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The magnetic ordering and average magnetization of multilayers are greatly affected by the interface struc-
ture of the system. In this paper, interface effects are discussed, and their impact on the amplitude and period
of the interlayer exchange coupling and the magnetic moments are investigated fop gidig-g/V body-
centered-cubi¢001) system. By modeling these effects by first principles calculations we find good agreement
with experiments over the whole investigated range of layer thicknesses. In addition, as different interface
effects give different fingerprints on the interlayer exchange coupling and magnetization, we are able to make
an estimate of the interface structure of the different experimental samples by comparing experiment to theory.
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I. INTRODUCTION been shown to be difficult to understand theoreti¢&tip

During the past 15 years, experimental and theoreticdpecause of structural interface effects that are problematic to
studies on a class of magnetic materials—metallicnodel. For epitaxial Fe/M00) films, the strength of the
multilayers—have drawn a great deal of attentidpartly  IEC varies with the V thickness and has been investigated
due to the applicative potential of such materials in industryfor, e.g., 3 monolayeréML), 7 ML, and 15 ML of Fe!:20-21
and partly due to the intriguing phenomena which appear ifThe results show that the IEC is substantially affected by the
these systems, such as the giant magneto resist@M®&)  growth mode(strain, etc).. The strain induced by the lattice
and the interlayer exchange couplifg=C)—the coupling mismatch at the interface between the two materials in a
between two ferromagnetic layers separated by a spacefultilayer/superlattice is related to the growth mode of the
layer. A common goal of these studies is to investigate theyperlattice in the force balance thedtyn Fe/V (001) su-
dependence of the overall magnetization and IEC on the cOrerlattices the lattice mismatch between Fe and V is rather

stituent materials, their structure and thickness, etc. A multijgrge (59), and experiments have shown that the growth
layered system is naturally characterized by a modulation ofecomes incoherent at15—16 ML of V.23 Above this criti-

chemical composition and, thus, the appearance of transitiogy hickness the strain is relaxed by the introduction of mis-
zones, or interfaces, between the constitutive elements. Co

siderations of the interface structure are particularly impor-ﬂf dislocations, which results in incoherent interfaces. Misfit
. . - dislocations affect the coupling periods in the asymptotic

tant when analyzing the experimental results on magnetlze}i-mit f lar r widths by damping the amolitudes that
tion and IEC® In general the interface topology of a ot large space S Dy damping the amplitudes tha
multilayer depends on the constituent structures and growt prrespond to extremal spanning vectors on t_he Fermi sur-
conditions and is described in terms of interface defects, suctc® Whe“? the_ angle between the Fermi veloglty and the out
as interface roughness and intermixing, misfit dislocation®! Plane direction is largé Below the critical thickness the
and strain, etc. The effects of strain and misfit dislocationdilM is strained by the substrate lattice and coherent, pseudo-
are possible to estimate by relaxing the multilayer structurénorphic interfaces are formed between the two metals.
and introducing a k-point dependent cutoff of the  Replacing Fe with an kgNig g alloy leads to two im-
oscillations? The effects of roughne$s are easy to model portant changes. First of all the magnetic anisotropy is low-
by averaging the IEC over several spacer thicknesses argfed and this simplifies the interpretation of the experiments
intermixing’—° by introducing an alloy in the interface region. and the comparison to the theoretical results. The anisotropy
Both effects can also be modeled simultaneotfSKhere are  constantK, at 10 K for bulk FeNi has been estimated to be
also many experimental studies on the interface qualities im factor of 3 lower than for Fe at the same temperature.
multilayers but the main problem is usually that correlatedSecond, the strain in the interface is relieved and the struc-
and uncorrelated roughness are indistinguishable from eadhral properties are improved. Consequently, the system is an
other and from interface alloyintt112A third way of ob- example where the constituent materials are such that the
taining information about interface qualities is to model theeffects of strain and misfit dislocations are small and in order
growth process itself by means of kinetic Monte Carloto make precise comparisons with experiments only rough-
simulationst3-1° ness and intermixing need to be modeté@he scope of this

