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Exchange Bias | Julie Borchers, Chairman

Influence of the FM /AFM interface morphology on the exchange
coupling in epitaxial Co (001)/fct-Mn (001)

J. T. Kohlhepp® and W. J. M. de Jonge
Department of Applied Physics, Center for NanoMaterials (cNM) and COBRA Research Institute,
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Presented on 7 January 2004

The Co thickness dependence of the exchange interaction between ferromégvietict-Co(001)

and antiferromagneti@AFM) fct-Mn(001) thin layers, epitaxially grown on Q001) single crystals,

is studied. In the pseudomorphic Co growth regime, oscillations of the coerchigy and the
exchange biasHg) with a Co atomic monolayer period are observed. These oscillations are
explained by a biquadratic exchange interaction component at the FM/AFM interface which, in this
thickness range, is modulated by the layer-by-layer growth mode of Co ¢60Qu © 2004
American Institute of Physics[DOI: 10.1063/1.1669114

Since the first observation of exchange coupling betweetayer-by-layer mode. This allows us to study the FM thick-
a ferromagnefFM) in atomic contact with an antiferromag- ness dependence and thus, as we will see, the influence of the
net (AFM) almost half a century agbthis issue has trig- step density on the exchange coupling in a well-controlled
gered an enormous amount of both theoretical and experivay.
mental activitie$. The renewed, and in the last decade  The Cq001)/Mn(001) bilayers were epitaxially grown
strongly increased, interest can be ascribed to the technologin atomically clean and flat Q@01) single crystalgmiscut
cal importance of exchange bias materials for the function<<0.1°) at 330 K in a multichamber molecular beam epitaxy
ality of magnetoelectronic devicésDespite numerous ef- (MBE) system(VG-Semicon V80M with a base pressure
forts, a complete understanding of the FM/AFM exchangebetter than X 10~ mbar. The Co layers were evaporated
bias effect and its characteristic signatuftree shift of the  using an e-gun evaporator with feedback control of the flux,
magnetization loop along the field axisl§¢) and the largely whereas the Mn films were prepared using a temperature
enhanced coercivityH )] has not yet emerged. stabilized and extensively degassed Knudsen cell. All nomi-

It is evident that the atomic and magnetic structures ahal thicknesses were controlled by calibrated quartz-crystal
the AFM/FM interface play a decisive role in the detailed monitors, with an accuracy of roughly 3%. During the
interaction mechanism and thus for the magnetic propertiegrowth, the pressure never rose above 1 ! mbar and
of the coupled system. Even in the case of two singlethe growth rates were 1-2 monolayeidL )/min. Under
crystalline films in atomic contact, which are both well or- these conditions, it was shown that the Mn adopts a slightly
dered and from which their bulk spin structure are known,strained y(fcc) structure with ac/a ratio of roughly 1.06,
many different factors including lattice mismatch, strain re-before it transforms at 50—60 ML to the thermodynamically
laxation, and changing step densities can lead to crystallostable complexa-Mn structure’
graphic and/or magnetic reconstructions and relaxations at The exchange coupling between the layers was studied
the interface, which will certainly have an influence on thein a number of different samples, employing both uniform
exchange coupling behavior. Co films, as well as wedge-shaped Co layers using a move-

In order to address the influence of the interface mor-able shutter positioned close to the substrate. The Co wedge
phology, we performed an experimental study using singleslope for the sample used in this study was roughly 0.8 ML/
crystalline Co/fct-Mii001) bilayers with well defined inter- mm. The uniform films were covered with 25 ML Mn, and
faces grown on Q®01) substrates. Recently, we have shownthe wedge with 16 ML Mn. To establish a well-defined ex-
that epitaxially stabilized metastable fct-M0®1) is antifer-  change bias direction, all samples were annealed after the
romagnetic and able to induce a unidirectional anisotropy ircompleted growth procedure for 30 min at 440 K in a mag-
Co(001) layers, even at room temperatdr@he Cd001) netic field of 240 kA/m, which was aligned parallel to the
template films grow on G001 coherently and up to a cer- [110]-Co easy axis direction. The magnetooptical longitudi-
tain thickness where the strain relaxation sets in a quasial Kerr effect(MOKE) was used to characterize the mag-

netic behavior on a local scale with a focused HeNe-laser

dAuthor to whom correspondence should be addressed; electronic maiﬁpOt size of roughly 126um, resulting ina spatial resolution
j.t.kohlhepp@tue.nl of 0.1 ML for the wedged samples. All measurements re-
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FIG. 1. Typical MOKE loops of Co/25 ML Mn bilayers for different nomi- | i
nal Co thicknesses, measured withparallel[110] (anneal field direction 15T i 1-3

8 9 10 11 12 13 14
Co Thickness (ML)

(a—(c), or parallel[lTO] (perpendicular to anneal figldd)—(f). Note the
difference in field scales.

