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This study investigates the influence of Pt and Au spacer layers on the perpendicular exchange bias

field and coercivity of Pt/Co/(Pt or Au)/Cr2O3/Pt films. When using a Pt-spacer, the perpendicular

exchange bias was highly degraded to less than 0.1 erg/cm2, which was about half that of the Au-

spacer system. The Au spacer also suppressed the enhancement in coercivity that usually occurs at

around room temperature when using Pt. It is suggested that this difference in exchange bias field

is due to in-plane interfacial magnetic anisotropy at the Pt/Cr2O3 interface, which cants the interfa-

cial Cr spin from the surface normal and results in degradation in the perpendicular exchange bias.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976568]

INTRODUCTION

In a spin valve film,1 a representative spintronic device,

antiferromagnetic (AFM) and ferromagnetic (FM) materials

play an important role in inducing exchange bias via magnetic

anisotropy at the FM/AFM interface. The unidirectional

nature of this exchange bias causes it to manifest itself as a

shift in the magnetization curve along the magnetic-field

axis.2–4 When the exchange bias field exceeds the coercivity,

the FM magnetization direction is fixed at a certain direction

when the magnetic field is zero. Under ideal conditions, the

exchange bias field should be as high as possible and the coer-

civity near zero; however, when exchange bias is induced in

actual systems, the coercivity is often enhanced.3–5 It is there-

fore important to achieve a high exchange bias while simulta-

neously maintaining a low coercivity.

Modern spintronic devices are designed so that any mag-

netization or spin is aligned perpendicular to the film plane to

ensure integration, high speed operation, and low power con-

sumption. The perpendicular exchange bias that is necessary

to meet the requirements for future spintronics has been

reported in several systems, such as [Co/Pt]5/(CoþCoO),6

[Co/MnPd]10 multilayers,7 [Pt/Co]4/Pt/Fe-Co/MnIr,8 and Pt/

Co/Cr2O3.9,10 In some of these systems, a spacer layer such as

Pt is inserted at the FM/AFM interface to control/enhance the

exchange bias field,11–13 and this sometimes gives rise to the

enhancement in coercivity mentioned above. In a previous

report relating to a Pt/Co/Cr2O3/Pt stacked system, a high per-

pendicular exchange anisotropy energy density, JK exceeding

0.4 erg/cm2, was achieved.14 It was also found that by insert-

ing a Pt spacer layer at the Co/Cr2O3 interface, the blocking

temperature of the exchange bias could be increased,13 which

resulted in a decrease in exchange bias field and increase in

coercivity. Another promising feature of perpendicular

exchange bias using Cr2O3 is its magnetoelectric ability,

wherein the polarity of the exchange bias is made switchable

by the application of an electric field.10,15–20 This device con-

cept is based on the FM magnetization switches that accom-

pany a reversal in exchange bias polarity,21 and so both a high

exchange bias field and low coercivity are obviously essential.

In this study, we show that a high perpendicular exchange

bias and low coercivity can be simultaneously achieved by

utilizing a Au spacer layer and discuss the results in relation

to the spin orientation at the FM/AFM interface.

EXPERIMENTAL

The films studied were fabricated using a DC magnetron

sputtering system with a base pressure below 5� 10�6Pa. The

typical stacking structure of the films was Pt(1.2, 2.0)/Co(0.4,

0.6)/X(¼ Pt, Au)(0.5)/Cr2O3(150)/Pt(20)/a-Al2O3(0001)-sub-

strate unless otherwise specified. The numbers in parenthesis

represent the thickness of each layer in nanometers. The Pt

buffer layer was deposited at room temperature and annealed

for 1 hour at 873 K to smooth its surface. Onto this, a Cr2O3

layer was deposited at 773 K by reactive sputtering. The Au or

Pt spacer layer, Co layer, and Pt capping layer were deposited

in sequence onto the Cr2O3 layer at room temperature. As the

sputtering gas, a pure Ar for Pt, Au, and Co, and an Ar þ O2

gas mixture for Cr2O3 were used. The gas pressure during

deposition was 0.5 Pa for Pt and Cr2O3, 0.6 Pa for Co, and

0.8 Pa for Au.

Structural characterizations were carried out using reflec-

tion high-energy electron diffraction (RHEED), X-ray diffrac-

tion (XRD), and X-ray reflectivity (XRR). The RHEED
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observations were carried out in-situ in a chamber directly

