
Magnetoimpedance behavior and its equivalent circuit analysis of Co/Cu/Co/Py
pseudo-spin-valve with a nano-oxide layer
Wei-Chih Chien, Yeong-Der Yao, Jiann-Kuo Wu, Chi-Kuen Lo, Ruei-Feng Hung, M. D. Lan, and Pang Lin 

 
Citation: Journal of Applied Physics 105, 033915 (2009); doi: 10.1063/1.3075841 
View online: http://dx.doi.org/10.1063/1.3075841 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/105/3?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Reversal mode instability and magnetoresistance in perpendicular (Co/Pd)/Cu/(Co/Ni) pseudo-spin-valves 
Appl. Phys. Lett. 103, 022409 (2013); 10.1063/1.4813393 
 
Precessional dynamics and damping in Co/Cu/Py spin valves 
Appl. Phys. Lett. 99, 092509 (2011); 10.1063/1.3633115 
 
Influence of nano-oxide layer on the giant magnetoresistance and exchange bias of NiMn/Co/Cu/Co spin valve
sensors 
J. Appl. Phys. 107, 093910 (2010); 10.1063/1.3407569 
 
Magnetorefractive effect in annealed Co  Cu  Co  Fe pseudo-spin-valve thin films 
J. Appl. Phys. 103, 07F316 (2008); 10.1063/1.2837631 
 
Measurement of local magnetization in the buried layer of a pseudo-spin-valve submicron wire 
J. Appl. Phys. 95, 7028 (2004); 10.1063/1.1667798 

 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

140.113.38.11 On: Wed, 30 Apr 2014 15:30:56

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/52631116/x01/AIP-PT/JAP_ArticleDL_041614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Wei-Chih+Chien&option1=author
http://scitation.aip.org/search?value1=Yeong-Der+Yao&option1=author
http://scitation.aip.org/search?value1=Jiann-Kuo+Wu&option1=author
http://scitation.aip.org/search?value1=Chi-Kuen+Lo&option1=author
http://scitation.aip.org/search?value1=Ruei-Feng+Hung&option1=author
http://scitation.aip.org/search?value1=M.+D.+Lan&option1=author
http://scitation.aip.org/search?value1=Pang+Lin&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.3075841
http://scitation.aip.org/content/aip/journal/jap/105/3?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/2/10.1063/1.4813393?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/9/10.1063/1.3633115?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/9/10.1063/1.3407569?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/9/10.1063/1.3407569?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/103/7/10.1063/1.2837631?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/95/11/10.1063/1.1667798?ver=pdfcov


Magnetoimpedance behavior and its equivalent circuit analysis
of Co/Cu/Co/Py pseudo-spin-valve with a nano-oxide layer

Wei-Chih Chien,1 Yeong-Der Yao,2,a� Jiann-Kuo Wu,2 Chi-Kuen Lo,3 Ruei-Feng Hung,4

M. D. Lan,4 and Pang Lin1

1Department of Materials Science and Engineering, National Chiao Tung University, Hsinchu 310, Taiwan
2Department of Materials Engineering, Tatung University, Taipei 104, Taiwan
3Department of Physics, National Taiwan Normal University, Taipei 115, Taiwan
4Department of Physics, National Chung Hsing University, Taichung 402, Taiwan

�Received 12 July 2008; accepted 20 December 2008; published online 10 February 2009�

Magnetoimpedance behaviors and thermal effects of a Co/Cu/Co/Py pseudo-spin-valve �PSV� with
a nano-oxide layer �NOL� were studied. The PSV can be regarded as a combination of resistances,
inductances, and capacitances. In addition, equivalent circuit theory can be used to analyze the ac
behavior of this system. The imaginary part of the magnetoimpedance �magnetoreactance� ratio is
more than 1700% at the resonance frequency �fr�=476 kHz at room temperature �RT�. The dc
magnetoresistance �MR� ratio decreases as the annealing temperature increases because the NOL is
formed at the interface between the spacer and the magnetic layer. The NOL deteriorates the
differential spin scattering and reduces the dc MR ratio. Impedance spectroscopy was utilized to
analyze the capacitance effect from NOL after annealing. The effective capacitance of the PSV was
21.8 nF at RT and changed to 11.8 nF after annealing at 200 °C. The useful equivalent capacitor
circuit not only is a nondestructive measurement technology but can also explain the experimental
results and prove the formation of the NOL. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3075841�

