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Ferrimagnetic 7-MnAl /Co Superlattices on GaAs

G. Lauhoff! C. Bruynseraedé,J. De Boeck, W. Van Roy?* J. A.C. Bland! and G. Borgh%
ICavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom
2IMEC, Kapeldreef 75, B-3001, Leuven, Belgium
(Received 19 July 1996; revised manuscript received 27 May)1997

We report on the ferrimagnetic superlattice ordering in epitaxiddnAl /Co superlattices on GaAs.
For ultrathin Co layers (3.5—-7 A), both the ferromagneticMnAl and Co layers display a large
perpendicular magnetic anisotropy together with an antiferromagnetic interface exchange coupling. As
a result, an abrupt transition from the ferromagnetically aligned state at saturation to a ferrimagnetic
superlattice ordering occurs at unusually high fields (3—7 T) followed by a reversal of the total sample
moment at low fields (0.3—-1.6 T). [S0031-9007(97)04893-X]

PACS numbers: 73.61.At, 75.70.Cn, 78.20.Ls

Magnetic superlattices (SL) are of substantial funda- The samples in this study are grown using a Riber 2300
mental and applied interest since their properties can beolecular beam epitaxy system. Epitaxial growth of
significantly different from those of the component mate-7-MnAl /Co heterostructures includes the deposition of
rials. A very wide range of magnetic SL has now beenan AlAs buffer layer on GaAs(100) undoped substrates
fabricated including SL of ferromagnetic (FM) with non- using standard conditions. This is followed by low
magnetic (NM) layers (e.g., MMo [1], Fe/Si [2], Co/Ru  temperature deposition of an amorphous template con-
[3]), FM with antiferromagnetic (AF) layers (e.g., Fér  sisting of 2.5 monolayers MpAl4, a subsequent crys-
[4], Co/Mn [5]), AF with AF layers (e.g., Fg0,/NiO tallization at about 250C, and finally the alternate
[6]), or FM with FM layers. In this last category, di- deposition ofr-MnAl and Co layers at a substrate tem-
rect exchange interactions at the interfaces occur leadingerature of 220—-25%C. All samples were terminated
to FM or AF coupling. FM interface coupling has beenby a 7-MnAl cap layer. In situ reflection high-energy
studied in a wide range of multilayers, e.g.,/Re [7] electron diffraction monitoring together with transmission
and Ni/Co [8], but AF interface coupling is much rarer electron microscopy investigations and x-ray diffraction
and has been reported in structures which inclddese-  (XRD) analysis allow us to calibrate the metal deposition
ries FM layers such as F&d and C¢gGd multilayers rates 0.6 = 0.05 nm/min for Co and1.7 + 0.1 nm/min
with small magnetic anisotropies and in-plane magnetizafor 7-MnAl) and confirm the epitaxial relationship of the
tion [9]. In this Letter, we describe the unusual exchangemetal layers to the IlI-V substrate. Furthermore, they in-
coupling and magnetic anisotropies in molecular-beandicate a fourfold in-plane symmetry during the complete
epitaxy (MBE) grown7-MnAl/Co SL [10] observed by growth of the multilayers and reveal a close lattice match-
high field magneto-optic Kerr effect (MOKE) and extra- ing between ther-MnAl and Co epilayers. From these
ordinary Hall effect (EHE) measurements. Earlier studiexonsiderations, we expect the bcc Co phase to be the pre-
show that epitaxialr-MnAl thin films are hard ferro- ferred growth mode for the ultrathin Co layers, which
magnets with perpendicular magnetic anisotropy (PMAXhas been confirmed by XRD and nuclear magnetic reso-
due to their epitaxial relationship with the underlying nance measurements [10,14]. The XRD data also reveal
GaAs(001) substrate. This relationship forces ¢tkexis  an excellent interface quality and confirm the SL nature
of the tetragonar-MnAl structure, which is the easy axis of the 7-MnAl/Co heterostructures. More details about
of magnetization, perpendicular to the film plane [11,12].the growth and structural characteristics of these SL can
Here, we demonstrate for the first time that an AF coube found elsewhere [10].
pling occurs at ther-MnAl /Co interface, as previously = The polar MOKE and EHE measurements were per-
predicted theoretically [13], which leads to a ferrimagneticformed at room temperature with a superconducting
superlattice ordering [9] with perpendicular magnetizatiormagnet [15]. Both polar MOKE and EHE measurements
of the FM 7-MnAl and Co layer moments up to surpris- provide information on the magnetization component per-
ingly high fields. Moreover, we show that an unusuallypendicular to the sample. Figure 1 shows high field EHE
abrupt magnetization reversal occurs at high fields due tdata of three samples. The sample structures are given in
the presence of a strong AF coupling in combination withTable I. For 7-MnAl/Co SL with thicker Co layers
a PMA in both constituent-MnAl and Co layers. Thisis (8.5 A, sample 1, curva) we find that the Co layers have
in contrast to a more linear transition from the ferrimag-an in-plane and the-MnAl layers an out-of-plane rema-
netic aligned state to the FM aligned state at saturationent magnetization [10]. The observed hysteresis loop is
typically observed for C6Gd or F&Gd SL with small a superposition of a square hysteresis loop at low fields
anisotropies and in-plane magnetization [9]. attributed to the reversal of the MnAl moments, and a
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o in curveb indicates that the-MnAl and Co layers are AF