connected to the deposition chamber. The magnetic prop-

erties were characterized by means of a vibrating sample

magnetometer (VSM), magneto-optic Kerr effect (MOKE)

magnetometer, and soft and hard X-ray magnetic circular

dichroism (XMCD). Magnetization curves were recorded

at room temperature by using VSM with magnetic-fields

applied perpendicular and parallel to the film plane. The

MOKE loops were measured with a polar configuration,

which is sensitive to the perpendicular component of mag-

netization. All MOKE measurements were carried out at a

temperature between 80 and 300 K after cooling the sam-

ple from above the N�eel temperature (310 K) under a

magnetic field of �4 kOe. Soft- and hard-X-ray absorp-

tion spectroscopy (XAS) and XMCD spectroscopy, both

of which are element-specific techniques, were adopted to

investigate the interfacial spin state of antiferromagnetic

Cr and spin polarization of Pt and Au. The XMCD meas-

urements were carried out at beamlines BL25SU (soft

X-rays) and BL39XU (hard X-rays) of the SPring-8 syn-

chrotron radiation facility. The XMCD data were obtained

from the difference between the XAS for left- and right-

circularly polarized X-rays. Absorption signals were

recorded using the total electron yield method at a bias

voltage of �18 V for Cr and by the florescence method

for Pt and Au. The incident angle of the X-rays was 10�

from the surface normal for Cr and perpendicular to the

film for Pt and Au. During all XMCD measurements, a

magnetic field was applied in a direction perpendicular to

the film plane.

RESULTS AND DISCUSSIONS

To study the influence of spacer layer materials on the

magnetic properties in the perpendicular exchange-biased

system, we used two types of films with different spacer

layers of Pt and Au, which have the common bottom layer

structure of Cr2O3/Pt/a-Al2O3.The structural quality of these

bottom layers has to be identical for ensuring that observed

effects on the magnetic properties result from the spacer

layer itself. To this end, the AFM Cr2O3 layer was analysed

by RHEED observations, XRD measurements, and XRR

measurements. The RHEED images of the films with Pt and

Au spacer layers and a Co layer thickness of 0.4 nm in Fig. 1

show that the Pt buffer and Cr2O3 layer produce very similar

streaky patterns, though with superimposed elongated spots

in the case of the Cr2O3 layer. These diffraction patterns sug-

gest a fcc(111) structure for the Pt buffer layer and a corun-

dum(0001) structure for the Cr2O3 layer.22 Note that these

diffraction patterns change with the electron azimuth, and

that the un-equal spacing between streaks is the result of the

textured structure of these layers. The different in-plane

streak spacings for Cr2O3 seen in Figs. 1(a) and 1(b) are

likely caused by charge-up of the insulating Cr2O3 layer due

to the electron irradiation, and so are not considered to repre-

sent a significant difference in structural quality. Indeed, the

X-ray diffraction peak positions of Cr2O3(11�20) and

Cr2O3(1�104) were confirmed to be the same in both film

types (data not shown).

In addition to the surface sensitive RHEED observa-

tions, the bulk sensitive high-angle XRD measurements

FIG. 1. RHEED images for films with a (a) Pt or (b) Au spacer layer. Electron azimuth was [11�20] and [1�100] of the a-Al2O3(0001) substrate for upper and

bottom images, respectively. The images shown are for the films with a 0.4 nm-thick Co layer.
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shown in Fig. 2 revealed that the structural quality of the

Cr2O3 layer is very similar in both film types. It can be seen

in this figure that in addition to the diffraction peaks originat-

ing from the substrate (indicated by *), peaks are observed at

2h angles of 39.85� and 85.72� that correspond to Pt(111) or

Cr2O3(0006), and Pt(222) or Cr2O3(00012), respectively.

