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Long-range oscillatory exchange interaction between antiferromagnetic FeMn layers
across a Cu spacer
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The exchange interaction between antiferromagnetic FeMn layers across a Cu spacer is studied by employ-
ing the exchange bias as a probe in multilayers of “NiFe/thin FeMn/Cu/thick FeMn.” With variation of the Cu
spacer’s thickness, the indirect exchange interaction, monitored through the response of the exchange bias,
oscillates with a period of approximately 18—20 A, about twice that for ferromagnetic films separated by a Cu
spacer. This result shows that long-range oscillatory exchange interaction is a basic and universal feature in
both metallic ferromagnetic layers separated by nonmagnetic metals and metallic antiferromagnetic layers
separated by a nonmagnetic metal, due to the quantum interferences induced by the spin-dependent interface
reflection of Bloch waves with different oscillating periods originating from the difference in interface reflec-
tion conditions between ferromagnetic and antiferromagnetic spin ordering.
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The discovery of exchange coupling between Fe filmsexchange interaction between AF's in elaborate multilayers
separated by a thin Cr spacer layand its oscillatory be- of “FM/AF(1)/NM/AF(2).” As is well known, exchange bias
havior as the Cr thickness is varfetbgether with its rel- declines when the temperature approaches blocking
evance to giant magnetoresistahtmve triggered a large temperaturé®!’and it also evolves with the thickness of AF
number of experimental and theoretical investigations orwhen the AF material is below a critical thicknéds? both
multilayers consisting of different transition metal ferromag-0f which mean that exchange bias is sensitive to antiferro-
nets(FM’s) and nonmagnetiéNM) spacers. By now it has magnetism of the AF while the antiferromagnetism is diluted
become a well-understood general phenomenon that ferrdo some extent. Therefore, if long-range exchange interaction
magnetic layers of Fe, Co, Ni and their alloys separated bgxists between AF’s, the exchange bias in the structure of
most any 8, 4d, or 5d transition metal spacets exhibit an ~ “FM/thin AF/NM/thick AF" is expected to vary in a certain
exchange coupling that oscillates as a function of the spac&vay as the spacer thickness changes, considering that the
thickness with a period of approximately 10(An exception, dilute antiferromagnetism of the thin AF would be modified
Crn). Antiferromagnetism, as the counterpart of ferromag-by the additional exchange interaction of AF’s mediated via
netism, originates from the same fundamental mechanisngpacer.

i.e., the quantum-mechanical exchange interacdfidfrom a The y-FeMn alloy is a typical AF used for exchange bias,
more general physical principle point of view, it is no doubt which has been extensively investigated since it was initially
a critical question whether an exchange interaction can bexploited as a domain stabilizer twenty years ago. So the
propagated between metallic antiferromagr@s’s) across knowledge about FeMn is rich and well understood. In this
a nonmagnetic metal spacer, just as in full-metal systems ofork, using “NiFe/thin FeMn/Cu/thick FeMn” multilayers,
the FM/NM/FM type. we have observed that the exchange bias oscillates with Cu

While dealing with nanostructured AF’s, people usually thickness with a period of approximately 18—20 A at a fixed
encounter the experimental difficulty of the insufficient sen-FeMn thickness. This is the first experimental evidence of a
sitivity or resolution for most magnetometry and magneticlong-range oscillatory exchange interaction between antifer-
microscopy techniques. Fortunately, the unidirectional anisoromagnetic alloy layers across a metal spacer with a period
tropy of an FM layer adjacent to an AF layer, namely, ex-approximately twice that of ferromagnetic films separated by
change biad! is readily measured and has been used to in@ nonmagnetic spacer.
directly probe the properties of AF’s, including the Films with a structure of “Ta buffer (40 A)/
determination of the AF anisotrop¥,spin flop field!3 AF  NiFe (100 A)/thin FeMn/Cu(8-48 A)/thick FeMn/Ta
surface order parametérand AF domaind® We proposed (30 A)” were grown in Ar at 0.5 Pa on water-cooled sub-
that exchange bias might be employed to probe the interlayestrates of corning glass or native oxide-coated Si wafer in a
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@t F FIG. 2. Bright field image of a cross section of the multilayer Ta
& 180l (40 A)/NiFe (100 A)/FeMn (26 A)/Cu (19 A)/FeMn (150 A)/Ta
g (30 A) and the corresponding elemental maps of Ni, Fe, Mn, and
g .‘/J’/—.\. Cu by using theil, 5 edges, respectively.
E‘ 120 // il AF when its thickness is below 35 A at room temperature,
I but the thickness must be smaller than 20 A at 110 K. On the
60| other hand, the FeMn layer with thickness beyond 80 A is
certainly a strong AF, both at room temperature and low
6% temperature. Based upon these results, thirteen sets of films
o} with thin FeMn at every 2 A increment from 12 to 36 A and