I. INTRODUCTION

Since the finding of the giant magnetoresistance �GMR�
effect in a magnetic multilayer, the pseudo-spin-valve �PSV�
has shown great promise for applications in magnetoresistive
random access memory, pick-up heads, and magnetic
sensors.1,2 According to a previous report,3 the growth of
PSV films on nano-oxide layers �NOLs� has led to an en-
hancement in GMR. A corresponding reduction in minimum
film resistance by over 10% confirms that this enhancement
originates from an increase in the mean free path of spin-
polarized electrons due to the resultant of specular reflection
on nano-oxide surfaces. Regarding thermal effects of a PSV
with NOL, it is well known that formation of another NOL at
the interface between the spacer and the magnetic layer de-
generates the differential spin scattering. Therefore, the dc
MR ratio of the PSV decreases with treatment at higher an-
nealing temperatures.4 In a nonmetallic system, the imped-
ance �Z� is comprised of resistance �R�, inductance �L�, and
capacitance �C�; therefore, equivalent circuit theory can be
used to analyze the ac behavior.5 In our previous work,6 we
utilized the impedance technique to investigate the NOL be-
havior in PSV. In this study, we extend the impedance tech-
nique to report on the frequency response features of the
magnetoimpedance �MI� behavior of PSV in more detail and
use impedance spectroscopy to conduct nondestructive
analysis of a PSV with a NOL after annealing.

Magnetoimpedance, MI=M�Z�ei�=MR �real part of MI�
+iMX, in which X=XL−XC, of the PSV originates mainly
from the inductance and capacitance of the device.7 It may

also contain a small amount of parasitic inductance and ca-
pacitance from the wire.8 For a metallic multilayer such as
PSV, XL usually dominates, with XC negligible. The hyster-
esis loop of the PSV and the corresponding behaviors of each
component of the impedance, i.e., �Z�, � �phase angle�, R, and
X, have been carefully examined.

As usual, the MI ratio is defined as 100%� ��Z�AP

− �Z�P� / �Z�P, where the subscript P �AP� stands for the parallel
�antiparallel� magnetization orientation state of the PSV. The
magnetophase �MP� ratio, magnetoreactance �MX� ratio, and
magnetoresistance �MR� ratio are all defined similarly.

II. EXPERIMENT

A PSV with a NOL of NOL/PSV/substrate was grown
by e-gun evaporation at RT on a thermally oxidized Si �100�
wafer with a size of 1�1 cm2. The NOL was obtained by
oxidizing the thin magnetic layers of Co for 10 min naturally.
The PSV was Ta 0.6/Co-NOL/Co 3/Cu 5/Co 1/Py 3, where
Py denotes Ni80Fe20 and all thicknesses shown in brackets
are given in nanometers. The base pressure of the growing
chamber was lower than 5�10−8 Torr, and during the
growth, the pressure never exceeds 10−7 Torr. The sample
was subsequently annealed from RT to 200 °C for 30 min
below the pressure of 1�10−2 Torr. The ac behavior was
determined by using an HP4194 impedance analyzer with
the 16047D fixture. A two-point contact was used in a fre-
quency range from 100 Hz to 40 MHz with a fixed oscillat-
ing voltage of �0.5 V. During the characterization, the ac
sensing voltage and external applied field of up to �100 Oe
were applied along the easy axis of the PSV sample, i.e., a
longitudinal configuration.a�Electronic mail: ydyao@phys.sinica.edu.tw.
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III. RESULTS AND DISCUSSIONS

Figure 1 shows the frequency dependence of �Z�, R, and
X for the PSV at zero applied fields. The X curve was nega-
tive at low frequency. It turned positive at the frequency f
�476 kHz, indicative of the resonance frequency �fr� of the
circuit. This is in agreement with the simulated equivalent
circuit consisting of an equivalent resistance
RPSV�=103.71 ��, inductance LPSV�=79.85 nH�, capaci-
tance CPSV�=20.83 pF�, and a parasitic inductance
LP�=627.8 nH�, capacitance CP�=225.04 nF�, and resis-
tance RP1�=1.72 ��, RP2�=12.86 ��, respectively, as shown
in the inset panel in Fig. 1.

The impedance of the equivalent circuit of the PSV is

Z = 1/�1/�RPSV + i2�fLPSV� + �i2�fCPSV��

+ RP1 + i2�fLP + 1/�1/RP2 + i2�fCP� . �1�

The solid line in �Z� shown in Fig. 1 represents the best fit
with the experimental data based on Eq. �1�. The solid line
and the data points fall exactly on top of each other, indicat-
ing that the PSV is well represented by the equivalent circuit.
Based on this observation, we elaborate on the impedance
behavior of PSV under various conditions. The frequency
behavior of the PSV, being metallic, is dominated by XL at
high frequency and XC is significant only at low frequency.
Note that X changes from negative to positive as the fre-
quency is swept from 100 Hz to 40 MHz. X vanishes at fr

