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Probing antiferromagnetism in NiMn/Ni/(Co)/Cu3;Au(001) single-crystalline

epitaxial thin films

M. Yagoob Khan,® Chii-Bin Wu (& E%##), Mustafa Erkovan,” and Wolfgang Kuch
Institut fiir Experimentalphysik, Freie Universitdt Berlin, 14195 Berlin, Germany

(Received 9 November 2012; accepted 20 December 2012; published online 14 January 2013)

Antiferromagnetism of equi-atomic single-crystalline NiMn thin film alloys grown on Ni/Cus;Au
(001) is probed by means of magneto-optical Kerr effect (MOKE). Thickness-dependent coercivity
(H¢) enhancement of polar MOKE measurements in NiMn/Ni/Cu3;Au(001) shows that ~7 atomic
monolayers (MLs) NiMn order antiferromagnetically at room temperature. It is found that NiMn
can couple to out-of-plane (OoP) as well as in-plane (IP) magnetized Ni films, the latter stabilized
by Co under-layer deposition. The antiferromagnetic (AFM) ordering temperature (T 4z,,) of NiMn
coupled to OoP Ni is found to be much higher (up to 110K difference) than in the IP case, for
similar interfacial conditions. This is attributed to a magnetic proximity effect in which the
ferromagnetic (FM) layer substantially influences Tyzy, of the adjacent AFM layer, and can be
explained by either (i) a higher interfacial coupling strength and/or (ii) a thermally more stable
NiMn spin structure when coupled to Ni magnetized in OoP direction than in IP. An exchange-bias
effect could only be observed for the thickest NiMn film studied (35.7 ML); the exchange-bias
field is higher in the OoP exchange-coupled system than in the IP one, possibly due to the same

reason/s. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4775575]

. INTRODUCTION

Antiferromagnetic (AFM) thin films are basic compo-
nents of spintronic devices' which depend on the exchange-
bias (EB) effect discovered more than half a century ago.” An
AFM layer provides a reference magnetization direction to
the ferromagnetic (FM) layer in these kinds of magneto-
electronic devices, e.g., hard-disk read heads,3 or magnetic
random-access memories.* In the EB effect an FM and an
AFM material couple to each other, mostly by direct
exchange interaction, whereby not only the coercivity of the
FM is enhanced, but the hysteresis loop is also shifted along
the magnetic field axis below a certain blocking tempera-
ture.>> Although it is accepted that for EB the spin-spin inter-
action at the FM-AFM interface is necessary, EB is
influenced by several effects like interface roughness, crystal-
line and magnetic structure, chemical order, composition, or
magnetic proximity effects. Therefore the behaviour of the
EB effect varies from system to system and from material to
material, and hence it is often stated that despite its high tech-
nological importance and the tremendous amount of work
done on this subject, EB is not yet generally well understood.

Among the antiferromagnetic materials, Mn-based
alloys having a face-centered-tetragonal crystalline structure
provide very high blocking temperatures, good corrosion re-
sistance, and high exchange-bias field, and thus are very suit-
able to be used in real devices. The major drawback of
these materials is their large critical thickness which could
limit their application in ultra-high density recording appli-
cations.® NiMn plays a leading role in these materials,
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having the highest antiferromagnetic ordering temperature
(Tara) amongst all Mn-based alloys (as high as 1070K in
the bulk)”® and, if prepared bulk-like in single-crystalline
form, might maintain such a high ordering temperature suita-
ble to be used at elevated temperatures in practical devices.