The Fe/V multilayer system, which is closely related to paper is to demonstrate the crucial importance and success of
FeysNig1g/V (from now on referred to as FeNijyY has modeling the growth related effects such as interface rough-
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ness and interface intermixing in order to reproduce experi- . Deviation from the ideal interface position, 3
mental findings. e e A :
As we shall see later, interface roughness and interface A A

intermixing affect the IEC and average magnetic moments

differently. By first studying the effect of roughness and in- : E : 1 o

termixing on the magnetization and coupling we can later o Feo 8'2Ni618 LV

use this information to characterize the interface structure of £ Lo -

a system. By comparing the behavior of the theoretically §< .

calculated IEC and magnetic moments for perfect structures I I T R

to the experimental results and investigating to which extent DX, X % X L Xy

they are modified when the interface structure is changed, we 0 ‘Position of the ideal interface .  ©

aim to show that it is possible to identify quantitatively the

extent and nature of the interface structure. FIG. 1. Schematic model of an FeNi/V multilayer. Each inter-

face between FeNi and V is labeled by a numbérhe ideal posi-

tion for this interface in terms of atomic planes is labeked
Il. THEORY

A. Method of calculations Considering effects where we neglect all types of distor-

The IEC, here defined as the energy difference betweefions to the general underlying structure of the superlattice,
the antiferr;)magnetic(AFM) and the ferromagneti¢FM) all defects are associated with the arrangement of different
configuration,J=Exgy —Egy, Was obtained by total energy kinds of atoms with respect to their positions in an ideal

calculations. These first principles, self-consistent electronigultilayer structure. Consequently, at an interface there may

structure calculations were performed by means of the spin€ corrugations with varying height, size, and density. This

polarized interface Green’s function technique, based on thiitroduces a wide span of possible configurations to be mod-
linear muffin-tin orbitals(LMTO) method within the tight- eled. The large range of possible interface structures can for

binding, frozen core and atomic sphere approximations. Théimplicity be reduced to two different effects that are of main

method was developed by Skriver and Roseng&afelr- importance: interface roughness and interface intermixing.
thermore, we have used the local spin-density approximatioftérface roughness denotes formation of extended protru-
as parametrized by Perdew-Wah@nd the principal layer SIONS and depletions of a specific atom species at the inter-

technique?® The alloys were treated within the coherent po-2c€, While interface intermixing represents formation of an
tential approximation(CPA).2-2° Great care was taken to alloy around the interface. When combined, interface rough-

converge all calculations both in total energy adndpace N€SS and interface intermixing are believed to capture most
sampling. We found that 528points in the irreducible Bril-  ©f the effects of the real structural disord@r.

louin zone were sufficient to obtain convergence in all con- 1N€ current approach is to create simple models that char-
sidered cases. acterize the most significant parts of the deviations from

ideal multilayers in terms of the effects on the IEC and the
o magnetization. For both interface roughness and intermixing
B. Modeling interface structure we use models that, as we shall see later, permit us to specify

In a superlattice, the multilayer structure is in general disihe deviation in terms of a single parameter, giving in total
torted at the interfaces due to the lattice mismatch. When twévo independent parameters.
metals are forced to grow with the same in-plane lattice con-
stant the resulting contraction or expansion is compensated
by a change in the interplanar distances. This lattice relax-
ation has mainly an effect on the phase of the 86t may A scheme for incorporating roughness into general
also affect the spin polarization of the magnetic layeesid  multilayer properties, such as interlayer exchange coupling
thus indirectly the amplitude of the IEC. In order to estimateor magnetic moment, will be derived. The main idea follows
the influence of lattice relaxations on the magnetic layers wéhe models outlined in Refs. 7 and 10. For simplicity we
compared total magnetic moments for relaxed and unrelaxegissume that the quality of one individual interface is inde-
calculations of Fe/V multilayers, that are very similar to our pendent of the other interfacése., no correlated roughnegss
system. We observe that full potential LMTO calculations onHowever, correlated roughness does not affect the thickness
multilayers with experimentally obtained structures fromof the layers and does thus not influence the magnetic mo-
Refs. 31 and 32 and results from Ref. 10 where the structursent or IEC in our model. Correlated roughness has been
was assumed to be ideal, agree within 5% regarding totaghown to affect the IEC by the interaction of magnetic di-
magnetizations of the samples. In terms of layer magnetizggoles on the interfaces resulting in the orange peel
tions the differences are somewhat larger but we concludeoupling3?
that relaxations have a small effect on the total magnetiza- Some terminology needs to be introduced in connection to
tion. Additionally, Ni is introduced in our system in order to our model. For each interface between two materials in a
reduce the strain in the multilayer and our assumption is themultilayer we define an intended, ideal positignwherei is
that structure relaxations will play an even less importanthe label of the interface as shown in Fig. 1. In a multilayer
role in the FeNi/V system. with perfect interfacesy; is the position of the interface.