s a coupled to each other, resulting in Co anedMnAl spin

kA / orientations perpendicular to the sample surface. This fer-
é b rimagnetic superlattice ordering is maintained up to high
= fields and can only be broken for an applied field larger
o f___[(——J than 6.3 T.

8 c Other possible explanations for the observed high field
Téf features can be ruled out. First, a biquadratic coupling
8 between ther-MnAl and the Co layers could lead to
z similar high field behavior. But in this case, an in-plane

—
=]

5 0 5 10 remanent magnetization should be observed. AGFM
uH M measurements show that this is not the case and therefore
FIG. 1. EHE measurement with the field applied perpendicu€xclude this possibility. Second, structural disorder in
lar to the film (curvea) of sample 1, (curvés) of sample 2, and the 7-MnAl unit cell affects the magnetic properties of
(curvec) of sample 3. The loops are normalized to the saturathis alloy in the sense that the ideal stacking of Mn
tion value of the EHE resistivity and shifted for comparison. 344 Al on alternating planes of the tetragonal lattice is
no longer achieved, leading to an AF coupling between
hard axis hysteresis loop attributed to the coherent rotaMn atoms on Mn sites and Mn atoms on Al sites
tion of the Co magnetization from an in-plane orientation[11,12]. These antiferromagnetically aligned Mn atoms
at remanence to an out-of-plane orientation at saturatiodn the crystal lattice could then also experience a spin
In the case of the--MnAl/Co SL with ultrathin Co lay- reversal at high fields. This mechanism, however, should
ers (4 A, sample 2, curvk), a square loop at low fields also be present in single-MnAl thin films, grown in
is observed. Above the low switching field (50 mT) al- otherwise identical conditions, but was never detected, as
most no change in the EHE signal is observed, indicatinghown in Fig. 1(c). Furthermore, theoretical predictions
that no change in the amplitude of the perpendicular magpy Van Leuken and de Groot [13] indicate that a coupling
netization component occurs. But at an applied field ofetweenr-MnAl and Co layers would be AF for a Mn
about 6.3 T an abrupt switching is observed, and at 7.5 Terminated interface between theMnAl and Co layers,
the sample is almost saturated. As a reference, EHE dagpporting our conclusion of AF coupling.
for a single crystal 200 A thick-MnAl film (sample 3) Polar MOKE measurements on various SL corrobo-
are given in curve showing an almost square hysteresisrate the AF coupling model and will allow us to evalu-
loop with a coercive field of 0.3 T. The low field fea- ate which of the two sublayers is switching at high fields.
tures of both curvés and curvec show a square hystere- From MOKE measurements on sample 1, given in Fig. 2
sis loop (with different coercive fields, however) which (curvea), we conclude that the-MnAl and Co layers
might indicate that the low field magnetization reversal forhave the same sign of Kerr rotation. With this informa-
sample 2 (curvé) is determined byr-MnAl. Both the  tion, a clear AF coupling between the two constituent lay-
absence of a hard axis hysteresis loop and the absengés of sample 4 can be identified from the data of Fig. 2

of an in-plane remanent magnetization for sample 2, as

determined from in-plane alternating gradient field mag-
N 1t

netometry (AGFM) measurements at low fiel@sl.4 T),
suggest that the Co magnetization is strongly coupled to
the 7-MnAl magnetization which is perpendicular to the
film surface. The observed high field switching as shown

TABLE I. Sample names and their structure descriptions.

Normalized Polar Kerr Intensity

Shown in | b J “ Co T
Name Sample structure figure r i \L H MnAlT 1
Sample 1 6X {r-MnAI(36 A/Co(8.5 A)} Fig. 1(a); 10 5 0 5 10
Fig. 2(a) uH (T)
Sample 2 6X {r-MnAI(18.5 A/Co(4 A Fig. 1(b);
P tr ( /a4 Ay ?:i (4) FIG. 2. Polar MOKE measurement with the field applied
. 9- perpendicular to the film (curva) of sample 1 and (curvb) of
Sample 3 200 A 7-MngoAl Fig. 1(c) sample 4. The loops are normalized to the saturation intensity
Sample 4 6X {r-MnAl(20 A/Co(5 A)} Fig. 2(b) and shifted for comparison. The direction of the Co and
Sample 56X {r-MnAl(20 A/Co(3-7 A)} Figs. 3(a)- 7-MnAl magnetizations at remanence and at saturation, as
3(e) discussed further in the paper, are added for clarity. A linear