thick FeMn of 150 A were fabricated for a full investigation.
The film structure characterization was performed. X-ray
diffraction (XRD) on samples shows that the constituent lay-
FIG. 1. Dependence of exchange bias on FeMn thickness &S Of NiFe, FeMn, and Cu were strongl1]) textured and
room temperature and 110 K for films Td40 A)/NiFe  coherently grown because of the small lattice mismatches
(100 A)/FeMn (10—100 A/Cu (60 A)/Ta (30 A). (~2%) with all layers having a face-centered-cubic struc-
ture. The columnar growth of the films was further verified
multisource dc magnetron sputtering system. A static field oby cross-section TEM observations as shown in the left panel
about 300 Oe was applied to the film plane during depositiorf Fig. 2. However, one could hardly identify the multilayer
to produce the exchange bias. The base pressure of tiséructure from the bright field image of TEM due to the close
vacuum system is better thanx30° Pa. Targets of atomic numbers and the consequent small difference in elec-
NigoFes FegMngg alloys and Cu and Tapurity 99.9%  tron scattering ability. Elemental mapping based on electron
were used to grow NiFe, FeMn, Cu, and Ta films, respecenergy-loss spectroscopyEELS) and the three-widow
tively, and the sputtering rates were of 1.0—1.2 A/sec. Setsethod® with spatial resolution of 10 A was thus used to
of up to eighteen samples were prepared at a tiied solve the composition-related problem. Corresponding to the
curves were measured by using a DMS Model 4 HF vibratbright field image of a cross-section view of a typ-
ing sample magnetometgk/SM) from ADE technologies ical multilayer Ta(40 A)/NiFe (100 A)/FeMn (26 A)/Cu
with a field resolution of 0.01 Oe. The crystalline structure of(19 A)/FeMn (150 A)/Ta (30 A), elemental mappings of
the films was checked in a Rigaku x-ray diffractometer usingNi, Fe, Mn, and Cu by using their EELS, ;3 edges are
Cu Ka radiation, and the detailed microstructures of theshown in Fig. 2 together. It should be noted that the Fe
films were examined in a Tecnai F20 transmission electromoncentration is only 20% in the NiFe layer and 50% in the
microscope(TEM) equipped with a Gatan imaging filter FeMn layers, therefore the contrast is not uniform in Fe maps
(GIF) with spatial resolution of 10 A. The magnetoresistanceof NiFe and FeMn layers. Compared with the bright field
of the films was studied by using the dc four-point probeimage, elemental mappings of Ni, Fe, Mn, and Cu clearly
method. show the multilayer structure of the film, indicative of an
As stated above, the appropriate dilute antiferromagideal layer structure of two AF layers separated by a thinner
netism of a thin FeMn layer, which is governed by its thick- Cu layer of 19 A.
ness as well as its temperature, is crucial to the present study. The room-temperature magnetic measurements show that
So a series of films T&40 A)/NiFe (100 A)/FeMn  appreciable exchange bias appears for samples with thin
(10-100 A/Cu (60 A)/Ta (30 A), was first prepared to de- FeMn above 16 A at a Cu thickness of 8 A, and it decreases
termine a thickness range for the thin FeMn layer. Figure Imonotonically to zero with the increase of Cu thickness up to
shows the dependence of exchange bias on FeMn thickneas most 19 A when thin FeMn is below 24 A. This indicates
at room temperature and at low temperat(r#0 K). These that the exchange bias of a dilute FeMn layer is enhanced by
results are consistent with the published d&t€.Note that a thick FeMn with a thin Cu layer sandwiched in between.
exchange bias at room temperature appears at an FeMworeover, a rather astonishing phenomenon emerges when
thickness of 24 A, and quickly increases with the increase othin FeMn is just beyond the onset of exchange bias of a
FeMn thickness up to 45 A, finally reaching its saturatedsingle FeMn layer. Figure 3 shows the dependence of ex-
value at some 60 A, whereas at 110 K the onset of the exchange bias on the thickness of the Cu spacer for two sets of
change bias occurs at 12 A and peaks at 35 A before fallingamples  Td40 A)/NiFe (100 A)/FeMn (26 or 28 A/Cu
to a constant value. It is appropriate to define the dilute AR8—48 A /FeMn (150 A)/Ta (30 A). It is noted that the ex-
limit as the exchange bias reducing to a value below a maxiehange bias is fairly high when Cu is thin, and most inter-
mum of 60%, then an FeMn layer could be take as a diluteesting, a broad bump comes out after the rapid decrease of
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60 clear oscillatory variation of the exchange bias, and no oscil-
Q o014 lating behavior is observable when thin FeMn beyond 34 A,
g ,ff’— which almost coincides with the dilute FeMn limit that we
S0 . € 100 I J defined for room temperature. Parenthetically, the fabrica-
5 / tions and tests of all samples were repeated at least three
o £ A‘/’ times to ensure the reliability of the experimental data, and
_Aor R e similar results were obtained across the board.
8 .'-"'. Field (Oe) Even so, one may argue that the observed oscillatory ex-
@ change bias is caused or at least partially comes from the
@ 30} 10 . . . .
5 Y o 28A interaction between the thick AF and FM through the thin
S P e 26A AF+NM layer. Indeed oscillatory exchange bias was re-
8 ol L9 gPa ported in NiFe/Cu/NiG! and the CoO was found to be
S ® vo® o coupling to NiFe through metallic spacers at relatively long
; Qo . ;
w ; FeRCe) range??22 However, insulating AF’s belong to a completely
10l different type of system from metallic AF’s in view of their
‘._‘ . electronic structures. It is improper to apply observations of
a0 T 00y g insulating AF’s to the present metallic system. In fact, all-
e®v .
ok metal FM/NM/AF systen®25 showed an interlayer ex-
L L L L L change interaction within only a few A, and the interlayer
10 20 30 40 50 exchange coupling disappears for NiFe/Cu/FeMn sy&tem
Thickness of Cu spacer (A) when the Cu layer is thicker than 6 A. Therefore, it is defi-

