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Interlayer exchange coupling and magnetic anisotropy in prototype trilayers:
Ab initio theory versus experiment
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The magnetic anisotropy energf§MAE) and the interlayer exchange couplingEC) of prototype
CuNigCuyNig/Cu(001) trilayers are calculated using a@m initio approach based on the experimental lattice
spacings. The results thereof are compared to ferromagnetic resonance experiments which allow for the quan-
titative determination of the MAE as well as the IEC. The tetragonal distortion of the Ni films due to the
pseudomorphic growth leads to a positive MAE of the inner Ni layers favoring an out-of-plane easy axis. At
the Cu/Ni interfaces a negative surface anisotropy is present which is, however, reduced compared to a
Ni/vacuum interface. The MAE is clearly determined by the Ni layers only, whereas the IEC is shown to result
from Ni and Cu layers at the inner Cu/Ni interfaces.
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Nowadays it is well known that ultrathin ferromagnetic and 1.70(2) A for the interlayer separation. Relative to the
layers separated by a nonmagnetic spacer layer may interaci-bulk interlayer distance of 1.805 A this means a contrac-
via the so-called interlayer exchange couplii§C). This  tion of about—5.5% (if referred to the Ni-bulk value of
interaction was found to oscillate between ferromagneticy 76 A its value amounts te-3.2%). The question whether
(FM) and antiferromagnetitAFM) alignments as a function the pseudomorphic growth continues upon capping the Ni
of the spacer thickness. The IEC defined as the differencmm with the Cu spacer and’ moreover, when the second Ni
between the free energy for FM and for AFM coupling hasfiim is deposited on top of the spacer has not been discussed
been the subject of many studies. The theoretical understangy Ref. 8. Since the structure is an important input for theory,
ing of the phenomenon nowadays mostly relies on modejhjs question is—in the present work—addressed via I/V-
calculations. The most frequently used picture is probably EED experiments carried out after each evaporation step.
the Ruderman-Kittel-YosidgRefs. 1,2 model which ex- The I/\V-LEED spectra recorded for the specular reflected
plains the observed oscillation periods to arise from extremalpo) beam during the stepwise preparation of a
spanning vectors of the Fermi surfa¢ee so-called calipeys  Nj,CugNiy/Cu(001) trilayer are shown in Fig.(). From
of the spacer material. The magneto-optical Kerr effecthe position of the Bragg peaks one can extract the averaged
(MOKE), most widely used, and other static magnetometriesertical interlayer distance. If, on the other hand, the inter-
Usua”y yleld values of the COUp”ng Only for AFM COUpIed |ayer distance is known—as in the case of the((mﬂ_)
layers, whereas for FM coupling, in most cases, no resultgybstrate—relative shifts of the Bragg peaks can be trans-
can be obtained. A method which is capable of such a detefated directly into changes of the vertical layer separation. A
mination and sensitive enough to measure down to th@hift to higher(lower) energy values indicates a contraction
monolayer (ML) limit is the ferromagnetic resonance (expansiopof the interlayer distance. Clearly such a shift of
(FMR).>* the intensity maxima towardhigher energies can be ob-

In this paper we present simultaneously a theoretical anderved after the Nifilm is deposited. This shift shows the
an experimental study on prototype DligCuyNig/Cu(001)
trilayers with the focus on the behavior for small spacer (001)
thicknesses in the randé=2-10 ML. The Ni/C(001) sys-
tem can be viewed as a prototype system, since it imple-
ments structural as well as magnetic homogeneity. Details
concerning the film preparation under ultrahigh vacuum con-
ditions have been discussed elsewHereA hard-sphere
model of the trilayers is shown in Fig(d). In order to have
a limited set of parameters, only was varied between the
different trilayer systems, whereas the thicknesses of the N
films were kept constari8 and 9 ML, respectively Ni films
grow pseudomorphically up to at least 15 ML adopting the
Cu in-plane lattice constant. In the vertical growth direction  F|G. 1. (a) Hard-sphere model of the @NigCuyNiy/Cu(001)
this leads to a contraction of the Ni film. A quantitative I/V- trilayers. (b) I/V-LEED spectra taken from the specular reflected
low-energy electron diffractiolLEED) study’ revealed val-  (00) beam for (from bottom to top Cu(001), Nig, CysNig, and
ues of 2.53(2) A for the in-plane nearest-neighbor distancéligCuNis.
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vertical contraction of the Ni film discussed already(iRef. 'a)'; Ty f\ L ?N'3
B y P : P N=S

