm, as well as orientation Mf and Mr.
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Figure 2. Field dependences of magnetoresistance

for spin valve microstrips Ta(5)/NiFeCr(5)/CoFeNi(4)/Cu(2.1)/
CoFeNi(4)/Ru(0.8)/CoFeNi(3)/FeMn(10)/Ta(5) (w=6 and 1µm).
Inserts: the direction of EA and PD with respect to the microstrip

and the applied field.

A change in the field corresponding to an ascending or

descending branch of the hysteresis loop causes a clock-

wise or counterclockwise half-turn of the moment Mf at

w = 6µm. For samples with w = 1µm, similar changes in

the magnetic field lead to fundamentally different changes,

namely, Mf makes a complete revolution in the plane of

the film around the normal to it. To implement such

a remagnetization mechanism, it is necessary that the

rotation of the magnetic moment in one direction, for

example, counterclockwise, is energetically more advan-

tageous. Apparently, such conditions are realized in the

presence of a small angle (β) deviation from the parallel

mutual orientation of PD ‖EA and the long side of the

microstrip, as shown in Fig. 3 for the case of w = 1µm.

The occurrence of this deviation is very likely during the

lithographic manufacture of micro-objects.

In small fields, the shape anisotropy affects the orientation

of the magnetic moments of the layers, so Mf, Mr and Mp

tend to line up along the microstrip at its small width.

Figure 4 shows the low-field parts of the magnetic

hysteresis loops measured in a field applied parallel and
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Figure 4. Magnetic hysteresis loops of the spin valve

Ta(5)/NiFeCr(5)/CoFeNi(4)/Cu(2.1)/CoFeNi(4)/Ru(0.8)/
CoFeNi(3)/FeMn(10)/Ta(6) obtained in small fields when applied

fields along (line with empty characters) and perpendicular (line
with filled characters) EA.

perpendicular to the EA spin valve. The values of the

effective uniaxial anisotropy field (Ha) and the magnetic

moment of the free layer were estimated as shown in the

figure.

The effective anisotropy field of the shape can be

estimated using the expression [16]:

Hsh = 4πMstFM/w, (2)

where Ms — spontaneous magnetization, tFM — ferromag-

netic layer thickness, w — width microstrips.

We estimate the value of spontaneous magnetization as

Ms ≈ M f/VFMF ≈ 480G, where VFMF — the volume of the

free layer. Then, with the thickness of the free ferromagnetic

layer tFMF = 4 nm and the width of the strip w = 1µm,

it is possible to estimate the value of Hsh = 24.1Oe,

respectively, at w = 6µm Hsh = 4Oe. The effective uniaxial

anisotropy field for a spin valve of such a composition is

Ha ≈ 10Oe (Fig. 4).
For microstrips with a width of w = 1µm Hsh > Ha.

Then, at H ≈ 0, for the magnetic moments of the fixed, re-

ference and free layers, the orientation along the microstrip,

and not along EA, will be energetically advantageous.

Thus, with a small width of the microstrip, it becomes

possible to control the remagnetization of Mf and the

associated exchange interactions Mr and Mp by changing

the magnitude of the magnetic field and the angle of its

deviation from the long side of the micro-object.

3.2. Formation of non-collinear axes of
unidirectional anisotropy in microstrips
deviated from each other during
thermomagnetic processing

The following series of experiments were carried out

on V-shaped micro-objects with the width of microstrips

w = 1, 6 and 8 µm, deflected in different directions from

EA at angles 10, 20 and 30◦ . It was shown above that

at H ≈ 0 the anisotropy of the shape and the deviation of

the microstrips from the applied magnetic field affect the

rotation of the magnetic moments of the spin valve layers

during magnetization reversal. It can be assumed that for

a certain small value of the applied field, the directions

of the magnetic moments Mp in the microstrips will be

significantly different, despite the fact that the V-shaped

microobject is made of a single film and, accordingly, the

composition of the spin valve in the two microstrips is the

same. If TMT is produced in this field, then at T > Tb, the

exchange interaction between the fixed FM and AFM layer

will collapse, and then, when cooled in a magnetic field,

it will form again, setting new directions PD1 and PD2 in

microstrips. It is important that PD1 and PD2 will be co-

directed with Mp at the time of TMT, i.e. not co-directed

with each other.

The objective of this stage of research was to form

the axes of unidirectional anisotropy PD1 and PD2 in

two microstrips of the V-shaped sample so that the angle

between PD1 and PD2 was close to 180◦ .

TMT was performed in a magnetic field HTMT applied

perpendicular to the bisector of the angle between the

microstrips and, consequently, HTMT ⊥EA. TMT consisted

of the following two stages. (I) Heating to the tempera-

ture TTMT = 445K, annealing for 10minutes and cooling

to room temperature in a magnetic field HTMT ≈ 9 kOe,

(HTMT > Hsat). At the same time, new PD co-directed

with HTMT are formed in the microstrips (Fig. 5, a, frag-

ment 2). (II) Heating and cooling in a magnetic field as

close as possible to H = 0. In such a field at T > Tb, the

magnetic moments Mf, Mr and Mp are oriented parallel

to EA or along the microstrip, depending on the ratio
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field dependences of magnetoresistance for microstrips

(w = 1µm) of spin valve Ta(5)/NiFeCr(5)/CoFeNi(3.5)/
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between the values of the fields Ha and Hsh. If Hsh > Ha,

then the associated RKKY interaction Mr and Mp in both

microstrips line up along them. Making an energetically

more advantageous turn at a smaller angle, the magnetic

moments in one microstrip of the V-shape sample turn

clockwise, and in the other — counterclockwise. For

example, if the microstrips are deviated from each other

by 20◦, then the angle between Mp in different microstrips

will be close to 160◦ . Further cooling to room temperature

leads to the formation of PD1 and PD2 axes in microstrips,

co-directed with Mp (Fig. 5, a, fragments 3 and 4).
Fig. 5, b shows the field dependences of the magnetore-

sistance for two microstrips of a V-shape sample, measured

in a field applied in parallel to EA after TMT. The nature

of the obtained magnetoresistive curves indicates that the

projection of PD1 on the applied magnetic field is positive,

and in the projection of PD2 is negative. The effect is

observed for microstrips of width w = 1, 6 and 8µm.