nitely impossible for the NiFe layer to be exchange biased by
the thick FeMn layer across a huge spa@ or 28 A FeMn

lus 19-45A Cu in the multilayers of NiFe/thin
(100 A)/FeMn (26 or 28 A/Cu (8—48 A/FeMn (150 A/Ta P i _
(30 A). The inset depicts a representative hysteresis loop for thé:e'vm/Cl"/thICk Fe.Mn‘ One may worry e.lbOUt another effect:
multilayer of Ta (40 A)/NiFe (100 A)/FeMn (28 A)/Cu @ change of the microstructure of the thin FeMn layer due to

(29.4 A/FeMn (150 A)/Ta (30 A). changes in growth conditions correlated with Cu thickness,
which could play a role in the observed oscillatory exchange
the exchange bias for each set of samples, and the exchani@s. We would like to stress that although varying the thick-
bias shows an obvious oscillation with the thickness of Cuness of the Cu buffer could lead to significant differences in
spacer at a definite period of about 18—20 A, which is althe exchange bias properties of NiFe/FeMn bilayérse
most twice that for exchange coupling between ferromagintermediate NM Cu layer is grown above the thin FeMn
netic layers separated by a Cu spac@he above results layer in the present case, so the effect of the Cu spacer on the
indicate that long-range exchange interaction with a distincmicrostructure of the thin FeMn layer should be very little.
tive feature indeed exists between AF’s across a nonmagnetitfe actually examined a series of multilayers with the thick
spacer. We would like to point out that, except for a differentFeMn  removed, i.e., T&0 A)/NiFe (100 A)/FeMn
amount of loop shift, the hysteresis loop Ta/NiFe/thin(28 A)/Cu(8—48 A/Ta (30 A), and there is little differ-
FeMn/Cu/thick FeMn/Ta mutilayers are similar to those ofence in the exchange bias properties among these samples.
Ta/NiFe/thin FeMn/Cu/Ta films. The inset of Fig. 3 depicts Therefore, the oscillatory exchange bias in the multilayers
a representative hysteresis loop corresponding to the curygiFe/thin FeMn/Cu/thick FeMn is most likely from the ex-
peak for the set of samples T40 A)/NiFe (100 A)/  change interaction between the thin and thick FeMn layers.