The motivation for probing the antiferromagnetism of
NiMn on top of Ni/(Co/)Cu3;Au(001) is two-fold. First, it is
interesting to see which spin structure NiMn exhibits in thin
films on Cu3zAu(001), where it grows with bulk-like lattice
parameters.” Epitaxial FeMn on Cu(001) has proven to cou-
ple to both IP and OoP magnetized FM layers'®'" and shows
a non-collinear spin structure.'*'? Different from our previ-
ous Work,9 where in the studied regime of thickness, concen-
tration, and temperature we could not see any coupling of
NiMn to an IP-magnetized Co layer in the system Co/
Ni Mn,_/Cu3;Au(001), we wanted to use Ni as the ferromag-
netic material because its easy axis can be tuned to be either
along the OoP or the IP direction. In thin film form, NiMn
may not have the same collinear spin structure as reported
for its bulk form.'*'> In the bulk AF I-type spin structure of
L1y NiMn, the nearest-neighbor Mn atom’s moments are
antiparallely aligned and oriented normal to the c-axis of the
fct lattice. The Mn and Ni atoms constitute alternating sheets
with magnetic moments of 3.8 g and approximately O pp
per atom, respectively.'*'®!” The second motivation is the
high Néel temperature of NiMn: NisoMnso/Cu3;Au(001) can
be prepared epitaxially along its c-axis in single-crystalline
form like that of its bulk counterpart,” and may thus have a
very high T4gy,. Furthermore, since EB is an interface phe-
nomenon, its investigation can be more appropriately
addressed using single-crystalline materials than polycrystal-
line ones.

Like other Mn-based alloys, NiMn has been mostly
studied in its polycrystalline form prepared by magnetron

© 2013 American Institute of Physics
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sputtering. No study of single-crystalline NiMn thin films
has been reported until the last few years. For epitaxially
grown NiMn thin films, studies have been recently per-
formed on Cu(111),'"® Cu(001),"' and Cu;Au(001)° as
substrates. Ni/NiMn/Cu(111) needed annealing in the pres-
ence of a magnetic field and then showed a complex
temperature-dependent exchange bias for a thickness of
35A.18 Tieg et al. showed antiferromagnetism of equi-
atomic NiMn in the bilayer system Co/NiMn/(Co/)Cu(001),
where NiMn grows with its g-axis along the surface nor-
mal." The enhancement of coercivity of Co was attributed
to the interface magnetic coupling due to the antiferromag-
netic character of NiMn above 8 ML thickness at 300K.""
Reinhardt et al. not only confirmed these findings for a simi-
lar system afterwards, but also found stronger coupling in
Co/Ni3sMngs/Cu(001) as compared to Co/NispMnse/Cu
(001).%° Macedo er al. studied the system Co/NiMn/CusAu
(001), but could not observe any antiferromagnetic order up
to the maximum studied thickness of 14.5 ML NisoMnsg
down to a temperature of 190K.” Referring to Reinhardt
et al.’s findings, Macedo et al. also searched for the evidence
of FM/AFM coupling in Co/NiMn bilayers on CuzAu(100)
for two Ni concentrations below the L1, range, i.e., at Ni
concentrations of 23% and 33%, but no coupling at the inter-
face was observed.” In a combined experimental and theoret-
ical investigation, Gao et al. have shown by spin-polarized
scanning tunneling microscopy that the surface spin density
of NiMn/Cu(001) films is non-collinear,>! contrary to what
was expected. This was assigned to the broken symmetry at
the surface.?’ According to our information, the magnetic
properties (like the antiferromagnetic ordering temperature
Taru, the blocking temperature for exchange bias T,, and
the exchange bias field H,,) of NiMn single-crystalline thin
films have never been reported in contact to OoP magnetized
FM layers on any substrate including CuzAu(001). For
NiMn in contact to an IP magnetized FM layer, only a few
thickness- and temperature-dependent magneto-optical Kerr
effect (MOKE) measurements have been performed on Cu
(001),"%?° limited to exploring Trp.

