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The ac properties of a pseudo spin valve (PSV) consisting of NOLtop/Co/Cu/Co/Ni80Fe20/NOLbottom with a top and bottom nano-
oxide layer (NOL) were studied as functions of NOL and thickness, , by magneto impedance spectroscopy. The NOLs were formed
by natural oxidizing the top and bottom ferromagnetic or Ta layers in situ. The increase in the thickness of NOL resulting in the in-
crement of effective capacitance caused the shift of roll-off frequency from low to high. The frequency dependence behavior of this
NOLtop/PSV/NOLbottom system can be modeled by equivalent circuit theory. PSV with a different NOL structure can be checked by
such a nondestructive analysis method.

Index Terms—Magneto-capacitance, magneto-impedance, nano-oxide layer, pseudo spin valve, roll-off frequency.

I. INTRODUCTION

S INCE the discovery of the giant magneto resistance (GMR)
effect in magnetic multilayers, the application of spin-re-

lated technology has progressed broadly and rapidly over the
last decade [1]. Spintronics, which may contain a magnetic
tunneling junction (MTJ) or a pseudo spin valve (PSV) [2],
has been widely expected to play a central role in the future
generation of spin technologies such as nonvolatile memory,
pick-up heads, magnetic sensors, etc. According to the past
report [3], the growth of PSV films on nano-oxide layers
(NOLs) has led to an enhancement 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 at nano-oxide surfaces. However, the prop-
erties of NOL in PSV are hard to analyze by nondestructive
means. It has recently been shown that impedance spectroscopy
can provide evidence to identify interface characteristics by
using equivalent circuit analysis [4]. Consequently, in this
study we extend our recent work [5] to study the PSV with
different thicknesses of NOL by means of a nondestructive
method—magneto-impedance spectroscopy.

Impedance, in which , of the
PSV originates mainly from the inductance and capacitance of
the device. Impedance was measured under the influence of an
external magnetic field resulting in magneto-impedance (MI)
response. The MI loop of the PSV and the corresponding be-
havior of each of the components of the MI, i.e., MZ , MR, and
MX, have been carefully examined in some detail.
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As usual, the MZ ratio is defined as 100% ( MZ —
MZ )/ MZ , where the subscript P (AP) stands for the par-
allel (antiparallel) magnetization orientation state of the PSV.
The magnetoresistance ratio (MR) and magnetoreactance ratio
(MX) are all defined similarly. In fact the whole system con-
tains nonignorable parasitic inductance and capacitance from
wires, and these terms have effect on the shift of resonant fre-
quency. However, these sensing wires do not have any contri-
bution to the MI, and cannot prevent us from analyzing general
MI phenomena.

II. EXPERIMENT

The PSVs with NOL of NOL /PSV/NOL /substrate
were grown by e-gun evaporation on a thermally oxidized Si
(100) wafer with size of 1 cm 1 cm. The NOL was oxi-
dized Co, and NOL was one of oxidized Py, Co, and Ta.
The PSV was Co 3/Cu 4/Co 1/Py 3, where Py denotes Ni Fe
and all thicknesses shown in the bracket are given in nanome-
ters. The base pressure of the growing chamber was lower than

Torr, and during the growth, the pressure never ex-
ceeded Torr. The NOL was obtained by oxidizing the
3-nm Co layer, while the Py-NOL ( ) was formed by ox-
idizing the Py layer with varied from 0 to 1.5 nm. Another
two types of NOL were obtained by oxidized 1-nm Co or
Ta under the Py of the PSV. The oxidization process was done
in situ by passing O at the pressure of Torr for 10 min. The
ac behavior was determined by using the HP4194 impedance
analyzer together with a 16047D fixture and a two-point probe.
The sensing voltage of V with frequency that ranged from
100 Hz to 1 MHz was given by the analyzer while doing mea-
surement [6]. During the characterization, the ac sensing voltage
and external applied field of up to Oe were applied along
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Fig. 1. Dependences on MR ratio, resistance, and thickness of the bottom Py
in the structure of Ta 0.6/NOL/Co 3/Cu 4/Co 1/Py 3/NOL/Py (d)/substrate, in
which the NOL Py was naturally oxidized for 10 min. The inset panel
shows the magnetoimpedance at frequency 415 kHz for PSV with d = 1 nm.
The shape of the MZ loop is reversed to that of MZ .

the easy axis of the PSV sample, i.e., longitudinal configuration
was employed.