FIG. 3. Dependence of exchange bias on the thickness of C
spacer at room temperature for two sets of sampldg@iad)/NiFe

FeMn (28 A) / Cu (8—48 A) / FeMn (150 A) / Ta (30 A). The exchange coupling in ferromagnetic multilayers be-
One can note that the hysteresis loop is symmetrical on magromes stronger as temperature decre&s®5 he oscillatory
netization reversal fromM to —-M and vice versa. behavior of the exchange bias at 110 K appears for the set of

Since the exchange bias for the present structure is primaamples with thin FeMn of 14 A as shown in Fig. 4. How-
rily determined by the thin FeMn, and the response of theever, the samples with thin FeMn of 26 or 28 A had the
exchange bias to the interlayer interaction of AF’s is a secexchange bias on the order of 300 Oe, with only very slight
ondary effect, the exchange bias is susceptible to the extreéhanges for all thicknesses of the Cu layer after cooled down
long-range exchange interaction only for dilute FeMn at ato 110 K. Since the dilute FeMn limit at 110 K is 20 A, it is
narrow thickness range just above the onset of exchange biast strange that the samples with thin FeMn of 26 or 28 A do
of a single FeMn layer. If the thin FeMn layer is rather thin, not exhibit oscillatory exchange bias with varying Cu thick-
the weak interlayer exchange interaction at large Cu thickness, which could also be understood from Fig. 1, where a
ness cannot reinforce the much diluted antiferromagnetisrtayer of FeMn at 26 or 28 A is somehow nearby the peak at
beyond the threshold of the exchange bias, and therefore, ridl0 K. We would like to point out that a cooling field of any
oscillatory exchange bias was observed for rather thin FeMimtensity from 1 to 10 kOe makes no difference in the ex-
layers as mentioned earlier. On the other hand, if the thichange bias field for the samples, and the low-temperature
FeMn layer becomes thick enough to establish a sufficientesults shown in this paper were obtained under the same
exchange bias by itself, the long-range exchange interactiotooling process with the cooling field of 1 kOe. Carefully
cannot alter the exchange bias any more. In fact, a furthechecking the variation of exchange bias at 110 K for the
increase in the thickness of the thin FeMn leads to a lessamples with the thin FeMn of 14 A, one can notice that the
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domains in FM/AF bilayers, the oscillatory interlayer inter-
action of AFs can be converted to the exchange bias effect in
FM/AF(1)/NM/AF(2) only when the AFFl) is in the dilute

AF range with its domains or spin structure susceptible to the

FeMn(111)
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80 | o 254 Fein interlayer interaction. It should be pointed out that, for most
experimental investigations, the detailed information about
m 48 the AF spin structure and AF domains is still lacking and
2 ol difficult to achieve even for FM/AF bilayers. Alternatively,
& the Neél temperature varies with thickness for a dilute AF
o A 110K because of the finite size effé®An understandable picture
S 40l ® 130K for the oscillatory exchange bias effect observed in FM/
£ | o ISOK dilute AF/NM/strong AF is that the effective Neél tempera-
& ture or effective thickness of the dilute AF is modified by the

long-range oscillatory exchange interaction. However, the in-
. terlayer exchange interaction in AF/NM/AF might be much
©0.0.6.0.% weaker than that in FM/NM/FM, and one should not expect
ol a significant effect of the interlayer exchange interaction on
the effective Neél temperature of the dilute AF. From the
spin alignment configurations at the interface of AF/NM/AF,
TJ/INM/T] andT]/NM/| T, the exchange interactions are par-
tially cancelled for the interface spin and the neighboring
FIG. 4. Dependence of exchange bias on the thickness of cipterface spin, in contrast with that for FM/NM/EM.
spacer at low temperature for samples Ta0 A)/NiFe As for the oscillatory period for the AF/NM/AF system,
(100 A)/FeMn (14 A)/Cu (8—48 A)//FeMn (150 A)/Ta (30 A).  the unit cells of AF and NM lattices must be doubledkiry,
The inset depicts XRD spectra for two samples (@ A)/NiFe ~ andz directions to ensure the existing modélslirectly ap-