We present here a systematic comparative study of
the magnetic properties of epitaxially grown equi-atomic
7.4-35.7 ML NiMn films when coupled to IP Ni/Co/CuzAu
(001) and OoP Ni/CuzAu(001). NiMn/Ni/(Co/)Cu3Au(001)
was used rather than(Co/)Ni/NiMn/Cu3;Au(001), because in
the latter case the spin reorientation transition (SRT) of Ni
from OoP to IP magnetization (not shown here) refrained us
from doing so. This SRT of the Ni overlayer is very sensitive
to the Ni and NiMn thickness, NiMn composition, as well as
temperature. To study the influence of the magnetization
direction on the coupling between Ni and NiMn, on one half
of the substrate spontaneously OoP magnetized 12-13 ML
Ni is used. On the other half, Ni of the same thickness is
made IP by first depositing ~2 ML Co underneath. We find
that the Tygy, of the very same NiMn film is much higher
when it is coupled to OoP Ni than to IP Ni. For example, for
the thinnest two films under study, i.e., of 7.4 and 11.3 ML
thicknesses, this difference of Typy, 1s 110K. Our results
resemble a previous finding for FeMn films in (Co/)Ni/
FeMn/Cu(001), where this difference of T,z was up to
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60K for about 7-8 ML FeMn.'” In Ref. 10, this difference
has been attributed to a magnetic proximity effect which is
proposed to be due to higher coupling strength in the OoP
direction than in IP. This supports results of Ref. 11 for
FeMn, where indications for different FeMn critical thick-
nesses coupled to OoP and IP FM layers had been presented.
Recently, Stampe er al.** showed that the interface rough-
ness and Fe concentration both contribute to the FM-AFM
coupling strength in the OoP direction, but that T4z, is inde-
pendent of the coupling strength, while it shows a strong de-
pendence on the FM magnetization direction. This points
towards an effect induced by the AFM spin structure, which
could be influenced by the interface coupling.

Il. EXPERIMENTAL ASPECTS

All the experiments were performed under ultra-high
vacuum conditions, and a pressure of ~ 10~ mbar could be
maintained during the preparation of the sample. The cham-
ber was equipped with Ar" ion sputtering, annealing, e-beam
evaporators, medium energy electron diffraction (MEED),
low energy electron diffraction (LEED), Auger electron spec-
troscopy (AES), and MOKE in polar and longitudinal geome-
tries. The sample was cleaned by Ar" ions with an energy of
1 keV, and the cleanliness of the sample was then checked by
AES. After sputtering and AES, the sample was annealed at
800K for ~10min to order the surface. A shutter was posi-
tioned as close as possible (~3 mm) in front of the prepared
sample, covering the lower half, and ~2 ML Co were evapo-
rated on the upper half. Previously, for a wedged Co sample,
in the system Co/Ni/FeMn/Ni/Cu(001), it was shown by mag-
netic domain images that with a Co thickness of higher than
0.5 ML, the magnetization of 15 ML Ni changed from OoP
to IP direction.'’ After removing the shutter, 12-13 ML Ni
were evaporated on the entire sample which then have OoP
magnetization at the lower half and IP magnetization at the
upper half of the sample due to the underlying ~2 ML Co. At
the lower half of the sample (without Co), the (00) MEED
spot intensity versus time during evaporation was observed
on a fluorescent screen opposite to the electron gun for a
beam energy of 2keV. The typical growth rate of Ni was 1
ML per minute and was monitored by MEED oscillations. At
room temperature, the IP-to-OoP spin-reorientation transition
(SRT) thickness of Ni/CuzAu(001) was found to be 8 ML,
while the OoP-to-IP one was 17 ML. Immediately after Ni
evaporation, Mn and Ni are co-evaporated to obtain an equi-
atomic NiMn alloy of thicknesses ranging from 7.4 to 35.7
ML. By “equi-atomic,” we mean a Ni concentration between
45% and 55%. All the three materials used for evaporation
were of high purity (Co and Ni: 99.99%, Mn: 99.95%). NiMn
does not grow layer-by-layer on Ni/Cu3Au(001), so its thick-
ness cannot be directly inferred from MEED. Instead, AES
was utilized to determine the concentration of NiMn. The
thickness of NiMn can then be determined, since the evapora-
tion rate of Ni was fixed to be the same for Ni and NiMn
preparation. For the determination of NiMn thicknesses by
AES below 15 ML, the contribution from the Ni underlayer
had to be taken into account. All films were deposited at
room temperature.