background has been subtracted.
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(curveb). At the low field reversal (at 1 T), the MOKE AF coupling strength and the possible presence of a
intensity drops, when ramping up the field. This can onlyPMA in the Co layers using an energy minimization
occur when the magnetic moments of theMinAl and  approach [17]. We use the bulk magnetization for
Co layers switch simultaneously, remaining strongly AF7-MnAl (490 kA/m) [12] and fcc Co(1420 kA/m) and
coupled, and the MOKE contribution from the subset ofa magnetocrystalline anisotropy constant feMnAl of
layers forced antiparallel to the applied field is largest. AtKymai = 2 MJ/m® [18]. Both the exchange coupling
higher fields the AF coupling between Co andMnAl is  strength (J;) and PMA for Co are fitted numerically
broken and the Kerr intensity rises as the magnetizatioto the observed magnetization loops. For sample 2 in
directions become aligned. Fig. 4(b) an AF coupling strength of, = —1.9 mJ/m?

In order to identify which subset of layers is switching per interface has been extracted. The field range in which
at high fields, the influence of the thickness of the Co laythe magnetization reversal of the Co layers at high field
ers on the AF coupling in theseMnAl /Co SL was stud- occurs would become progressively larger as the PMA
ied. A special wedgedx {r-MnAI(20 A)/Co(3-7 A)}  for Co is decreased, as can be seen in Fig. 4 (compare
SL (sample 5) was grown for this purpose [16]. Threecurveb with curvec). A large effective PMA for Co
typical polar MOKE loops of the wedge are shown inof K.(Co) = 1.2 MJ/m? has therefore been extracted.
Figs. 3(a)—3(c). Very sharp switching is observed bothVhile more accurate values for the magnetizations of Co
at high and low fields. Curvd shows the Co thickness and 7-MnAl are required for a precise determination of
dependent field values, at which the AF coupling betweenhe coupling strength and Co PMA, we can nonetheless
the Co andr-MnAl is broken when ramping up the field, conclude from our simulations that the ratio &f/Mc,
whereas curve gives the field values at which the mag- does not change significantly over a wide range of values
netizations for Co and-MnAl switch back to the AF ori- for My, and Mc, and that a PMA forboth 7-MnAll
entation. These data clearly show a lower saturation fieldnd Co must always be present.
for thicker Co layers, indicating that it is the Co layers The same energy minimization approach also enabled
which are switching to the FM orientation at high fields. us to model the Co thickness dependent saturation field

We have modeled numerically the magnetization(Fig. 3 lower figure) assuming a slightly reduced magne-
process of ther-MnAl/Co SL in order to estimate the tization for the Co layers of 100 kA/m, yielding an ef-

fective PMA for Co ofK; = 0.5 MJ/m? and a constant

T T exchange coupling strength, = —1.15 mJ/m?, which
a 'E:]_U 7A confirms the interfacial origin of the AF coupling between
1 7-MnAl and Co. Moreover, it was only possible to fit

these Co thickness dependent M-H loops with a constant
] value forJ; by assuming a smaller total magnetic moment
. m A for the Co layers than for the-MnAl layers. This leads

us to the conclusion that it is indeed the Co layers which
' ' are abruptly switching at high fields. The increase in
the low field 7-MnAl coercivity with increasing Co layer

Normalized Polar
Kerr Intensity
o
b

g o f
: 2|
ua]
T
54}
4 5 6 7 T
Co layer thickness (A) :(—‘E 3
FIG. 3. (upper figure) Polar MOKE measurements with the g ; "/
field applied perpendicular to the surface of the wedged Z , . . .
SL (sample 5). The nominal Co layer thicknesses are 7 A 12 -8 -4 0 4 8 12
(curvea), 5 A (curveb), and 4 A (curvec). The loops are pH (T)

normalized to the saturation value and shifted for comparison.

A linear background has been subtracted. (lower figurefIG. 4. (curvea) EHE measurement of sample 2 (normalized
Curved shows the field values, at which a sharp magnetizatiorio saturation value). (curvéd) A modeled M-H loop for
reversal is observed at high field when ramping up the field/; = —1.9 mJ/m* and K.(Co) = 1.2 MJ/m*. Note that for
and curvee shows the corresponding field values when rampinga smaller K.¢;(Co) the Co moment switches less abruptly at
down. The Co thickness dependent saturation field can bbigh fields as shown in (curve) using/ = —1.9 mJ/m* and
modeled as indicated in the figure (continuous line) usingK.;(Co) = —27M&, = —1.3 MJ/m?, which includes only the
J; = —1.15 m¥Jm? and K. (Co) = 0.5 MJ/m>. shape anisotropy of Co.
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