(100 A)/FeMn (14 and 26 A/Cu (19 A)/FeMn (150 A)/Ta  Plicable with in-plane translational invariance remaining un-
(30 A). broken by the alternative arrangement of the antiparallel mo-

ments in the AF lattice. Since the period is set by the

I _ . . ._extremal spanning vector of the Fermi surface of the spacer
oscillating period is not so evident and slightly less ConS'.51ayer material, which is now shortened with the shrinking of

tent, which seems to result from degraded structure. The ing,o first Brillouin zone because of the doubled lattice, the

set of Fig. 4 is XRD patterns for samples with 19 A Cu andperiod of the oscillatory exchange interaction between AF’s
thin FeMn of 14 and 26 A, respectively. It is very clear that,rns out to be 21.3 A through a simple estimation, in good

the peaks of both FeM11) and NiF€111) decrease to less ggreement with the experimental findings. The strength of
than half of their values when the thin FeMn is changed frompe coupling depends both on the geometry of the Fermi
26 to 14 A. We would like to point out that the oscillatory syrface and on the reflection amplitudes for electrons scatter-
variation of the exchange bias gradually disappears with afhg from the interfaces between AF and NM. A determina-
increase of temperature, which may come partly from thejon of the coupling strength is limited by the nature of the
reduction of the long-range exchange interaction along W'tkéxchange bias, and needs further exploration.
the further weakening of the antiferromagnetism of thin  ginally, it is natural to think of magnetoresistance if one
FeMn itself due to thermal fluctuation. ~ observes oscillatory exchange coupling in magnetic multi-
I_n an FM/NM/FM system, the interlayer _exc_hange inter- layers. However, only anisotropic magnetoresista#ddR)
action leads to the spins of the FM layers in either the paryf the permalloy layer is evideliMR below 1% for “NiFe/
allel or antipara!lel state, depending on the thickness an¢hin FeMn/Cu/thick FeMn” multilayers, which means that
specific electronic structure of the NM layer. We extendedihe magnetoresistance effect related to the oscillatory ex-
the well-established theoretical modélsimed at this gen- change interaction between the FeMn layers should be ex-
eral phenomenon in the FM/NM/FM system to interpret thetremely small or nonexistent.
interlayer exchange interaction_ of AF's in the trilayer of AF/ | conclusion, we have found convincing experimental
NM/AF. It should be emphasized that there are also twqayidence of oscillatory exchange interaction between antifer-
different spin a}llgnment configurations at the two 'nterfacesromagnetic FeMn layers across a Cu spacer with a period
of AF/INM/AF, i.e., TI/NM/T] vs T|/NM/|T, where the ar-  approximately twice that of ferromagnetic multilayers. This
rows nearest and next nearest to the slash represent the gssy|t shows that long-range oscillatory exchange interaction
rections of the interface spin, and the neighboring interfacgs 3 pasic and universal feature in metallic FEM/NM/EM and
spin, respectively. Because.of the spin-dependent rgflectior)@F/NM/AF due to the quantum interferences induced by the
of Bloch waves at the two interfaces, the quantum interferpyingependent interface reflection of Bloch waves with dif-
ence states confined in the spacer are different for these tW@yent oscillating periods originating from the different inter-

spin alignment configurations, and the corresponding enefyce reflection conditions for ferromagnetic and antiferro-
gies, which oscillate with spacer thickness, are also differentyagnetic spin ordering.

The difference of these oscillatory energies makes the oscil-
latory interlayer exchange interaction. Since exchange bias J.W.C. is indebted to Professor C. L. Chien at The Johns
primarily depends on the interfacial AF spin structure and AFHopkins University for fruitful discussions and also ac-
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