023913-3 Khan et al.
PO [N TN TN TN [N TN TN TN NN TN TN TN [N TR TN TR [N TN T T N A NN 1

—— 12.6 ML Ni/Cu3Au(001)
—— 12.1 ML Ni/~ 2 ML Co/CusAu(001)

loo (a.u.)

LI B B N N B B N B B B R N N B SN B B B B N N B B B B

0 200 400 600 800 1000 1200 1400
Time (Sec.)

FIG. 1. MEED (00)-spot intensity recorded during the deposition of 12.6
ML Ni on CuzAu(001) (upper curve), and 12.1 ML Ni on ~2 ML Co/CuzAu
(001) (lower curve) at T=300K. The dotted vertical line at 60s shows the
opening of the shutter and the down arrows at the end of the curves indicate
the closing of the shutter.

To address the magnetic properties of NiMn/Ni/(Co/)
Cu3Au(001), we made use of longitudinal and polar MOKE
geometries to study the IP and the OoP magnetization at the
upper and the lower half of the sample, respectively. Line-
arly polarized laser light from a laser diode of 1 mW power
and 635nm wavelength was used. A field-cooling process
was applied with the maximum available external magnetic
field of =200 mT from a temperature of 480 K. The mini-
mum attainable temperature for the MOKE measurements
was ~140 K.

lll. RESULTS

Since one purpose of the present study is the comparison
of the magnetic properties of NiMn/Ni bilayers grown
directly on CuzAu(001) and on Co/Cu3Au(001), it is impor-
tant to show that the surface roughness and crystalline struc-
tures of Ni on Cu3Au(001) and on Co/Cu3;Au(001) are very
similar. Fig. 1 presents, on the same scale, MEED intensity
oscillations of the specular beam during growth of Ni on
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Cu3Au(001) (black line) and on 2 ML Co/CuzAu(001)
(green line). The oscillation maxima indicate the deposition
of successive atomic monolayers in a layer-by-layer growth
mode. While on the clean Cu3Au(001) substrate the reflected
electron intensity drops during the initial stages of Ni deposi-
tion, the intensity initially increases when Ni is deposited on
Co/Cu3Au(001). This increase can be attributed to the filling
of atomic-scale roughnesses at the Co surface by Ni. The
subsequent intensity oscillations up to a thickness of about
6 ML are more pronounced in Ni/CuzAu(001). At higher
thicknesses, however, the two curves become very similar.
We conclude that the morphology of the Ni surface, and thus
of the NiMn/Ni interface, is very similar in the two systems
once the Ni thickness exceeds about 6 ML.

Also, from Fig. 2(a), it is clear that the LEED patterns of
12.4 ML Ni/Cu3Au(001) and that of 12.4 ML Ni/~2 ML Co/
Cu3Au(001) are identical at similar energies. A linear fitting
of the Ey;, versus n’ points extracted from the I(V) curves
(Fig. 2(b)) gives the vertical interlayer distance d,. The
straight lines in Fig. 2(b) represent linear fittings based on
the kinematic approximation of the (00) diffraction beam in-
tensity, and provide the perpendicular lattice constant of
14.7 ML Ni/Cu3Au(001) and that of 12.1 ML Ni/~ ML Co/
Cu3Au(001). The exactly matching result d,=1.74 A indi-
cates a very similar Ni structure for the two cases.

Figure 3 shows our results for the coercivity of OoP
magnetized Ni films versus the thickness of equi-atomic
NiMn in n ML NiMn/9.3 ML Ni/CuzAu(001), where ~7 <n
< ~28, measured at room temperature. A steady increase of
the coercivity of OoP magnetized 9.3 ML Ni/CuzAu(001)
with NiMn thickness can be observed. With ~7 ML of
NiMn, the bilayer has already a distinctly higher coercivity
as compared to the Ni film alone. The inset of Fig. 3 shows
as an example magnetization curves of 9.3 ML Ni without
NiMn coverage (filled circles) and with ~28 ML NiMn
(open-circles), the latter exhibiting a much higher coercivity,
but no exchange bias at 300 K.

