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We investigated the magnetic interlayer coupling between two ferromagnetic (FM) Ni layers
through an antiferromagnetic (AFM) Ni,sMnys layer and the influence of this coupling on the
exchange bias phenomenon. The interlayer coupling energy of an epitaxial trilayer of 14 atomic
monolayers (ML) Ni/45 ML Ni,sMn;s/16 ML Ni on CuzAu(001) was extracted from minor-loop
magnetization measurements using in-situ magneto-optical Kerr effect. The interlayer coupling
changes from ferromagnetic to antiferromagnetic when the temperature is increased above 300 K.
This sign change is interpreted as the result of the competition between an antiparallel Ruderman-
Kittel-Kasuya-Yosida (RKKY)-type interlayer coupling, which dominates at high temperature, and
a stronger direct exchange coupling across the AFM layer, which is present only below the Néel
temperature of the AFM layer. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919597]

INTRODUCTION

The interlayer exchange coupling between magnetic
ultrathin films across a spacer material has an important influ-
ence on the magnetization reversal in multilayered structures,
and thus on their magneto-resistive properties. Understanding
and control of this coupling is important for many technologi-
cal applications'~ like two® and three* dimensional magnetic
ratchet memories, controllable transport of magnetic beads,’
and mass memories.® All of these applications consist of sev-
eral ferromagnetic and nonmagnetic or antiferromagnetic
layers. While in the case of nonmagnetic spacer layers, the
interlayer coupling strength depends mainly on the spacer
layer thickness,’ for antiferromagnetic spacer layers, the inter-
layer coupling will also depend on the magnetic state of the
antiferromagnetic material, possibly influenced by proximity
effects.®

We show here that variation of temperature can induce a
change of the sign of the magnetic interlayer coupling. Since the
interlayer coupling is important for the response of spin-valve
devices to an external magnetic field, the ability to control the
coupling direction after the preparation might provide new pos-
sibilities for applications of such spin-valve structures. The total
interlayer coupling results from a competition’ between (1)
direct ferromagnetic coupling through pinholes,'”'! (2) magne-
tostatic interactions like orange peel coupling originating from
the presence of magnetic charges on rough interfaces,'*'?
pling by stray field due to magnetic domain structures'*'> or
from the sample edges in small-sized structures,'® (3)
Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling from the
correlation energy between two FM layers through the conduc-
tion electrons of the spacer layer,IL19 and in the case of an anti-
ferromagnetic spacer material, (4) direct exchange interaction
mediated by the antiferromagnetic exchange interaction within
the AFM spacer layer.”>>* These interaction mechanisms are
active both in in-plane- and out-of-plane-magnetized films,
while their relative strength may vary. Numerous theoretical and
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experimental investigations of the different interlayer coupling
mechanisms are found in literature.'*%

Experimentally, the separation of these contributions is
not straightforward. Often different samples with different
spacer layer thicknesses are prepared for that purpose. The
measurement of partial magnetization loops yields informa-
tion about the presence of different species in a sample and
their interaction.”*** In the simpler case of a magnetic tri-
layer with clearly distinguishable coercivities of the two fer-
romagnetic layers, a minor-loop measurement is sufficient to
extract information about the interlayer coupling.

In this article, the temperature dependence of the mag-
netic interlayer coupling across an AFM spacer layer is inves-
tigated by measuring minor loops using magneto-optical Kerr
effect (MOKE). Ni,Mn;_, was chosen as AFM, since it has
one of the highest antiferromagnetic ordering temperatures
(T Arm), Which makes it suitable for use at elevated tempera-
tures in practical devices. Ni was used for the FM layers,
where the thickness was adjusted to have out-of-plane mag-
netization on a Cu3Au(001) single crystal substrate.”>® x was
chosen around 25%, since at this concentration, Ni,Mn;_,
exhibits the maximum exchange bias (EB).?” At a thickness
of 45 atomic monolayers (ML), the antiferromagnetic order-
ing temperature of Ni,sMnys is around room temperature (RT,
Tarpm = 340K), and thus lower than the ordering temperature
of the Ni FM layer, which is around 460 K at the chosen thick-
nesses of 14—16 ML.?® This spacer-layer thickness has been
chosen since clear two-step loops could be observed up to a
temperature higher than Tagy, such that sign and strength of
the coupling could be identified. Growth and structure of epi-
taxial NisMnys films on CuzAu(001) and on Ni/CuzAu(001)
have been discussed in Refs. 25 and 26.