=

8). No changes in the maxima are found after the evaporation 00

of the Cu spacer and the topmost Ni film. Thus, one can
conclude that the contraction ef5.5% is present within the 50

) S
whole trilayer. Q
The magnetic anisotropy of the trilayers can phenomeno- ﬁ} 0
logically be described by the part of the free eneEyyper <
unit area being anisotropic with respect to the directions of -50
the magnetizationM; and M, in the two films
-100
2 M- M T
1-Mp : : : 5 5
E=2, (27M{~Kay )dicoS 0 —Jinerpryr—- (1) 100- PP A ; L N=9-
1= H : . H

Here thed; are the thicknesses of the individual Ni slabs, < %°

27-rMi2 is the shape anisotropy due to dipole-dipole interac- fé

tion, and Kzi,i:K\Z/l’i‘F(K?i i+K§i ;)/d; denotes the in- o 0

trinsic uniaxial anisotropy which can be split into a part aris- <

ing from the film volume K\Z/J_,i) and a contribution from the -50

two surfaces I@ii upper surfacel;(g’ji lower surfacg In ; g P P

the following we setS;=S,=S as our Ni films face Cu on 00— e e e
both sides. The angle§ measure the magnetization direc- layer j

tions with respect to the film normal. FormM 2 Ka. >0 8008y o ;_ . " ]
(<0) the easy axis of magnetization lies(wut of) the film 6001 .
plane. Within the framework of Eq1) the IEC corresponds 400k N
to the macroscopiccoupling constang;e,.> The magnetic ~ 200k ]
anisotropy energy is defined as the energy difference be- 2 - g - =g
tween in- and out-of-plane orientations of the magnetization, f or ]
i.e., magnetic anisotropy energy (MAEE(6;=m/2) g 200 A=A A= e = A = A = A= = A
—E(6#;=0). Ultrathin Ni films on C@001) present a reori- -400[ —o—R=0%
entation of the easy axis of the magnetization from in to out 800k = : :EZ:?;?? ]
of plané which at room temperature occurs at about 10—11 - —A=AE, | T
ML.° Upon capping the Ni film with Cu the reorientation -800r- ]
thickness is reduced to about 7—8 MLConsequently, both 1000 ——
Ni films in our trilayers exhibit an out-of-plane easy a%is. N, number of Cu spacer layers

This configuration was chosen because of enabling one to

carry out additional MOKE measurements in the most sen- FIG. 2. Layer-resolved band energy differendeEg for a
sitive polar geometry.The magnetic anisotropy energies as!rilayer with (&) N=3 and(b) N=9. (c) MAE as a function of the
well as the coupling between the two films were determinedPacer layer thickneds for the different vertical relaxations.

by means ofn situ FMR at a microwave frequency of 9 GHz | ysing the relativistic spin-polarized screened Korringa-
and external magnetic fields up to 15 kOe. Usingsitu  kohn-Rostoker method for layered systems, the theoretical
FMR the trilayer can be growand measured within a step- agpects of which are discussed in detail in Ref. 11, the cal-
by-step experiment: First, the bottomgNilm capped with  yjations were carried out for the same type of trilayers on
the Cy, spacer layer is evaporated and investigated while iRyhich the FMR experiments have been done, namely, those
a second step, the topmost [Blis layers are deposited. This shown in Fig. 1a). For the calculations shown in Fig. 2
approach allows to “switch on” the IEC within the second gitferent (uniform) vertical relaxations of 0%(circles,

step and monitor its influence on the FMR signal of the_ 3 5oy (squarel and —5.5% (diamonds of the trilayers
bottom Nj film. Via angular dependent FMR measurements,yith respect to the Q001) substrate were assumed, the lat-
i.e., by varying thef; angles of the two magnetizatiohs; , tice spacingwithin the layers always being that of Cu bulk.
before and after the deposition of the topmost layers, one cathree buffer layers of Cu were found to be sufficient to
separate the magnetic anisotropies being proportional tguarantee reliable matching to the semi-infinitg@1) sub-
cogé [first term in Eq.(1)] from Jinier Which scales with  strate; at least two vacuum layers were used to join up to the
cos(,— 6,) [second term in Eq(1)]. A detailed description semi-infinite vacuum. The MAE is calculated as the sum of
of this procedure yielding absolute values @y, was de-  differences in the magnetic dipole-dipole enefgfy,4 and in
scribed previously~’ The measurements were performed inthe band energ\Eg (intrinsic contribution between a uni-

a temperature range of 50-400 K which covers almost théorm in-plane and a uniform out-of-plane orientation of the
whole range from the low-temperature regime up to the Cumagnetization. The layer-resolved band energy differences
rie temperature. for trilayers withN=3 andN=9 are presented in Figs(&}
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TABLE I. Volume and surface anisotropy constanjsel//atom) 50 T —r