FIG. 3. (a) High precision measurements of the Co thickness dependence of

. . Hc, Hg, and the loop slope dfL10]-MOKE loops for a Co-wedge/16 ML

ported in this paper were performed at room temperature. sample.(b) Effective oscillatory parAH. and AHg obtained by sub-
Representative  MOKE hysteresis loops of uniformtracting the thickness dependent nonoscillatory contribution from the data in

Co/Mn bilayers with different nominal Co thicknesB ), (8. Note the different scales fdtHs andAHg; b_oth data sets are scaled to
and measured along the easy and hard axis of the unidire89°h other to demonstrate the strong correlation between them.
tional anisotropy, are collected in Fig. 1. Bothy andH¢
increase with decreasing.,, which is the consequence of
the interface character of the exchange coupling, and hagficantly smaller and the zero-field susceptibility of the
been observed several times befbtéowever, below 20 ML hard-axis loops is larger for the thinner film, which is cer-
Co there is an indication thai-, and somehow less pro- tainly counterintuitive[see Figs. (b), 1(c), 1(e), and 1f)].
nounced but alsdig, seem to change in onmonotonic  Actually, these observations point to an extra uniaxial anisot-
fashion[see Fig. 2a)]. This becomes even more prominent ropy induced in the Co films which changes strongly and
by plotting the data versus the inverse Co thickness, resultingonmonotonously with the thickness. Additional support for
in a distinct scatter of the data points aboveDd{  this interpretation, pointing to an interface-induced anisot-
=0.05 ML™* [see Fig. 20)]. ropy, is given by the fact that the 10.5 ML easy-axis loop
This peculiar but completely reproducible behavior is[Fig. 1(c)] shows slightly less slanting than the 10 ML loop
demonstrated in more detail with the 10 and 10.5 ML CO[Fig. 1(b)] and distinctly less than the one at 5.5 NIEig.
samples. Despite showing almost the sarhig:, Hc is sig- 1(a)].
The results of a detailed high precision experiment, em-
ploying a shallow wedge witlb -, in the coherent layer-by-

sol ' ' ' '_ i ' ' ' '_ layer growth regimé&,give a definite answer to the exddt,
0 dependence of the exchange couplisge Fig. 8a)]. H: and
Hg actually oscillate with a ML period. The oscillatory com-
. 4or ] ponents are achieved by subtracting B@/power law from
§ the data points in order to get rid of the intrinsic thickness
2 30 ~ o] dependence of the exchange coupling.
o Several conclusions can be drawn from the plotted data
5 a0l ] in Fig. 3(b): (1) The oscillation amplitudes are also thickness
T dependent, e.g. decreasing with increading,, again indi-
cating aninterface relatedohenomenon(2) Both AH. and
10¢ 1 AHg oscillate with roughly the same phase and with the
(b) same relative amplitud@t least in this Co and Mn-thickness
0 : : : range, indicating acommon origin (3) At a filled layerH¢

0 10 20 30 400 005 0.10 0.15 0.20 . . S
has a maximum, and at a half-filled layer, a minimGin;

Co Thickness D, (ML) I/D,_ (ML) dicating that theoscillating step densitpf the Co template

. _ could be a determinant, e.g. effectivdiywering He for a
FIG. 2. (a) Dependence of the coercivityH) and the exchange biasif) rougherinterface
on the Co thickness for the Co/25 ML Mn bilayers. The lines are guides to 9 ’ . .
the eye(b) The same data as @) now plotted vs the inverse Co thickness; A phenomenological understanding of the observed re-

here the lines are linear fits to the data points at lo@l/values. sults is given in the framework of a modified Stoner—
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Wohlfarth model, where a homogenous rotation of the FMin full agreement with the experimental results described
magnetization in the presence of an applied field is assumeabove.

and restricted to the film plarfe’. Based on these assump- Additional support for our model is given by the follow-
tions, the total areal energy density reads ing consideration. If the easy axis of the uniaxial anisotropy
E=E,oct EE\M+EQFM+EE. 2 lays orthogonal to the unidirectional easy direction, also in

the easy-axis direction of the bilinear coupling, a hard-axis
The first term is the Zeeman energy of the FM layer in theloop is expected under certain conditions, depending mainly
applied field. The second and third terms are the magnetion the value oflg,/Jg, and the FM layer thickness. As can
anisotropy energies of the FM and the AFM, respectivelybe seen in Fig. 1, this is actually the case. By plotting the
and the fourth term is the exchange interaction energy bdeop shearing of thg110] MOKE loops versus the Co thick-
tween the FM and the AFM layers. The interaction mechaness of the wedge sample, as shown in Fi@),3his effect
nism is postulated to be localized at the interface region andan be observed in more detail. Indeed, for snia}, a

consists of two contributions: larger loop shearing is observed for half-filled FM layers,
indicating a dominant orthogonal coupling for these condi-
Ee=—Jg1 COS Oy~ Oarm) + Jg2 COS (v — Oarm), @ tions. g g Ping