The angle of deviation of the formed PD1 and PD2

from EA spin valve is equal to the angle of deviation of

the microstrip from EA and for different samples is 10,

20 or 30◦ . Accordingly, the magnetoresistive curves

obtained after TMT are characterized by a sharp change

in magnetoresistance in small fields and a large width of the

low-field hysteresis loop.

The two-stage TMT procedure described above was

applied to V-shaped samples with different thicknesses of

the copper layer in the spin valve tCu = 2 and 2.4 nm. When

changing tCu, the slope, width and shift of the low-field

hysteresis loop of the magnetoresistance of the spin valve [3]
change. The low-field parts of magnetoresistive curves

obtained after TMT for different microstrips of V-shaped

samples are shown in Fig. 6.

For a sample with a copper layer thickness of 2 nm,

the low-field hysteresis loops have a smaller displacement

from H = 0, a smaller slope and a smaller width. In

this case, it is important that the hysteresis loops obtained

from different microstrips of the V-shape sample are closer

to each other. Accordingly, at tCu = 2 nm, the magnetic

moments Mf in one and the other microstrip, when the

spin valve is magnetized, turn in opposite directions in very

close fields. It is precisely this coordinated rotation Mf

that is preferable when combining spin valve microstrips

in accordance with the Wheatstone full bridge scheme.

Thus, both microstrips of the V-shape sample were

subjected to a single two-stage TMT in a direction-fixed

magnetic field and, nevertheless, new directions PD1 and

PD2 were formed in the microstrips, deployed from each
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other at an angle close to 180◦ . The factors determining the

directions of the new PD1 and PD2 are the anisotropy of

the shape and the angles of deviation of the microstrip from

EA and from the magnetic field applied at TMT.

3.3. Implementation of a Full Wheatstone bridge
scheme by a single thermomagnetic
treatment

The TMT mode described above was used to form

pairwise opposite PD directions in the elements of the

Wheatstone Bridge. A rhombus-shaped micro-object is

similar to two combined V-shape samples. At the same time,

two microstrips are deflected from EA in one direction, and

two are deflected in the other direction. After carrying

out the TMT procedure described above, new pairwise

opposite PD were formed in the magnetic field HTMT ⊥EA

applied along the short diagonal of the rhombus in the

microstrips of the spin valves forming the sides of the

rhombus.

Figure 7, a shows the dependence of the output voltage of

the Wheatstone bridge with a microstrip width of 2 µm and

the angle at the top of the rhombus 40◦ on the applied

magnetic field. The field during the measurement was

applied along the long diagonal of the rhombus. Supply
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Figure 7. a — dependence of the voltage Uout on the magnetic

field, b — electrical diagram of the Wheatstone bridge, c —
diagram of the Wheatstone bridge with the preferred direction

PD of the spin valve in each arm and the corresponding field

dependences of magnetoresistance.

voltage Uin = 5V. The width of the hysteresis loop is 43Oe,

sensitivity to magnetic field changes — 3mV/V/Oe. The

sharp dependence of the magnetoresistance on the field and

the presence of hysteresis are characteristic of spin valves

with a small deviation of PD from EA.

In the full Wheatstone bridge, the scheme of which

is shown in Fig. 7, b, each of the four elements has a

resistance R, which in the magnetic field changes by the

value 1R. The ratio between Uin and the value of the output

signal Uout can be estimated as [13]:

Uout = Uin1R/R. (3)

In the Wheatstone bridge obtained, the ratio

Uout/Uin=0.06 does not reach the maximum possible for

the spin valves used (1R/Rs)max=0.08. The field applied

during the measurement is deflected by 20 degrees from

the PD direction in all the spin-valve elements of the

bridge, respectively, the angle ϕ between Mf and Mr in

weak fields are about 160 degrees (Fig. 7, c). Using the

expression (1), we obtain for the magnetoresistance the

value 1R/Rs = 0.07, which is close to Uout/Uin = 0.06. The

performed estimates suggest that after the TMT procedure

described above, a magnetic phase with an undesirable PD

direction is present in a very small amount in spin-valve

elements.

4. Conclusion

It is shown that in weak magnetic fields with a small

width of the microstrip, the shape anisotropy can control

the rotation of the magnetic moments of the layers during

the magnetization reversal of the spin valve.

A thermomagnetic treatment mode is found that forms

pairwise opposite axes of unidirectional anisotropy in the

sides of a rhombus-shaped microobject based on a spin

valve. If the easy magnetic axis coincides with the larger

diagonal of the rhombus, and the field during thermomag-

netic processing is directed along a smaller diagonal, then

opposite exchange shift fields are formed in the non-parallel

sides of the rhombus.

The sensor, which is a Full Wheatstone bridge, is made of

a single spin valve film by forming a rhombus with contact

pads by laser lithography and subsequent thermomagnetic

processing in a direction-fixed magnetic field.

The field dependence of the sensor output signal has the

form of a step, is characterized by high sensitivity to field

changes and the presence of hysteresis. Such characteristics

are in demand in switching devices.
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