: RSOSSN =
for Ni/Cu(001) at T=0 K. Note that the results from Ref. 10 were o 0“;)“?*‘7“‘"'5‘“‘g‘;‘.f‘“‘"‘f"‘”"g‘““"\!"&'
measured at room temperature. g it B DS : :

- - s} ]

KL, Ky Kytrponm o s -

' i i | ——=R=-55%

Experiment 720 —60(10) —100(20) T ! N=I9 ]
(Ref. 16 (Ref. 10 (Refs. 10,16 < o]

Theory 8@20) —20(10)  —100(20) (Ref. 15 £ Pl
e ———\-o&;;%n*-@—»-

and 2b). The layer numbering starts at the three Cu buffer
layers and comprises the trilayer itself, the four Cu capping
layers, and three vacuum laydthe different films within 80d® | { —+—Theory 1%%0
the slab are separated by dotted lines in Figa) &nd 2b)]. B CuNigCuNig/Cu(001)

One obtains the following resultgi) A sizeable anisotropy & %] o ° Ni?C“NC"Z/c”(OO”"”_1502:2
energy only arises from the Ni layer§i) The Ni layers § 401 E%
facing Cu layers show a negative contribution, thus favoring & e e
an in-plane easy axigiii) Only the volume part of the Ni gg 20 3 150 g
film presents a positive anisotropy contribution for the case = P %_&_yjn__f&?c, 3
that the experimentally derived distortion 6f5.5% in the v o

film is assumed. From this it follows that in order to explain -201 o+ T°
the experimentally observed positive overall MAEef. 7) 2 3 ) z 5 7 5 3

the lattice relaxation has to be taken into account. In Fig). 2 N, number of Cu spacer layers

the MAE is plotted as a function df for the three different . .
distortions. Note that each data point in Figc)xorresponds FIG. 3. Layer-resolved IEC for a trilayer wia) N=3 and(b)

. . . e N=9. In (c) the experimental results for both trilayer systems, in-
to the sum ofAE; over all layersncludingthe dipole-dipole dicated by the open squares and circles, are plotted as function of

) the numbers of spacer layexs The theoretical IEC valugsrosse
a positive MAE is only revealed for the distorted systems., . o poen upshi?ted on %/heaxis by 0.7 ML(see text & g

Furthermore, the MAE shows no dependence on the spacer

thicknessN. Unlike for many other systems the shape anisotyeqyced with respect to Nivacuum which explains the
ropy given byAEyq in the investigated system is too small to smajler reorientation thicknesses found for Cu capped Ni
lead to a negative overall MAE and thusEg dominates  fjjms 10

resulting in a MAE>0. Dividing the theoretical value of Now we turn to the IEC. In Figs.(d and 3b) the calcu-
AEqq by the number of Ni layers yields an energy per atom ated layer-resolved IEC for the experimental lattice relax-
which amounts to a value of 127eV/atom for 2rM.>As  ation of —5.5% is plotted for two spacer thicknessesNof
compared to the experimental value for Ni bulkTat0 K, =3 andN=9, the layer numbering being the same as in Fig.
namely, 12.1ueV/atom, this indicates that the Ni moments 2 The main contribution to the IEC stems from Ni and Cu
and thus the magnetization are on the average bulklike. Thigyers at or close to the Ni/Cu interface. RdE=3 (N=9)

behavior was experimentally verified via @m situ Super-  the overall IEC energy is<0 (>0) indicating AFM (FM)
conducting quantum interference device investigation whicrboup”ng_ Figure &) shows the results of the experimental
showed that only for Ni thicknesses smaller than 5 ML agetermination of the IEC for the GNigCuyNiy/Cu(001)
decrease of thé'=20 K magnetization with respect to the trilayers (open squaréswith N ranging from 2—10. The ex-
bulk value occurs: _ perimental values for the GNigCuyNig/Cu(001) system

