JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 10 15 MAY 2003

Exchange bias in Co /Fe/Fe,Mn,_,/Cu(100) ultrathin films

C. C. Kuo, W. Pan, Y. C. Chen, and Minn-Tsong Lin?
Department of Physics, National Taiwan University, Taipei 106, Taiwan

(Presented on November 15, 2002

Stable and well-grown face-centered-cubic Fe films were prepared on buffer layers with varying
lattice constants by depositing JMn;_, alloy film on CU100 single crystal. No ferromagnetic
ordering was observed at the stage of 30 ML Fe on thgviRe_,/Cu(100) systems in the
temperature range from 100 to 350 K. Furthermore, capping of Co on e, /Cu(100) was
employed as the probe of antiferromagnetic ordering by study of exchange bias coupling in these
films. The exchange bias of the hysteresis loops can be observed after field cooling of the films.
Further analyses by varying the measurement temperature and Fe coverage of the films were also
carried out to clarify the origin of the exchange bias coupling observed. The exchange bias field
found here is attributed to the interlayer coupling between the Co and Fe—Mn films through the
spacing layer Fe. €2003 American Institute of Physic§DOI: 10.1063/1.1540136

Much attention has been directed to ultrathin fcc ironthe FeMn, _, alloy films in our experiments can be precisely
films, not only because of the artificial structure not found incontrolled with the benefit of a codeposition technidti&
nature, but also because of the interesting magnetic behavhe interlayer distance of Bn,_,/Cu(100) can be ma-
iors that are extremely sensitive to crystalline structdres. nipulated by varying the alloy composition®* In  this
theoretical aspects, the antiferromagneéfé&) phase of fcc  study, we fixed the alloy composition of the JMn; _, alloy
Fe on the C(L0O0 substrates was proposed &l initio cal-  at x~50%, where the Fe—Mn alloy can be grown on
culation with both the local spin-density approximation andCu(100) substrates in layer-by-layer mode and Fe can be
generalized gradient approximatidnin experimental as- deposited on top with a stable fcc structure, as shown in Fig.
pects, the fcc-like phase of iron can be epitaxially grown onl. Figure 1 complies with the medium energy electron dif-
the fcc CY100 substraté:* The AF phase of fcc iron with  fraction (MEED) [Fig. 1(a)] as well as intensities of th@0)
ferromagnetic (FM) top layers was observed for room- beam of low energy electron diffractiqh EED) [Fig. 1(b)]
temperature-grown films, while the coverage of iron rangedor Fe/FeMn/C¢100 and Fe/C(100 films. It is obvious
from 6 to 11 ML1® On the other hand, the exchange bias,that the fcc structure, which corresponds to the plateau of
another fascinating phenomenon for AF materials can be otMEED intensity, in Fe/FeMn/Qd00 is more stable than
served for the FM/AF bilayer systerfid.There is a shift of that in Fe/C(100). The fcc iron can be grown on an FeMn/
the magnetic hysteresis loops from the origin of the applied
field due to the interlayer coupling of AF and FM layers.

However, no exchange bias was observed for fcc Ha/@) Coverage (ML)

films up to now. This can be attributed to the following rea- 0 5 10 15 20 25 30

sons: First, there are two structures, fcc and fct, mixed in — T T T

Fe/Cy100 films for coverage from 6 to 11 ML. It could @
affect exchange bias coupling, which is sensitive to the
FM/AF interface. Second, the blocking temperatufg)( at
which the exchange bias coupling vanishes, for FELGD
films could be too low due to the finite size effect in low
coverage film$&:° Furthermore, the instability of Fe/CL00)
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In order to study the inquiries mentioned above, we tried Al "'/'- M A HAAY // \ FE
to deposit more stable and thicker iron films with only one RIRTAS [P AN NN
fcc crystalline structure for investigation of the exchange ! ! ) ! |
bias induced by fcc iron films. This can be done by deposit- f ! T
ing fcc FgMn, _, films on CY100) single crystal as a new 3ML Fe/Cu(100) | .

synthetic substrate. The C100 single crystal was prepared 0 100 200 300 400 500
by sequential sputtering and annealing in an ultra-high- Beam Energy (eV)

vacuum chambéf The coverage and alloy composition of

FIG. 1. () MEED intensity oscillations of Fe/FeMn/CL00) and Fe/

Cu(100) films grown at 300 K(b) LEED (00)-beam intensity as a function

dAuthor to whom correspondence should be addressed; electronic maibf beam energy for Fe/FeMn/CL00) and Fe/C(100) films. Up and down
mtlin@phys.ntu.edu.tw arrows indicate the characteristics of fct and fcc structures, respectively.
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FIG. 2. MOKE measurements of Fe/@00 and Fe/FeMn/C(L00) films in

the polar configuration at 180 K. The films were deposited on on@ @@y _ " ]
single crystal, as indicated by the top view of the schematic geometries. I / 140 K
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Cu(100) substrate up to 30 ML, while it can be observed on Magnetic Field (Oe)

the CY100) substrate up to only 12 ML, as depicted in Fig.