C. Model for interface roughness
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TABLE |. Probabilities for the whole configuration space of roughness deviations for, AéNi FeNi,

with 6=0.2.
NEen 2 3 4 5 6

ny=13 2 0 0 0 0 0

3 0 0 0 0 0

4 0 0 0.16 0.48 0.16

5 0 0 0.48 1.44 0.48

6 0 0 0.16 0.48 0.16
ny=14 2 0 0 0 0 0

3 0 0 0.48 1.44 0.48

4 0 0.48 2.88 4.80 1.44

5 0 1.44 4.80 2.88 0.48

6 0 0.48 1.44 0.48 0
ny=15 2 0 0 0.16 0.48 0.16

3 0 1.44 4.80 2.88 0.48

4 0.16 4.80 13.28 4.80 0.16

5 0.48 2.88 4.80 1.44 0

6 0.16 0.48 0.16 0 0
ny=16 2 0 0.48 1.44 0.48 0

3 0.48 2.88 4.80 1.44 0

4 1.44 4.80 2.88 0.48 0

5 0.48 1.44 0.48 0 0

6 0 0 0 0 0
ny=17 2 0.16 0.48 0.16 0 0

3 0.48 1.44 0.48 0 0

4 0.16 0.48 0.16 0 0

5 0 0 0 0 0

6 0 0 0 0 0

Deviations of the interface by the distanéés described in  With ab initio calculations, properties such as layer magnetic

terms of a probability functiom;(5). moment and exchange energy are calculated for a set of per-
If the roughness is symmetric across the interface and thfect layer thicknesses. To get a quantity which can be com-

same for all interfaces, and if roughness only extends *hared to experiments, we have to perform a weighted aver-

layer from the intended interface, we can uniquely specifyage over configuration&f. Table )) that deviate from the

the probability function of the interface deviation with just intended ideal structure. The calculated propéetyg., mag-

one parametery. This parameter then describes the qualitynetic momentis denoted) and the average is calculated as
of all the interfaces in our sample with respect to roughness,

as follows:

pi(_ 1) =0, ﬁ(nl,nz, . ,nM_l) = E P(nl + 51,n2 + 52, oo Nv-1
016y dy-1
P(0)=1-20, + Sy_) Ny + S, No+ S5y ... Ny
pi(1) =o. (1) + 6y-1)- 3

The layer thickness of laydris defined adN;=xX;+1—X;.
For a system witiM interfaces the probability of a configu-
ration with layer thicknessds;, N,, ... ,Ny_, deviating from
the ideal thickness configuratiom, n,,...,ny_1, May be
written as

Table | is an illustration of the functioR(Ngepi, Ny, NFeni)
specifically for FeNj/Vs/FeNi;, with roughnesso=0.2.
When calculating a property for this geometry, including the
effect of roughness, we perform a configurational sum of the
property over all relevant configurations. Since the example
is for a trilayer system, a configuration is represented by
P(Ny,Ny, ... Ny-1) = 2 pu(& ] pi(s+ 2 Nj—ny). three numbers, i.e., the layer thicknesses of the three regions

o=-1 i=2 =1 of the trilayer. The table gives one probability for each com-
(2) bination of these three numbers, specifying the weight with