Up until now, we have gained only a qualitative phe-
wherefry and f,ry are the angles between the FM magne-pomenological understanding of the step-induced biquadratic
tization and the FM anisotropy axis, and the AFM sublatticejnteractions. Further experiments at different temperatures,
magnetization and the AFM anisotropy axis, respectivelygifferent angles of the applied external field, Mn thicknesses,
The first term is the usual direct unidirectional exchange angpq probably other well-defined AFM/EM combinations, are
isotropy with a bilinear coupling constadt, , giving rise to  definitely needed to come to a more complete understanding
a shifted hysteresis loop. The second term is a so-callegs the exact role of the steps for the coupling mechanisms at
“spin-flop” term with a biquadratic coupling constadt,,  the AFM/FM interface.
which favors an orthogonal coupling of the AFM and FM |5 symmary, we have observed a pronounced influence
spins at the interfact. of the Co thickness ohl¢ andH with a Co atomic mono-

The biquadratic coupling constadit, could have differ-  jayer period in high quality epitaxial Co/fct-M801) bilay-
ent origins:(1) it was shown recently that a biquadratic term g5 \We presented experimental evidence that this phenom-
is intrinsically present as a higher order contribution both forengn js caused by an additional biquadratic exchange
uncompensated and compensated interfdcasd (2) due to interaction(favoring an orthogonal alignment of the spins at
the frustrations by competing AFM exchange interactions bethe AFM-Mn/FM-Co interface which is modulated by the
tween the AFM sublattices and the FM spins, a preferentiabscillating interface roughness induced by the layer-by-layer
90° alignment between the FM and AFM spins is induced. growth mode of Co on Q001). This observation demon-

Based on these arguments and on earlier results reportegates the prominent influence of the interface structure on

for the similar epitaxial system NiMn/Q801), where the  the exchange coupling in epitaxial AFM/FM bilayer systems.
observed hysteresis loops could only be satisfactorily under-
stood by postulating a quite strong biquadratic interactfon,
it is plausible that a sizabl#-, also exists in our system. The ) o
observed ML oscillations ofic, as well as the zero-field W H. Meikiejohn and C. P. Bean, Phys. Ré\02 1413 (1956; Phys.
tibiliti then tentativel lained b iodi Rev. 105 904 (1957).
susceptioillues, are .en entatively exp a'n.e y a perio I'2See, for example, J. Nogues and I. K. Schuller, J. Magn. Magn. Mater.
cally changed frustration state correlated with the modulated 192 204 (1999; A. E. Berkowitz and K. Takandbid. 200, 552 (1999
step density at the interface. 3M. Kiwi, ibid. 234, 584 (2001, and references therein.
; [P _°See, for example, J. M. Daughton, A. V. Pohm, R. T. Fayfield, and C. H.

.The proposed 'S|mple model Ca.n at least qua“tatlvew ex Smith, J. Phys. [32, R169(1999; S. S. P. Parkiret al., J. Appl. Phys85,
plain all the experimental observations described above. For5828(1999_
large anisotropies of the AFMiagy IS small and the biqua-  4J. T. Kohlhepp, O. Kurnosikov, and W. J. M de Jor{gepublished
dratic coupling term in Eq.(2) becomes mathematically 5l\rllote that both Isamples |ha;)ve beenI prepared in the same depositionI rrl:n”on

; favial ; : : the same single crystal by simply evaporating an extra nominal ha
qulvglenfc to auniaxial mterfage anisotropyn the FM film. ~ Co-ML on only half of the crystal.
This implies that all properties related to the biquadratic sy, weberet al, Phys. Rev. 854, 4075(1996.
term, i.e., the amplitude of the coercivity oscillations and the "The phase of the oscillations was determined with STM measurements on
zero-field susceptibility of the hard-axis loops, should scale Co wedges before the coverage with Mn and the MOKE experiments,
with the inverse thickness. Furthermore being an effective showing that the nominal and real thicknesses can differ ug: 890,

iaxial . : f, h . . explaining the apparent discrepancy between Figs. 1 and 3.
unlax!a ameOtrOpy term, One_ 'EXp_eCtS rom the b'quad_ra_mCST. Mewes, H. Nembach, M. Rickart, S. O. Demokritov, H. Fassbender,
coupling a simultaneous modification of both, the coercivity and B. Hillebrands, Phys. Rev. &, 224423(2002).
and the zero-field susceptibility of the hard-axis loops. ForlzJ--G- Hu, G.-J. Jin, and Y.-Q. Ma, J. Appl. Phygl, 2529(2003.
example, an enhanced should be accompanied by a de- 11;' E g'f;#]ﬁzeﬁs SESSWGS'RBZL%‘*&;O%’S' Rev. L8t 4516(1998.
creased hard-axis susceptibility and vice versa, depending ofc .y, | aj, Y-H. Wang, C.R. Chang, J. S. Yang, and Y. D. Yao, Phys. Rev.

the sign of thelg, change. All these expectations are indeed B 64, 094420(2001).
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