EXPERIMENT

All experiments have been performed in situ in an
ultra-high vacuum chamber with a base pressure less than

© 2015 AIP Publishing LLC
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3 x 10" mbar. The chamber is designed for both thin film
preparation and in situ magnetic characterization. Before
growth of the sample, the substrate was cleaned by Ar" sput-
tering (1-2keV) and annealing at 800K for 15min. The
sputtering and annealing sequence was repeated until a
sharp low-energy electron diffraction (LEED) pattern was
observed. Electron-beam evaporators were used for the dep-
osition of Ni and Mn from high-purity metal rods (99.999%
for Ni, 99.99% for Mn) at RT. NiMn was deposited by si-
multaneous evaporation of Ni and Mn. The film thickness
was monitored by medium-energy electron diffraction
(MEED) during growth. A typical deposition rate was 1 ML/
min. Magnetic hysteresis loops of the samples were recorded
by polar MOKE using a diode laser with 634 nm wavelength
and a photoelastic modulator. The chemical composition of
NiyMn,;_, was analyzed by Auger electron spectroscopy.
After deposition of a NiysMn,s/Ni bilayer on CuzAu
(001), the sample was heated to 480K and then cooled
in a magnetic field of +200mT to 160K. Subsequently,
temperature-dependent MOKE measurements were performed
while increasing the temperature from 160K to 420K at inter-
vals of about 20 K. After that, the top FM layer (14 ML Ni)
was evaporated at RT, and the same field-cooling and MOKE
measurement procedures were performed again for the
trilayer.

RESULTS AND DISCUSSION

Figure 1 shows the major loop (black line) and minor
loops (red and green lines) of the trilayer, measured at
240 K. The major loop shows two steps at 107 and 250 mT.
On comparison with the magnetization loop of the bilayer,
we conclude that the bottom Ni layer is the harder of the two
FM layers with the higher coercivity. The minor-loop meas-
urements were acquired by saturating the harder layer to ei-
ther the positive or negative field direction, and then
ramping the field below the coercivity of the hard layer. The
horizontal shift of the center of the minor loops away from

MOKE Signal (a.u)
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Magnetic Field (T)

FIG. 1. Major magnetization loop (black) as well as positive (green) and
negative (red) minor loops of 14 ML Ni/45 ML Ni,sMns/16 ML Ni at
240K. The green (red) curve was taken while the hard layer was saturated in
positive (negative) field direction.

J. Appl. Phys. 117, 175302 (2015)

zero field results from the combined effect of the interlayer
exchange coupling Jigc through the AFM layer and the
exchange bias of the soft layer by the AFM layer, character-
ized by the exchange bias coupling energy J.,. While the for-
mer changes sign when the hard layer magnetization
direction is reversed, the sign of the latter is set during the
field cooling and remains constant. This can be used to sepa-
rate these two effects. The coupling strength J is then taken
from the product of the field offset and the magnetization of
the soft layer,”” where we assign negative values to antipar-

allel coupling
Jn = poMsniHy and Jp = ,qusNin (D

with H,, and H,, as the shift field of the negative and positive
minor-loops, respectively.

It is thus
Jon = (Jeb +JIEC)7 Jp = (Jeb_JIEC)7 and so
Jiee = (n=Jp)/2, Jeo = (Jn +Jp)/2. 2

The shift of the positive minor loop to the left with respect to
the negative one indicates a ferromagnetic coupling between
the two FM layers. Examples of minor loops for different
temperatures are displayed in Fig. 2. At low temperatures,
Jigc is positive. With increasing temperature the coercivity
decreases, as well as the loop shift, and eventually Jigc
reverses sign at higher temperatures. The resulting Jigc as a
function of temperature is calculated by using Eq. (2) and
shown in Fig. 3. It is observed that the interlayer coupling
changes sign at about 325 K, corresponding to a change of
the coupling from FM to AFM. The AFM coupling at higher
temperatures can be also observed in the major loops. One
example is shown in the inset of Fig. 3, where the reduced
remanence of the hysteresis loop at 380K indicates that the
two FM layers are AFM-coupled.