6=1 M i-1
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which the configuration enters the configurational sum. There extremely small in thg Ry range. Since these films are
probability is indicated in percentage, and hence, it adds ugrown at finite temperatures, entropy contributions then
to 100% for all the numbers listed in the table. The V thick-dominate the free energy, which motivates using the same
ness,ny, divides the table in sections. Within each sectionconcentration of Fe and Ni atoms migrating into V as found
the probabilities for a certain V thickness is constant and thén the magnetic layer, i.e., 82% and 18%, respectively. The
thicknesses of the two FeNi layers are listed on the horizontotal extent of the intermixing is thereby specified by only
tal and vertical axis. The table gives an indication of thethe first parameter, the fraction of V that migrates into the
amount of configurations one is dealing with when introduc-FeNi layer(or vice versg denotedm in our calculations.
ing roughness to any property of a multilayer. It should be A few calculations were done treating interface intermix-
noted that, the nominal configuratidfeNi,/V5/FeNi,) is  ing over more layers than the interface layers. The intermix-
found in the center of the tabl@g.n=4, Ny=15), and this ing has in these cases been modeled by the following expres-
configuration is seen to have the highest probability. Furthersion for the concentration
more, the weight of this nominal configuration is only about
13% for this particular value of the interface roughness. C(X,I'c) = > - 1+DA [sgr(i)X, T, (4)

In the present work the considered structure consists of i#0
trilayers embedded in a V host with four interfaces and in
order to reduce the number of calculations needed for calcuyhere A; is a general normal cumulative distribution func-

lating Q we introduce some approximations. In the sum overtion centered at interfadewith standard deviatioiic andX
different configurations, there might be several Configurajs the distance from the interface in the direction of growth.
tions for which the propert{) is roughly equal, thefi only Note that the parametera andI'¢ are not related sincen
needs to be calculated for one of these configurations. Twbelongs to a model of intermixing where the mixing occurs
approximations of this kind have been tested for our systenivithin two layers at each interface, wherdasbelongs to a
The first approximation consists of replacing 8llfor con- model where the parameter defines the width of the alloying
figurations with different thicknesses of the two FeNi layersregion around each interface. For a detailed description of
with Q) for a symmetric calculation with the same number ofthis expression, see Refs. 34 and 10.
total FeNi layers(i.e., assuming that FelN\V,5/FeNi has
the same property as FeMV/ 5/ FeNi,). Using this approxi-
mation we only need to perform calculations on trilayers
with equal thicknesses of the magnetic layers. A. Growth
The second approximation is used for properties that do . . . .
not depend strongly on the thickness of the magnetic layers. A series of samples with 25 repetltlons[ﬁ%_gzl\llo_lglV]
Q is here assumed to be equal for samples with differenfv@S ~ grown on  one-sided  polished 200
magnetic layer thicknesses. The approach has been test&d-> mn? MgO(00D) substrates by direct current magne-
and proved to be good for the interlayer exchange couplingOn sputtering at 150°C in an ultrahigh vacuum chandber.
in FeNi/V. The approximation is in general not good for the he thicknesses used for the FeNi layer and the V layer were
total magnetic moments of multilayers since this depends of-4—1.7 nm(3-12 ML, 1 ML=0.145 nm and 0.7-2.4 nm
the thickness of the magnetic layers. When treating the totdP—17 ML), respectively. The samples were covered with a

magnetic moments we use only the first approximation. ~ 4-nm-thick V layer that was partly oxidized on air exposure.
Details on substrate preparation and growth parameters are

presented in Ref. 12.