1(a). In addition, the(00) beam of the LEED (E) spectrum FIG. 3. Magnetic hysteresis loops of the 3 ML Co/8 ML Fe/14 ML FeMn/

. F.' 1b ’ Is th .. ff df Cu(100 film at various measurement temperatures after the field-cooling
in Fig. ( ) reveals the mixing of fcc an ct struqtures COr procedure.

responding to the magnetic structures of the mainly antifer-

romagnetic phaséfcc) with the top-most ferromagnetic lay-

ers(fct).'® However, there is only one fcc phase observed ingharacteristic temperature of the exchange bias coupling be-
the Fe/FeMn/CWOO films, which is compatible with our - tyeen the ferromagnetic and antiferromagnetic layers, is
magnetic measurements by magneto-optical Kerr effechround 180 K. This can be easily observed in the bias field
(MOKE)™ and the results shown in Fig. 2. versus temperature diagrams, as indicated in Fig. 4. In addi-

In order to clarify the magnetic structure of Fe/FeMn/tion Auger electron spectroscopy was utilized before and
Cu(100 and exclude the unexpected effect, such as the coryjter all of the magnetic property measurements. It confirms

tamination, from our investigation, comparison of the mag-that there is no CoO antiferromagnetic layer formed in our
netic properties between the Fe(C00 and Fe/FeMn/ gystems.

Cu(100 films was carried out, as shown in the schematic © Ag expected, there exists an exchange bias coupling in

diagram of the Fig. 2. The EgMns, film was deposited on  he Co/Fe/FeMn/O@00) films. However, these films are
half of the CU100 substrate before the growth of the iron more complicated than a simple FM/AF bilayer system. The
film. Thus, the magnetic hysteresis loops of F&XD@) and  exchange bias field found in these films can be attributed to
Fe/FeMn/C100) films can be takemguasisimultaneouslin gjther the interlayer coupling between Co and Fe films or
this way with variation of the measurement temperature. Figihat petween Co and Fe—Mn alloy films. In order to distin-
ure 2 shows the hysteresis loops for Fe/ll) (right half)  gyish the interlayer coupling between Co and Fe from that
and Fe/FeMn/C{100) (left half) in the polar configuration of petween Co and Fe—Mn, further studies of Co/Fe/FeMn/

MOKE at 180 K. The out-of-plane magnetization can beCu(lOO) films were carried out. There is an easy way to
observed for Fe/Qu00 up to 220 K. However, no ferro-

magnetic phase was observed for Fe/FeM(I00 at all

temperatures investigatdd00—350 K and magnetic field — ——

(up to 350 Ogin our experiments in both polar and longi- 4L 4 -—°¥° K 4
tudinal configurations. 2k ;\ . |
The investigation of exchange bias in the Fe/FeMn/ I RO Nl
Cu(100 films was carried out by depositing 3 ML cobalt __-3r8M 0 Wﬂﬁ;ﬁ

films on top of it at room temperature. There is no significant 8 | P B R S A
exchange bias for the as-deposited Co films. After deposi- 3 ) 6 8 101214 16 18
tion, the films were cooled down to 100 K with a 350 Oe @ “C[12mL T Fe Coverage (ML)
applied field in in-plane orientatioffield cooling. The ex- ";

change bias as well as the coercive field of the hysteresis g alb 4
loops were enhanced after the field-cooling procedure, as

shown in Fig. 3(140 K). The magnetic hysteresis loops of 3 ] O ]
ML Co on the Fe/l4 ML FeMn/C@d00) film for various 0 -0/‘<%5€g’/“éﬂ_

temperatures are compiled in Fig. 3. The hysteresis loop at 500 50 360
lower temperature reveals both larger coercive fietb0 100

Oe) and larger bias field~7 Oe. The bias field H,) de- Temperature (K)

creases rapidly as the temperature increases, as shown for tfi—']g 4. Bias field of the hysteresis loops as a function of temperature for

loop at 160 K(~2 0. Hg, vanishes f(_)r the temperature ColFe/FeMn/C(100) films with variation of Fe coverage. Inset: bias field vs
above 180 K. It means that the blocking temperature, th&e coverage at 140, 160, and 180 K.
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make clear the ambiguity by preparing the Co/Fe/FeMnkecently reported to be a complicated spin-density-wave
Cu(100 films with variation of Fe coverage and measure-configuration® which may result in the absence of the sig-
ment temperature. The coverage of the Fe film adopted inificant exchange bias field, in contrast to the well-ordered
our study increases up to 18 ML for avoiding the compli- AF spin configuration as usual.

cated mixture of the fcc and bcc structures near the phase In conclusion, exchange bias coupling was found for Co/
transition of fcc to bec. Figure 4 represents the results of ouFe/FeMn/C@100) films by varying Fe coverage and mea-
attempt on solving this problem. It complies with the biassurement temperature. The bias field for the hysteresis loops
field as functions of Fe coveragésed and measurement of Co decreases as the coverage of Fe increases. The block-
temperature. The exchange bias field for all of the films ining temperature for films with different Fe coverages in our
our experiments decrease rapidly and vanish at almost th&gudy remains the same, indicating that the bias field of the
same temperature around 180 K. In addition, the bias field atysteresis loops is attributed to the interlayer exchange bias
the same temperature decreases with a small oscillation @supling between Co and Fe—Mn alloy films. The fcc Fe film
the coverage of Fe increases. The bias field should beconie the Co/Fe/FeMn/C00) system plays the role of a spac-
larger as the Fe coverage increases if it is attributed to thing layer to modify the interlayer coupling between Co and
interlayer coupling between Co and Fe films. On the con+e—Mn films.

trary, if the bias field is attributed to the interlayer coupling )
between Co and Fe—Mn alloy films, one can expect a de- 1NiS research was supported by a grant from the Na-

crease of bias field while increasing the Fe coverage becaud@nal Science Council at Taiwan through Contract No. NSC-
the iron film plays the role of a spacing layer and makes n@1-2112-M-002-058 and the MOE Program for Promoting
contribution to the exchange bias coupling. From the biag\c@demic Excellence of Universities.
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