III. RESULTS AND DISCUSSIONS

Fig. 1 shows the resistance of the PSV as a function of
the thickness of the Py-NOL . The DC-MR increases
rapidly from 3.2% at and reaches to saturation of
7.1% at about 1 nm. That is, 1 nm of Py was thick enough to
protect from oxidation. The inset panel in Fig. 1 shows the
magnetoresistance (real part of MZ) and reactance (imaginary
part of MZ) of the PSV with nm at kHz. The
reverse loop of Im (MZ) with respect to that of the Re (MZ)
means 90 out of phase, as expected. Note that it is impossible
to distinguish effective capacitance and inductance of the
NOL /PSV/NOL from the impedance for the whole
frequency spectrum; however, in our case, , and
hence . We observed that magnetocapacitance,
Im (MZ), at magnetically parallel state was larger than that at
antiparallel state. This result was similar to that in [5] and [7].

The frequency and Py-NOL thickness dependences of
Im (Z) at zero field for the NOL sample is shown in Fig. 2.
Im (Z) reaches a minimum at roll-off frequency . The plot
of as a function of is shown in Fig. 3(a) that increases
linearly before nm, and decreases afterward. While

nm, the Py layers were fully oxidized, and the increment of
Py would reduce the capacitance, hence the reduction of at
thicker . At nm, the Py layers were not fully oxidized,
and it cauased the increase of capacitance effect from a oxide-
metal interface [8]. This result is consistent with the one shown
in Fig. 1.

We used Maxwell–Wagner (M–W) model of capacitor con-
sisting two dielectric materials [8] together with equivalent cir-
cuit (EC) theory to analysis our sample. The EC consists two
parts, the NOL /PSV/NOL and the sensing circuit as
shown in Fig. 3 (b). In the first part, the circuit contains not
only the resistance and capacitance from the
NOL, but also has contributions from the interface, , and

, respectively. In part two, the circuit components contain

Fig. 2. Imaginary parts of impedance curves for PSV with different
thicknesses of the Py NOL ranged from 0 to 1 nm at zero fields. Except
the PSV without Py NOL , the roll-off frequencies increase as the
thickness of the Py NOL increases.

Fig. 3. (a) Roll-off frequency, the calculated effective, and the NOL
capacitances are functions of the thickness of the Py NOL thickness. (b)
The equivalent circuit of the measurement is a complex RLC combination.

resistor, capacitor, and an ignorable inductor; however, this part
does not respond to the change of magnetic field. can be ex-
tracted from minimized

(1)

The behaviors of and as is increased follow
the M–W model and EC theory as shown in Fig. 3(a). Note that

is also frequency dependent, which gives a maximum on
inverse V-shape of versus .

Fig. 4 shows the frequency dependence of the
Im (Z) for the PSV with different NOL structures.
The PSV with NOL of Ta1/Co3/Cu4.5/Co1
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Fig. 4. Imaginary part of impedance curve for PSV with different NOL
structures at zero fields. The film structure is Ta/(Co NOL )/Cu/Co/Py/(Co
NOL )/sub.

Fig. 5. Imaginary part of impedance curve for PSV with different NOL
structures at zero fields. The film structure is Ta/(Co NOL)/Cu/Co/Py/(Ta
NOL)/sub.

Py3/NOL /Co1/substrate and the PSV with NOL of
Ta1/NOL /Co3/Cu4.5/Co1/Py3/Co1/substrate have similar
structure, and only the position of the Co NOL was different.
NOL on either the top or bottom position gives the same fre-
quency response on MI. Clearly, the NOL /PSV/NOL
has higher capacitance and hence gave the larger capacitance
than the PSV with either the top or bottom NOLs.

It is interesting that the obvious change of the Im (Z) curves
was found when the NOL and the NOL were different
oxidized materials, such as Co and Ta, with the same oxidation
process, as shown in Fig. 5. That the Im (Z) curves were sepa-
rated obviously indicated that these PSVs with different capac-
itances. The of the PSV with the Ta NOL and the PSV
with the Co NOL is 30 and 37.5 kHz, respectively. This indi-

cates that the capacitance effect of the Ta NOL is larger
than that of the Co NOL . In general, Co is more easily oxi-
dized than Ta because the condensed TaO on the surface of Ta
would prevent the Ta under the TaO from following oxidation.
Then, during the same oxidation time, the thickness of the Co
NOL is thicker than that of the Ta NOL . Therefore, the

of the PSV with the Co NOL is larger than that of the PSV
with the Ta NOL . The of the PSV with double NOLs
is 7.6 kHz. Obviously, the double NOLs has the largest effec-
tive capacitance, which is contributed from the NOL and the
NOL , and thus the smaller .

IV. CONCLUSION

We have demonstrated the analysis of a NOL /
PSV/NOL system using magnetoimpedance spec-
troscopy. Since any change of capacitance caused by variation
of NOL would result in the shift of roll-off frequency, the
roll-off frequency is linear to the NOL thickness and showed
the reverse proportion to the and calculated when
the bottom Py layer was fully oxidized. By this nondeconstruc-
tive impedance spectroscopy analysis method, the properties of
the NOL in PSV could be easily distinguished.
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