An example of temperature-dependent hysteresis loops
for both OoP as well as IP magnetization is shown in Fig. 4.
Here the sample is 11.3 ML NiMn/12.5 ML Ni with (Fig. 4(a))

(a) (b)
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FIG. 2. LEED pattern (p(1 x 1) unit cell) of (a)
12.4 ML Ni/~2 ML Co/CuzAu(001) for 140eV and
that of 12.4 ML Ni/CuzAu(001) for 136eV. (b)
LEED I(V) curves for 14.7 ML Ni/Cu;Au(001) (red
line) and 12.1 ML Ni/~2 ML Co/CuzAu(001)
(green line), and peak energy dependence of LEED
I(V) curves on n” (n being Bragg differaction order)
for 14.7 ML Ni/Cu3Au(001) (red symbols) and 12.1
ML Ni/~ML Co/CuzAu(001) (green symbols).
Note that data points in both cases overlap.
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FIG. 3. Coercivity (Hc) versus NiMn thickness for the bilayer system
NiMn/9.3 ML Ni/Cuz Au(001) measured by polar MOKE. The red-dotted
line is a guide to the eye. The black horizontal line passing through the first
point of the curve (0 ML NiMn/9.3 ML Ni) shows the deviation of H, due
to NiMn. In the inset the normalized Kerr intensity is shown for (i) uncov-
ered 9.3 ML Ni/Cu; Au(001) (black loop with closed symbols) and (ii) the
same film covered with ~28 ML NiMn (red loop with open symbols).

and without ~2 ML Co underneath (Fig. 4(b)), on CuzAu
(001). Rectangularly shaped loops for both cases were
obtained, where a coercivity enhancement with decreasing
temperature can be observed. Although the general behaviour

(a) Longitudinal MOKE
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FIG. 4. Normalized magnetic hysteresis loops at different temperatures for
(a) 11.3 ML NiMn/12.5 ML Ni/~2 ML Co/Cu3Au(001) and (b) 11.3 ML

NiMn/12.5 ML Ni/Cu3Au(001) measured by longitudinal and polar MOKE,
respectively.
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of the temperature-dependent hysteresis loops is similar for
the IP and OoP cases, the details are different (Fig. 4). The
main differences between the two magnetization directions
observed here are that the coercivity Hc for OoP magnetiza-
tion is almost three times that for IP magnetization at low
temperatures, and that the reduction of H. to lower values
occurs at higher temperatures for OoP magnetization of the
Ni layer (loop at 440 K).