Note that the diffractions from Pt(111) and Cr2O3(0006) are

difficult to separate because they are so close (i.e.,

2h¼ 39.76� for Pt(111) and 39.77� for Cr2O3(0006)), which

is a problem that also occurs with the Pt(222) and

Cr2O3(00012) peaks. Nonetheless, many Laue fringes were

observed around the diffraction peak of 2h¼ 39.85� (see the

inset of Fig. 2). The coherent length estimated from the lat-

tice spacing and number of lattice corresponds to the Pt

buffer layer thickness. Furthermore, in the XRR profiles

shown in Fig. 3, the clear oscillation was observed for both

types of films suggesting the sharp interfaces. The roughness

of the FM(Pt/Co/Pt or Pt/Co/Au)/Cr2O3 interface r is also

similar as summarized in Table I. According to the analysis,

the roughness of the FM(Pt/Co/Pt or Pt/Co/Au)/Cr2O3 inter-

face may be affected by the Co layer thickness rather than

the spacer materials. (This may be because on the analysis,

the inter-layer mixing in the Pt/Co/spacer layer or the discon-

tinuous structure was not taken into account and the continu-

ous layer was assumed, i.e., the precise film structure was

difficult to model on the simulation. In any case, when we

compare r for the same Co thickness, r is insensitive to the

kind of different spacer material.) While the above results

indicate that the fabricated Cr2O3 layers possess similar qual-

ity, the crystalline quality of the subsequent layer changes

depending on the spacer layer material used. As shown in

Fig. 1, the Pt spacer layer has a fcc(111)-oriented structure,

whereas the Au spacer layer appears to be polycrystalline

based on its ring pattern. This difference in crystalline

quality means that the Co and Pt capping layers that are

subsequently applied are fcc(111) in films with a Pt spacer,

but polycrystalline in films with a Au spacer layer.

Despite this, all of the films studied exhibited perpendic-

ular magnetic anisotropy. From the magnetization curves

shown in Fig. 4, it is also clear that all of the films had a high

remanence ratio and low saturation field when a magnetic

field was applied in a direction perpendicular to the film.

However, as shown in Table I, the saturation magnetization

MS, uniaxial magnetic anisotropy energy density KU, and in-

plane saturation field HS were different for the two film

types. These parameters were estimated from the magnetiza-

tion curves shown in Fig. 4 and the definition of KU was

shown in the note in Table I. MS is almost the same for the

films with the different Co thickness of 0.4 and 0.6 nm when

the spacer materials are same; this indicates that reduction of

Curie temperature for ultrathin regime of the Co layer23 is

negligible on MS in our films around room temperature. The

difference in MS by the spacer materials is probably due to

the induced magnetic moment of the spacer layer being

higher with Pt than with Au.24,25

The difference in KU and HS by the spacer materials

could be caused by the difference in crystalline quality

between the two spacer layers described above. It is also pos-

sible that the difference in KU and HS might have been

affected by the difference in typical magnetic anisotropy

energy density at the Co(111)/Pt(111) interface (0.7–0.9 erg/

cm2) and Co/Au interface (0.4–0.5 erg/cm2).26 KU and HS

also change with the Co layer thickness. This can essentially

occur because the perpendicular magnetic anisotropy is

caused by the interface magnetic anisotropy at the Co/Pt

interface and/or the Co/Au interface; in an ideal case, KU

should increase with decreasing the Co thickness. However,

FIG. 3. XRR profiles of the films with a (a) Pt and (b) Au spacer layer. The

black solid and red dotted lines represent the experimentally obtained and

the simulated curves, respectively. The profiles shown are for the films with

a 0.4-nm-thick Co layer.

FIG. 2. XRD profiles of films with a (a) Pt or (b) Au spacer layer. Vertical

dotted lines represent the diffraction position and diffraction peaks originat-

ing from the a-Al2O3(0001) substrate are marked by *. The inset shows an

enlarged profile of the 24–46� 2h range. Thick solid and thin dotted lines

show experimental and calculated profiles using the Laue function. The pro-

files shown are for the films with a 0.4 nm-thick Co layer.
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in our case, the Co layer thickness is below 4 monolayer in

which Co may not be a continuous film and in this ultrathin

regime, KU can decrease for the low Co thickness as reported

in earlier works.27,28 Even in this case, the discontinuous

structure of Co itself does not have an influence on the esti-

mation of JK. This is because the induced moment of both Pt

and Au are coupled with the Co spins, and then the Pt/Co/Pt

layer and the Pt/Co/Au layer behave like a single FM layer;