Jigc is the sum of direct exchange coupling (J4) by the
spin structure of the AFM layer and indirect coupling between
the two FM layers through the AFM layer. The latter can be
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FIG. 2. Minor-loop measurements of 14 ML Ni/45 ML Ni,sMn;s/16 ML Ni
at different temperatures. The color code is the same as in Fig. 1.
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FIG. 3. Temperature dependence of the interlayer coupling between the top
and the bottom Ni layer in 14 ML Ni/45 ML Ni;sMn;s/16 ML Ni. The
dashed line is a guide to the eye. The inset shows the major hysteresis loop
measured at 380 K. The remanence less than saturation indicates that the
two Ni layers are antiferromagnetically coupled.

due either to magnetostatic coupling Jnee; and/or the RKKY
interaction, Jrxky,

Jiec = Ja + INeel + JRrKY- 3)

JINeels J4, as well as Jrxky do not change sign as a func-
tion of temperature.29 This means that the observed sign
change must come from different temperature dependencies
of the different contributions. The direct exchange coupling
is strongly temperature-dependent around the ordering tem-
perature of the AFM, where this coupling contribution van-
ishes, while the RKKY and magnetostatic coupling exhibit a
more gradual temperature dependence.’® We thus suggest
that the direct exchange coupling, which is positive at that
particular thickness of the Ni,sMnys layer, dominates the
coupling below the antiferromagnetic ordering temperature,
while indirect coupling, RKKY and magnetostatic coupling,
are dominating at temperatures higher than 340 K. The value
of the AFM coupling energy at 380K is about —0.25 uJ/m>.
This value is within the range expected for RKKY-type
coupling at a spacer-layer thickness of 45 ML, using typical
values of similar systems®**'? and extrapolating to the
ninth antiferromagnetic coupling maximum using the for-
mula of Ref. 32, assuming a decay length to account for
nonzero sample temperature of 10 A.RKKY coupling alone
could thus be responsible for the observed antiferromag-
netic coupling.

Finally, the temperature dependences of the coercivity
Hc and the EB field H,y, of the bilayer and the trilayer are
presented in Fig. 4. The temperature at which Hc deviates
from the weak linear dependence on temperature at higher
temperatures is considered the ordering temperature of the
AFM, TAFM,26’27 and the temperature where EB vanishes is
taken as blocking temperature (T},). Tarpm and Ty, for the tri-
layer sample are (360 * 15) and (260 = 15) K, respectively.

Tapm of the trilayer as extracted from the temperature
dependence of Hc is around 360K, which confirms the
assumption of the disappearance of direct exchange coupling
at around this temperature. The temperature-dependent

J. Appl. Phys. 117, 175302 (2015)
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FIG. 4. Temperature dependence of the coercivity Hc (solid symbols) and
bias field He, (open symbols) of the 45 ML Niy,sMn;s/16 ML Ni bilayer
(circles) and 14 ML Ni/45 ML NisMnys/16 ML Ni trilayer (up- and down-
triangles for top and bottom layers, respectively). Stars represent the bias
field extracted from the minor loops.

exchange bias field of the top layer extracted from the
minor-loop measurements (stars in Fig. 4) agrees well with
the loop shift of the soft layer extracted from the major
loops.

CONCLUSION

The conclusion from the presented data is that the mag-
netic interlayer coupling in this system is a competition
between direct exchange coupling through the AFM layer
favoring parallel alignment and an antiparallel RKKY-type
coupling. The latter dominates at high temperatures, leading
to an effective antiparallel coupling between the two Ni
layers, while the direct exchange coupling is present at tem-
peratures below the Néel temperature of the AFM layer,
where it prevails over the RKKY coupling. The coupling
strength at temperatures above the ordering temperature of
the AFM layer is in the range of possible RKKY-type cou-
pling energies. These competing interlayer interactions allow
tuning the magnitude as well as the sign of the total inter-
layer coupling by variation of temperature. An AFM material
with a suitable ordering temperature could therefore not only
serve to enhance the temperature dependence of the coerciv-
ity of an adjacent FM layer but also to modulate the inter-
layer coupling and thus the remanence of a trilayer by
temperature.
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