=476 kHz.
The real part and imaginary parts of the equivalent im-

pedance of the PSV are

Reff = RPSV/��1 − 4�2f2CPSVLPSV�2 + 4�2f2CPSV
2 RPSV

2 �

+ RP1 + RP2/�1 + 4�2f2CP
2 RP2

2 � ,

Xeff = 2�f�LP + �LPSV − 4�2f2CPSVLPSV
2 − CPSVRPSV

2 �/

��1 − 4�2f2CPSVLPSV�2 + 4�2f2CPSV
2 RPSV

2 �

− CPRP2
2 /�1 + 4�2f2CP

2 RP2
2 �� . �2�

Note that R decreased very slowly at low frequency and then
dropped at a relatively faster pace at higher frequency. This
was confirmed by the observation. Furthermore, the �Z� value
would have shown a minimum at fr if the real part of the
impedance R had remained constant. In fact, this was not the
case. Consequently, the minimum value of �Z� drifted to
somewhere between 476 kHz and 5 MHz �smooth range�, as
indicated in Fig. 1. For the present case, the minimum value
of �Z� took place at a frequency near 2.4 MHz, where the
slope of the �Z� curve is flat. Beyond this point, the imped-
ance increased rapidly as XL became dominant. As noted, the
capacitance contribution from the equivalent circuit was
minimal. Most of the capacitance effect shown in the equiva-
lent circuit had its origin from the parasitic effects of the
wire itself.

With the abovementioned Eqs. �1� and �2�, the simula-
tion value of the LPSV is 79.85 nH. Let us make a rough order
of magnitude estimate of the L value. By definition, L
=BA / I, where B is the magnetic field, A �7.94�10−11 m2� is
the cross section area of the magnetic multilayer through
which B passes, and I �4.37 mA� is the current through the
sample. The Ms of the PSV measured by VSM is
595.7 emu /cm3. By simple relation, L is roughly 13.6 nH.
This is of the same order of magnitude as observed.

Figures 2�a� and 2�b� show the low frequency response
of MI, MP, MR, and MX effects of the PSV at 100 Hz. The
behavior of the PSV may be regarded as dc-like at this fre-
quency, and both MX and MP may be treated as frequency
independent. On closer inspection, however, the value of the
MX at antiparallel state at fr=476 kHz is clearly nonzero.
Interestingly, it shows an inverted negative MR-like loop be-
havior, as shown in Fig. 2�c�. These results are agreement
with a previous report.9 A MX ratio of more than 1700% was
observed. This is due to the fact that the imaginary part of Z
at parallel state crosses zero at fr. Figure 2�d� shows that the
MX values change from negative �at f � fr� to positive �at
f � fr� at 400–500 kHz. The fr of the PSV is therefore bor-
dering between 400 and 500 kHz in the present sample.

FIG. 1. �Color online� The frequency dependences of �Z�, R, and X for the
PSV at zero field. The resonance frequency �fr� is found at 476 kHz, where
X vanishes. The experimental data �open symbols� are very close to the
theoretical result �solid curves� calculated from the equivalent circuit shown
in the inserted panel.

FIG. 2. �Color online� ��a� and �b�� MI at 100 Hz. At this low frequency, the
magnetotransport property can be regarded as dc. �c� At resonance fre-
quency fr �476 kHz�, MX shape of loop reverses to MR loop. �d� The value
of MX is negative at f � fr, and switches to positive at f � fr.

033915-2 Chien et al. J. Appl. Phys. 105, 033915 �2009�
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Figure 3�a� shows the frequency dependence of 	�Z� and
�Z�AP and the MI ratio. The behavior of �Z�AP is nearly the
same as that of �Z�, as shown in Fig. 1. As the frequency
increases beyond the smooth range, �Z�AP increases steeply as
the XL increases. It is remarkable that 	�Z� decreases slowly
but steadily before reaching the smooth range and then de-
creases sharply upon passing that smooth range. Since the
MI ratio was defined as 	�Z� divided by �Z�AP, it was predict-
able that the MI ratio would decrease steadily with increas-
ing frequency, as observed.