TABLE I. FM(Pt/Co/Pt or Pt/Co/Au)/Cr2O3 interface roughness (r), saturation magnetization (MS), perpendicular magnetic anisotropy energy density (KU), in-plane

saturation field (HS), highest exchange magnetic anisotropy energy density (JK), and estimated for the studied films. Note: (1) MS and KU were estimated on the assump-

tion that magnetization is generated from the Co layer only. KU was calculated using the formula, KU ¼ ð
ÐMS

0
HdMÞH==Film � ð

ÐMS

0
HdMÞH?Film. JK was estimated

using the relationship, JK¼MS*tFM*HEX, where tFM is a FM layer thickness and HEX is an exchange bias field. For MS, the room temperature value was used.

Film

r(nm) MS (emu/cc) KU (erg/cc) HS (kOe) Highest JK (erg/cm2)Co thickness (nm) Spacer material

0.4 Pt 0.87 1550 6 350 (6.8 6 2.0)� 106 8.7 6 1.8 0.11@180 K

0.4 Au 0.98 1240 6 290 (1.9 6 0.7)� 106 3.1 6 0.9 0.21@160 K

0.6 Pt 0.49 1300 6 280 (7.5 6 2.2)� 106 11.6 6 2.3 0.09@180 K

0.6 Au 0.39 1230 6 130 (4.5 6 0.9)� 106 7.3 6 0.9 0.23@160 K

FIG. 4. Magnetization curves for films with a (a) and (c) Pt or (b) and (d) Au spacer layer and Co layer thickness of (a) and (b) 0.4 nm or (c) and (d) 0.6 nm. Red

and black curves represent the magnetic field direction perpendicular and parallel to the film plane, respectively. All measurements were at room temperature.
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the element-specific magnetization curves of Pt and Au is

similar to that of the MOKE loop which is dominated by the

Co spins.

Figure 5 shows the dependence of the perpendicular

exchange bias field HEX and coercivity HC on temperature.

The inset of Fig. 5(a) shows typical MOKE loop with defini-

tion of HEX and HC. With decreasing temperature, the

exchange bias field of all of the studied films increases to a

maximum at around 160–180 K, beyond which it decreases.

This peak can be explained by interfacial spin canting at the

Cr2O3(0001) surface at temperatures below 160–180 K.16

The peak temperature appears to be higher for the film with

a Pt spacer, which considering the spin canting model, is

likely to be due to a change in the interfacial Cr spin orienta-

tion. More significant is the difference in the absolute value

of the exchange bias field between the two films. For exam-

ple, with the 0.4-nm-thick Co films, those with a Au spacer

layer (Fig. 5(b)) exhibited a high perpendicular exchange

bias field of more than 4.2 kOe at its maximum (around

160 K), which yields JK of 0.21 erg/cm2 (also see Table I)

and a coercivity lower than the exchange bias field at all tem-

peratures studied below 285 K. At around 280 K, the coerciv-

ity was highly suppressed to less than 0.05 kOe, yet still

maintained a perpendicular exchange bias field greater than

0.3 kOe. In contrast, the exchange bias field of the film with

a Pt spacer layer (Fig. 5(a)) was just 1.8 kOe at its maximum

(around 180 K), yielding JK of 0.11 erg/cm2 and a coercivity

that exceeds the exchange bias field at temperatures above

270 K and below 120 K. A similar tendency was observed in

the films with a 0.6-nm-thick Co film (Figs. 5(c) and 5(d)),

but with a decrease in the absolute value of the perpendicular

exchange bias field due to the increased Co layer thickness

as confirmed by the fact that JK is almost same for the differ-

ent Co thickness (Table I). Thus, the coercivity is not as sen-

sitive to the thickness of the Co layer as the perpendicular

exchange bias field.