Fig. 5 shows the temperature-dependent coercivity for
IP and OoP magnetized Ni films in contact to an n ML NiMn
film (~7 < n < ~35) on the positive field axes. The insets of
Figs. 5(a) and 5(b) show a zoom-in of H¢ versus temperature
for 7.4 ML NiMn in contact with IP and OoP Ni, respec-
tively. The purpose of these insets is to show how we deter-
mine the ordering temperature of AFM NiMn. If there were
no exchange coupling between the AFM and the FM layers,
the He of the FM layer alone would decrease monotonically
as the temperature is increased, and would give rise to a cer-
tain slope of small steepness. We observe, in contrast, in Fig.
5(a) for all IP films a discontinuity in the slope of H versus
temperature curves which is typical for AFM/FM bilayer
exchanged-coupled systems.'***?® The point at which this
discontinuity of temperature-dependent H¢ occurs is consid-
ered as Tz For its determination, we follow the procedure
already used in Ref. 22, and fit a straight line to the H¢(7)
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FIG. 5. Temperature dependence of the coercivity (positive field axis) and
the exchange-bias field (negative field axis) for different thicknesses of
NiMn grown on (a) in-plane-magnetized ~12 ML Ni/~2 ML Co/Cu;Au
(001) and (b) out-of-plane magnetized ~12 ML Ni/Cu3Au(001). In the re-
spective insets, a zoom-in on the curve for 7.4 ML NiMn is presented to
show how the antiferromagnetic ordering temperature is determined. The
obtained antiferromagnetic ordering temperatures are indicated by colored
arrows, where the horizontal bars at 11.3, 15.5, and 18.2 ML NiMn in (b)
denote that they just represent lower limits.
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data in the high-temperature range to represent the behavior
of the uncoupled FM layer. The temperature at which the
measured H¢ significantly deviates from this line is defined
as Tary, and marked by colored arrows in Fig. 5. For the
OoP magnetized Ni, this kind of discontinuity could only be
seen for the thinnest (7.4 ML) studied NiMn film. For the
thicker films up to 18 ML thickness, only lower limits for
Tary can be given, indicated by horizontal arrows next to
the vertical arrows in Fig. 5(b). For the three thickest NiMn
films, it was not possible to get any information on T4z,
since an easy-axis change of the Ni magnetization from OoP
to IP occurs at a temperature lower than the ordering
temperature.

From Fig. 5(a), one can see that for the IP samples the
Tarp value initially increases by 30 to 40 K every 3 to 4 ML
of NiMn thickness. For the OoP part, a similar increment of
Tarp 1s observed when increasing the NiMn thickness from
7.4 to 11.3 ML. This increase of Tz, with increasing AFM
layer thickness is due to the well-known finite-size effect
and is in agreement with results for FeMn/Co/Cu(OOl)23 and
(Co/)Ni/FeMn/Cu(001)'" for both, the TP and OoP cases.
Like in Refs. 10 and 11 for FeMn, we also found that the
critical thickness of the NiMn films to form antiferromag-
netic order at room temperature (300 K) varies with changing
the magnetization direction of the FM layer from OoP to IP.
Comparing the exchange-coupled AFM/FM samples shown
in Figs. 5(a) and 5(b), one observes that the ordering temper-
ature of the same NiMn thickness is distinctly higher for the
OoP coupled part than for the IP one. This difference is
110K for the thinnest film with 7.4 ML thickness.

The exchange coupling in the NiMn/Ni/(Co/)CuszAu
(001) system also resulted in shifted loops with an exchange-
bias field(H,,), but only at the thickest (35.7 ML) studied
NiMn film as shown in Figs. 5(a) and 5(b) by black solid
symbols on the negative side of the vertical axes for IP as
well as OoP magnetized Ni, respectively. A common feature
for both the IP and OoP exchange-biased systems is that the
coercivity goes down with lower temperature as soon as
exchange bias is established. This behavior has been
observed for several other systems.”*>’ Both, the H,, value
and the blocking temperature T}, the latter indicated by black
arrows in Fig. 5, are slightly higher in the case of NiMn
coupled to OoP Ni than in the IP case. The ratio of the
exchange-bias field to the coercivity, however, is smaller for
OoP compared to IP.

IV. DISCUSSION

In Ref. 9, no influence of a NiMn layer with thickness
up to 14.5 ML on the magnetic properties of a FM Co layer
in Co/NiMn/Cuz;Au(001) was observed because of either
chemical and/or crystallographic disorder, or because the
NiMn spin order was perpendicular to the Co magnetization.
We will discuss the latter argument first. In FM/AFM bilayer
systems, if the FM film thickness is kept constant, its coer-
civity increases with increasing thickness of the AFM thin
film above the critical thickness for the onset of antiferro-
magnetic order. We observed this enhancement of coercivity
in our bilayer system and found that its critical thickness is
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less than ~7 ML for the OoP sample at room temperature.
This critical thickness is smaller than the one of 8 ML
reported for NiMn/6 ML Co/Cu(001)."*?° This could be due
to the fact that the reported measurements have been done
on an IP system whereas we performed it for the OoP one.
Our result is similar to the observations in the system (Co/)
Ni/FeMn/Cu(001), where the critical thickness is smaller for
the case when the adjacent Ni is magnetized in the OoP
direction than in IP.'%!!