In order to compare the theoretical results to the eXperiranging fromd;,e,= 0 to about 60 weV/atom were extrapo-
mentally determined second-order constants given bYHd. |ated toT=0 K in order to compare them to the theoretical
one has to identify the energy of the interface Ni layers with.5culations.  This extrapolation was done using a 1
the surface anisotropl¢>, and the sum of the energy of the —(TIT)?? functional dependence of the IEC which was
interior Ni layers divided by their number with the volume shown to correctly describe the temperature dependence of
contributionKy, . As can be seen from Tabl a very good the |EC for various systenfs.In additon to the
agreement between theory and experiment concerkifng Cu,;NigCuyNig/Cu(001) trilayers, results for
applies. The experimental value fKr’Z“i’C”, however, is by  Ni;CuyCo,/Cu(001) trilayergopen circlesare added. Note
about a factor of 2—3 larger than found theoretically. Thisthat the experimentally determined values for the IEC are by
discrepancy most likely results from surface roughnessbout a factor of 3 larger for the deuyCo,/Cu(001) sys-
and/or interface mixing which was not taken into account intems (right y axis compared to the left opeFor a detailed
the calculations. The driving force for the perpendicular ori-discussion of the NCuyCo,/Cu(001) systems, sd®efs. 6
entation of the Ni films is therefore the positive volume con-and 7. An oscillatory behavior is clearly seen for both sys-
tribution due to the tetragonal distortion. The surface anisottems, indicating that—except the strength—the overall be-
ropy of the Ni/Cu interface—though still being negative—is havior is not influenced upon substituting one Ni film with
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Co. The oscillations are also found in thé initio calcula- is the coupling energy between two such moments. Clearly
tion shown as crosses. However, in order to obtain the bestnough also interface roughness not included in the theoret-
agreement with the experiment the theoretical curve has ttgal description adds to the discrepancy in amplitudes be-
be upshifted by 0.7 ML, which in turn indicates that the tween theory and experiment. This becomes evident by con-
effective experimental thickness seems to be by 0.7 MLsidering the fact shown in Fig. 3 that the IEC mainly arises
smaller than the nominal evaporation rate. This can easily bEOmM the interfaces of the films. The phases of the oscilla-
understood considering a small amount of interdiffusion ocfions, however, can be expected to be in good agreement
curring during the film growth, a fact that is well known to Since in both <_:ases_the _SW|tch|ng between two macroscopic
happen for Ni as well as Co/@01).%2 In principle, interdif-  Magnetic configurations is mapped.
fusion effects can theoretically be taken into account in terms In Summary we have _shown for the case OT prototype
of the inhomogenous Coherent Potential Approximation, seec,:u4_N'8cuNN'9/C_:u_(_001) tnlay_ers that a combination O_f ex-
e.g., (Ref. 14. The profile, however, can only serve as g Periment andb mmo’;heory y|e[dsabetter understanding of
parametric, qualitative description as long as no reliable ex{undamental magnetic properties such as th.e MAE and the
perimental data to compare with are available. IEC. Due to .the_ included tetragonal distortion thg rgsults
Although the principal behavior of the IEC found experi- show a quantitative agreement for the vol_ume contribution of
mentally is reproduced by the theory, the absolute strength dhe Ni f_|Ims and thus lead to t_he experimentally obseryed
the coupling calculatéd for the CuNigCuyNig/Cu(001) easy axis perpendicular to the film plane. The surface anisot-

trilayers has to be scaled by a factor of 1/10 to match thdOPY i?j Eegative andl stronglyl_rkeduhced if thehNLfilmj‘ are
experimental values. It should be noted, however, that excapped by a Cu overlayer. Unlike the MAE which is deter-

perimentally one makes use of EQ), i.e., of a “macro- mined by the N.i Igyers only anq independgnt of the coupling
scopical” Heisenberg ansatz. The fact that the calculated Vall_)etween th_e Ni films, the IEC is strongly_ influenced by the
ues are larger than those obtained from this procedur i gnd Cu mterche layers. The calculations reproduce the
indicates that the “experimentall;, .., displayed in Fig. 3 oscillatory behay|or and the very strgng dependence of the
not necessarily is identical to thmicroscopicallEC. Only a number of atomic spacer layers. As_d|scussed above, namely,
thermodynamically averaged Heisenberg model would ever€Cause of inherent conceptual differences, the theoretical

tually lead to an expression as the one introduced in(Eq. EC wil not be |dent|ca! to the experlmentalﬂ.er (projected
on a Heisenberg Hamiltonian, influence of interface rough-

ey wgiied ness and/or interface mixifignevertheless the numerical

(Ey= 2 Jii em) JE M-y agreement can be expected to be very good

7 mim, nomim '
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In Eq. (2) them; refer to magnetic moments at siteandJ;; discussions.
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