It is interesting to note that the film without a spacer

layer had JK that exceeded 0.4 erg/cm2,14 but the exchange

bias did not persist up to the N�eel temperature because of the

low magnetic anisotropy of the Cr2O3 layer. Indeed, even

with a 200 nm-thick Cr2O3 layer, the exchange bias disap-

pears at around 120 K.14 Details of the blocking temperature

mechanism for this system can be found in previous

papers.9,10 The focus here is on the changes created in the

perpendicular exchange bias field when using different

spacer layer materials, particularly the degradation in per-

pendicular exchange bias that has been seen in films with a

Pt spacer layer and how this relates to the interfacial spin ori-

entation. Assuming that a Heisenberg-type exchange cou-

pling occurs at the FM/AFM interface, the exchange

coupling energy can be considered proportional to the scalar

product of the interfacial FM and AFM spins. For the films

studied in this paper, the magnetic moments induced in the

spacer layers are regarded as the interfacial FM spins.

According to previous reports, the spin polarization induced

by the interfacial proximity effect with Co is about one order

FIG. 5. Temperature dependence of

perpendicular exchange bias field and

coercivity for films with (a) and (c) Pt

or (b) and (d) Au spacer layer and a Co

layer thickness of (a) and (b) 0.4 nm or

(c) and (d) 0.6 nm. Red and blue points

represent the perpendicular exchange

bias field and coercivity, respectively.

The inset of (a) represents the typical

MOKE loops exhibiting the exchange

bias and in this figure, we show the

definition of perpendicular exchange

bias field and coercivity.
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of magnitude higher for Pt (�0.6 lB/atom)24 than for Au

(�0.031 lB/atom).25 Given this, the degradation in perpen-

dicular exchange bias in films with a Pt spacer layer is likely

caused by a reduction in the perpendicular component of the

interfacial spins of either the FM or AFM spins; i.e., the spin

canting from the surface normal.

The hard X-ray absorption spectra and hard XMCD spec-

tra at the Pt L2,3 edges of the films studied are shown in Fig. 6.

Note that to induce a magnetic moment in the Pt, films with

different stacking structures (e.g., Ru(3)/Pd(3)/Co(0.8)/

Pt(0.5)/Cr2O3(70)/Pd(20)) were fabricated on a-Al2O3(0001)

substrates to ensure that a Pt absorption signal was generated

from the Pt spacer layer. As with previous reports, the Pt

spacer layer was spin polarized and a sum rule analysis was

used to obtain the effective spin moment ms
eff¼mspin – 7 mT

¼ 0.54 lB and orbital moment morb¼ 0.09 lB by assuming a

hole number of 1.74.24 The element specific magnetization

curve of Pt shown in Fig. 6(b) also shows that the spin-

polarized Pt exhibits clear perpendicular magnetic anisotropy

with a remanence ratio at unity. We also confirmed that the

XMCD intensity at the Pt L3 edge exponentially decays

according to exp(�tPt/k) with the Pt thickness of tPt and the

decay length of k¼ 0.42 nm was similar to the result for Pt/Co

bilayers with k¼ 0.41 nm.24 In addition, the XMCD intensity

is almost constant in the temperature range of 180 to 300 K,

across the N�eel temperature of the Cr2O3 layer. These results

suggest that the induction of the Pt moment is dominated by

the exchange coupling with Co and the influence of the inter-

facial uncompensated Cr spin on the spin polarization of Pt is

tiny. In fact, as shown in Fig. 6(b), the element-specific mag-

netization curve of Pt is very similar to the MOKE loop which

is dominated by the Co contribution. Hence, even when the

interfacial Cr spin is canted (see below), the induced Pt

moment stays perpendicular to the film plane. Our XMCD

measurements on the Au L3 edge showed that the Au spacer is

also spin-polarized but the observed XMCD intensity is ten-

times smaller than that of Pt.25 Nevertheless, we confirmed

that similar to the Pt case, the element-specific magnetization

curve of Au is similar to the MOKE loop indicating that the

Au moment is mainly induced by the exchange coupling with

Co; the induced Au moment is also perpendicular to the film

plane.