As mentioned in the introduction, one of the objectives
of the present study was to check whether the spin structure
of epitaxially grown NiMn thin films deviates from a simple
collinear spin structure. The observed coupling of the NiMn
layer to both IP and OoP magnetized adjacent FM layers
(Figs. 4 and 5) is either a hint towards a non-collinear spin
structure or it shows that the NiMn spins can be tilted in ei-
ther direction. Comparing the IP versus OoP samples for oth-
erwise identical conditions, the striking difference is the
Tapy. The Typy for the OoP samples is as much as 110K
higher than for the IP samples. This can be attributed to the
magnetic proximity effect in which the proximity of the
magnetized FM layer raises the Tygy, of the AFM layer. The
significance of this effect is that just by changing the mag-
netization direction of the adjacent FM layer, the very same
NiMn film could be switched from the antiferromagnetic
state to the paramagnetic one and vice versa. Our findings
are similar to the ones reported for FeMn,'® where up to
60 K decrease of T4z, is observed when the OoP Ni magnet-
ization is switched to IP by deposition of a Co over-layer in
the system (Co/)Ni/FeMn/Cu(001). The reason for the mag-
netic proximity effect leading to this difference in Tz, has
been related to the well-known three-dimensional bulk-like
spin structure of FeMn.'*'® This strengthens our assumption
about a three-dimensional spin structure of NiMn on CusAu
(001).

This magnetic proximity effect could be due to either a
different coupling strength at the AFM/FM interface in the
IP and the OoP direction and/or a different interfacial spin
structure of NiMn. If a 3Q-like three-dimensional spin struc-
ture of NiMn is assumed, a higher coupling strength in the
OoP direction compared to IP could be one possible reason
for the higher Tagy. This higher coupling strength in the
OoP direction could be justified under the assumption of
large terraces of NiMn at the interface, as has been assumed
for FeMn.'® Assuming 3Q-like spin structure, the IP compo-
nent of the NiMn surface spins in one terrace should cancel
each other, but not the OoP component. In the IP direction,
uncompensated spins contribute only from the step edges,®
where their density would be smaller compared to OoP
uncompensated spins at large terraces. Therefore, the OoP
uncompensated spins on the large terraces would lead to a
higher coupling strength and hence a higher T4y, as com-
pared to the coupling strength from IP uncompensated spins
at step edges. Recently, Stampe er al.** have reported that
for OoP magnetization in FeMn/Ni/Cu(001), the interfacial
coupling strength does not influence the T4z, of FeMn. We
do not exclude the contribution of the coupling strength
towards the T4ry, of NiMn here. In the NiMn/Ni/(Co/)
CuzAu(001) system, we did not vary the AFM/FM interfacial



023913-6 Khan et al.

coupling strength independently from the direction of easy
axis of the FM, we therefore cannot conclude whether in our
system the coupling strength has a direct influence on T gp,.
But, besides the difference in the lattice structural properties,
the magnetic properties of both FeMn and NiMn might also
be different. One considerable difference is that the Fe mag-
netic moment is comparable to that of Mn in FeMn, whereas
in NiMn, the Ni magnetic moment is negligibly small as com-
pared to the Mn moment.'*'®!7 Therefore, in spite of possi-
bly having a similar spin structure, the coupling strength may
have a different effect on T4, in both materials, such that
we cannot exclude the possibility that it could play a role. An
alternative mechanism, not relying on the coupling strength,
has been proposed to explain the different T4z, when the ad-
jacent FM layer magnetization is switched from OoP to
IP**—the 3Q spin structure of the AFM layer could be differ-
ently distorted when coupled to an FM layer in IP and OoP
direction. A different spin structure can result in different
Tara if the average exchange coupling between the antiferro-
magnetic spins in the AFM layer depends on their relative
orientations. In the assumed 3Q-like spin structure of NiMn,
the OoP AFM/FM coupling may lead to the rearrangement of
NiMn spins towards a 10Q-like OoP spin structure at and near
the interface. The opposite situation may occur for the IP
case, where the NiMn spins are rearranged towards a 2Q-like
IP spin structure. If the spin structure in the OoP coupling
were more thermally stable than the IP one, this could give
rise to a higher T4z, in the former case.