Based on these observations, it is reasonable to argue
that the variation in the impedance 	�Z� of the PSV can be
simplified as compounded by the parallel and antiparallel
states of the moments of the PSV. We have

	 �Z� = ZAP-ZP = 1/��1/RPSV-AP�2 + �2�fCPSV-AP�2�

− 1/��1/RPSV-P�2 + �2�fCPSV-P�2� . �3�

Since the RPSV and CPSV depend on the magnetization state,
the behavior of the 	�Z� is sensitively influenced by the ex-
istence �or, effectively, the vacancy density� of the capaci-
tance of the NOL in the PSV and decreases as the frequency
increases. The frequency dependences of the MR and the
absolute value of the MX ratios are shown in Fig. 3�b�. The
MR ratio changes only slightly as the frequency changes. In
contrast, the �MX ratio� is sharply peaked at the fr. The
value of �MX ratio� is very small at a frequency away from
the fr but shows an astounding peak when XAP is close to
zero. A small change in XAP would bring about a great

change in the �MX ratio� ��1793% in the present sample�.
The dc MR ratio of the PSV decreased as the annealing

temperature increased, which occurred because NOL formed
in the interface between the spacer and the magnetic layer.
For this reason, we used the impedance technique to analyze
the capacitance effect, which is caused by oxidation. Figure
4 shows that the resistance of the PSV increased from 21.80
to 28.98 � and the dc MR ratio of the PSV decreased from
5.41% to 0.48% as the annealing temperature increased from
RT to 200 °C, which indicates that oxidation occurred in the
PSV. Therefore, the effective capacitance was measured by
imaginary part of impedance �Im�Z�� curves, as shown in
Fig. 5. Im�Z� reached a minimum at roll-off frequency �f roll�.
The plot of f roll as a function of annealing temperature is
shown in Fig. 6; f roll increased linearly from 345 to 465 kHz
at annealing temperatures from RT to 200 °C. It is quite
interesting to analyze the effective capacitance effects with
changes in annealing temperature. According to the effective
capacitance calculation, f roll can be shown as

f roll = 1/�2�ReffCeff� . �4�

The effective capacitance is in reverse proportion to the f roll

and estimated values, and it varies from 21.8 to 11.8 nF as
annealing temperatures increases from RT to 200 °C. One
possible explanation is that the effective capacitance de-
creases as annealing temperature increases by hysteresis
loops, as shown in Fig. 7. The coercivity �Hc� of Co is 20

FIG. 3. �Color online� �a� The frequency dependences of �Z�AP, 	Z, and MI
ratios. �b� The frequency dependences of MR and �MX ratio�.

FIG. 4. �Color online� The dc MR ratio and resistance �r� of the PSV are
functions of the annealing temperature.

FIG. 5. �Color online� Imaginary part of impedance curves for PSV with
different annealing temperatures ranging from RT to 200 °C.

033915-3 Chien et al. J. Appl. Phys. 105, 033915 �2009�
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Oe, and the Hc of Co–Py coupled is 12 Oe in the PSV, which
was deposited at RT. When the annealing temperature was
increased to 140 °C, the Hc of Co was apparently incoherent
in the PSV, indicating that the oxidation effect occurred in
the Co layer. The oxidative thickness is in proportion to f roll

and in reverse proportion to Ceff.
6 The result of f roll, which

increased as annealing temperature increased to 140 °C, in-
dicated that the oxidative thickness of Co layer was increas-
ing. This increase in thickness caused the resistance to in-
crease and the dc MR ratio to decrease slightly. Above the
annealing temperature of 140 °C, it is difficult to distinguish
the Hc of Co or that of Co–Py, implying that the oxidation
effect occurs in the Co/Cu or Co–Py/Cu interfaces. They
could be regarded to two capacitors in series, thus causing a

decrease in effective capacitance, as shown in the inset panel
in Fig. 7. Therefore, the f roll increases and effective capaci-
tance decreases as the annealing temperature increases, indi-
cating that the increase in annealing temperature causes the
oxidative thickness to increase and oxidize more than one
layer.

IV. CONCLUSION

In conclusion, the ac behavior in the PSV led to interest-
ing MR and MX loops, with the MR loop a reversal of the
MX loop. The MI effect of PSV has been investigated at RT.
It is found that the PSV can be regarded as a combination of
resistances �RPSV,RP1 ,RP2�, inductances �LPSV,LP�, and ca-
pacitances �CPSV,CP�, and equivalent circuit theory can be
used to analyze the ac behavior of this system. It is quite
interesting that the �MX� ratio is more than 1700% at fr

=476 kHz. This suggests strongly that PSV is potentially a
very sensitive frequency sensor. The MI behavior in the Co/
Cu/Co/NiFe PSV with a NOL after annealing treatment has
also been studied. Its roll-off frequency increases from 345
to 465 kHz, and the effective capacitance decreases from
21.8 to 11.8 nF as the annealing temperature increases from
RT to 200 °C. We can utilize the equivalent capacitor circuit
to explain the NOL behavior with annealing temperature.
This study shows that impedance analysis is a useful tech-
nique, and its nondestructive measurement should be more
widely appreciated.
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