To find the origin of the different perpendicular

exchange bias fields in the AFM(Cr) spin orientations at the

Pt/Cr2O3 and Au/Cr2O3 interfaces, the soft XMCD spectra at

the Cr L2,3 edges were obtained. These are shown in Fig. 7

along with the soft XMCD spectrum for a film without a

spacer layer29 for reference. The XMCD spectrum of the

film with an Au spacer layer was similar to that of the film

without a spacer layer, whereas the peak at the Cr L3 edge

indicated by the dotted line in Fig. 7 almost disappears at the

Pt/Cr2O3 interface. In a previous report,29 we suggested that

FIG. 6. (a) Hard X-ray absorption and magnetic circular dichroism spectra

at Pt L2,3 edges and (b) element specific magnetization curve measured at Pt

L3 edge with Pt spacer film. The XMCD intensity was normalized against

the peak intensity of XAS. A Ru(3)/Pd(3)/Co(0.8)/Pt(0.5)/Cr2O3(70)/Pd(20)

film was used to restrict the Pt signal from the Pt space layer. A magnetic

field of 6 kOe was applied in a direction perpendicular to the film at a tem-

perature of 290 K. In (b), the MOKE loop is also shown by the blue curve.

FIG. 7. Soft XMCD spectra at Cr L2,3 edges for films with a (a) Pt or (b) Au

spacer layer and 0.4 nm-thick Co film. The spectrum for a Pt(1.2)/Co(0.5)/

Cr2O3(100)/Pt(20) film without a spacer is shown for reference in (c).

XMCD intensity was normalized by the peak intensity at the Cr L3 edge of

XAS. A magnetic field of 19 kOe was applied perpendicular to the film and

all measurements were made at room temperature. The XAS for the film

without a spacer layer is shown on the right axis to identify the Cr L3 edge.
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the interfacial Cr spin orientation is sensitive to the peak

intensity at the Cr L3 edge; i.e., when the interfacial Cr spin

is canted from the surface normal, the peak intensity at Cr L3

should decrease. A similar change in the XMCD intensity at

the Cr L3 edge with respect to the Cr3þ spin orientation has

also been reported in MnCr2O4 thin films.30 Based on this

change in the XMCD peak intensity, the spectra shown in

Fig. 7 suggest that the interfacial Cr spin is canted at the Pt/

Cr2O3 interface, but not at the Au/Cr2O3 interface. This dif-

ference can be explained by the magnetic anisotropy at the

X(¼ Pt, Au, Co)/Cr2O3 interface.

It has been theoretically predicted that in-plane and per-

pendicular magnetic anisotropy is induced at Pt/Cr2O3 and

Au/Cr2O3 interfaces, respectively.31 In addition, we have

reported that perpendicular magnetic anisotropy is induced

at a Co/Cr2O3 interface;32 in fact, the element-specific mag-

netization curve of the interfacial uncompensated Cr spins at

the Co/Cr2O3 interface (data not shown) shows the square

hysteresis for the perpendicular magnetic field. As shown

above, both Co and induced Pt moments are perpendicular to

the film plane because of the perpendicular magnetic anisot-

ropy of the Pt/Co/Pt layer (see Fig. 4 and Table I).

Compared with KU of the Pt/Co/Pt layer, the magnetocrystal-

line anisotropy energy density of Cr2O3 is quite weak: at

most �105 erg/cc.33 Then, the Cr2O3 layer undertakes the in-

plane interfacial magnetic anisotropy by canting interfacial

Cr spins from the surface normal. In contrast, the perpendic-

ular magnetic anisotropy at Au/Cr2O3 and Co/Cr2O3 interfa-

ces prevents the interfacial AFM spins canting from the

surface normal, as evidenced by their similar XMCD spectra

at Cr L2,3. However, further investigation is still needed to

quantitatively interpret the XMCD spectrum from uncom-

pensated Cr spins, and this work is currently in progress.

SUMMARY

This investigation into the influence of Pt and Au spacer

layers inserted at the Co/Cr2O3 interface on the perpendicu-

lar exchange bias field and the coercivity has shown that

using Pt greatly degrades the perpendicular exchange bias

field, whereas Au spacers can maintain a high perpendicular

exchange bias and prevent an increase in coercivity. Based

on their respective interfacial spin orientations, it is sug-

gested that the degradation in perpendicular exchange bias

caused by the Pt spacer layer is the result of interfacial spin

canting of the AFM Cr spins that is induced by in-plane

interface magnetic anisotropy at the Pt/Cr2O3 interface.
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