When we compare our results to Refs. 10, 11, and 22,
we can speculate that the spin structure of our studied NiMn
films at the interface is either non-collinear, contrary to the
reported collinear spin structure of bulk NiMn,'*' or that
the spins of the NiMn layer acquire the respective directions
of the adjacent FM Ni layer after the field cooling process.
As a result, the NiMn spin structure could be thermally more
stable when coupled to OoP Ni than to IP.

In the light of our speculations about the mechanism for
having different Tyzy; of NiMn coupled to Ni magnetized
along different axes, one can further speculate about the reason
for the absence of any apparent coupling of 12 ML Co in con-
tact with 14.5 ML NiMn/Cu3Au(001), even at 190K, as
reported in Ref. 9. A smaller coupling strength and/or differ-
ently distorted 3Q-like spin structure of NiMn in contact to Co
might result in a smaller Tz, below the measured tempera-
ture range. Furthermore, the larger magnetization of Co, as
compared to Ni, would certainly result in a reduced coercivity.

We could only find exchange bias in the thickest NiMn
film studied (35.7 ML), together with a peak in coercivity
near T,. The blocking temperature and exchange-bias field
are also higher for the OoP case than for IP. This could be
directly related to the higher antiferromagnetic ordering tem-
perature in the former case. At temperatures higher than T},
all AFM spins reverse during the magnetization loop of the
FM. While the FM spins are switched by the external mag-
netic field, they drag the AFM spins irreversibly, hence
increasing the coercivity. For pinning of some fraction of
AFM spins at lower temperatures (below T,), the FM does
not drag all of the AFM spins, consequently the exchange
bias effect occurs, and H¢ is reduced. This results in a peak
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in He at around T,,. For thinner NiMn layers, no stable pin-
ning of AFM spins occurs in the studied temperature range
to “freeze” the AFM spins against being dragged by the FM
magnetization. Therefore no EB can be observed.

V. SUMMARY

Thickness-dependent H¢ of polar MOKE measurements
on OoP magnetized NiMn/9.3 ML Ni/CuzAu(001) showed
that ~7 ML of equi-atomic single-crystalline NiMn order
antiferromagnetically at room temperature. It is further
observed that NiMn thin films as an AFM material can cou-
ple to both OoP as well as IP magnetized ferromagnetic Ni
films. The finite-size effect of T4py, for NiMn is observed
both in IP and OoP cases. The ordering temperature of NiMn
is much higher when coupled to Ni magnetized in OoP than
in IP direction. This shift of ordering temperature (as high as
110K), while switching the interfacial coupling from per-
pendicular to in-plane by manipulating the Ni magnetization
direction, is the result of a magnetic proximity effect which
in turn is either due to (i) the different interface coupling
strength and/or (ii) the NiMn spin structure, which is devi-
ated in such a way that it is thermally more stable when
coupled to OoP Ni compared to IP Ni. An exchange-bias
effect is only observed for the thickest NiMn film studied,
where slightly higher T, and H,, values for OoP samples
than for IP ones are observed and attributed to the influence
of Tary. On the basis of our findings, it can be concluded
that the spin structure of equi-atomic NiMn thin film alloys
epitaxially grown on Ni/(Co/)CuzAu(001) is either non-
collinear, at variance from its collinear bulk spin struc-
ture,"*'” or that the NiMn spins follow the spin orientation
of the adjacent Ni layer under the respective field cooling
directions.
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