IIl. EXPERIMENTAL METHODS AND RESULTS

D. Model for interface intermixing

The modeled intermixing at the interfaces was calculated
by using the CPA. For the majority of the calculations in this
work we treat intermixing extending only in one layer in  The structural quality of the films was investigated with
both directions from the interface. Under these assumptionsonventional Bragg-Brentano low- and high-angle x-ray dif-
two parameters are needed to characterize the intermixinfaction, as well as reciprocal space mapping, usindK@
uniquely. As a first parameter we use the fraction of V whichrays. For technical details on all x-ray measurements and
has crossed the ideal interface and migrated into the FeNjeneral facts on the structure of FeNi(901) superlattices,
layer. This specifies the extent of the intermixing. A secondsee Ref. 12. The results from that study that are relevant here
parameter is needed to specify the composition of the FeNiere the following: The films have a body-centered-
alloy which has crossed the interface, which may differ fromtetragonal structure since the FeNi and V layers are biaxially
the ideal alloy composition in the magnetic layers. Calculasstrained to decrease the misfit to the MgO substrate. They all
tions were done in order to give an indication about theshow high interface sharpness and good crystalline quality.
second parameter. These were done for a system consistififpe overall crystalline coherence length is for all samples
of a single FeNi layer embedded in V. The first parametemore than one order of magnitude longer than the nominal
was fixed, somewhat arbitrary, at values between 3% anbilayer thickness and falls in the interval 10—30 nm. The
10% and the second parameter was varied betwe@ml9  root-mean-square interfacial roughness was estimated by
Ni migrates into the V laygrand 1(only Fe migrates The means of a simulation of the low angle x-ray reflectivity
calculated differences in energy for different configurationsmeasurements and a value of 0.22 nm was obtained.

B. Structural characterization
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(ML) decrease in the Fe/V system. Among the measured AFM
PY MM R S coupled samples, we obtained a maximum GMR value of
r 15 2.5% at low temperature.
’g 22_ AFM(exp.)' 1
% r FM region % FM region | IV. RESULTS AND DISCUSSION
%' 1'5:_ i E'E}'"I' i E'g"}“}' & 1° g A. Perfect interfaces
e 4L ® e % @ 1~ Ab initio calculations were done for a set of multilayer
2 I UL DR “l 15 structures with perfect interfaces where the FeNi layer thick-
_% osk s 1 nesses were 3—8 ML and the V layer thicknesses 1-20 ML.
£F * 1 In our calculations we are restricted to using the same
; . . [ ATM oo ; atomic volume for all atoms in the multilayer. Since the vol-
K o5 T 5 PR 25 30 ume of V is larger than that of FeNi we expect V in the
Thickness of V layer (nm) FeNi/V system to be compressed in plane and expanded out

) ) of plane while the reverse should occur for FeNi. For calcu-

FIG. 2. The measured magnetic phase diagram of th§aiinng of the IEC we have found it reasonable to use the
[FeNi/V]x 25 superlattice films together with the calculated dia- larger volume of V in order to model the multilayer spacer
gram modeling interface roughnetssing =0.18. The thickness width correctly, while calculations of magnetic moments

of the experimental samples is displayed in the graph with error .
bars corresponding to the uncertainty in layer thickness. The AFI\/PrObably are more accurate using the Fe volume. In order to

regions for experiment and theory are indicated by the verticafnvt.esng"ﬂe thte |nf||uer|1ct§ of the globa]! VOIU?E ?[E _thethmag-
lines. The thickness of the experimental samples was measured fluCc moments, caiculations were performed both in the ex-

the nanometer scale. The ML scale in the figure was obtained by _He”memal volume of Fe and V. We observed that e,l decrease
simple conversion using the experimental bulk V lattice constanin Volume from V to Fe, reduces the moments with about
(0.303 nm. 10% —20%.
If we neglect interface effects and assume ideal interfaces,
we observed the normal disagreement between the calculated
C. Magnetic measurements and experimental values of the magnetic moment and inter-
layer exchange coupling. The agreement between the calcu-
All samples besides on@ ML FeNi) had theirT, above lated and measurgghown in Fig. 2 phase diagrams is then
room temperature. The type of interlayer coupling, FM ore_xtrem_ely poor, where the theoretical IEC curve changes
AFM, was deduced from room temperature longitudinalSign With & period of about 2 Mi(data not shown The
magneto-optic Kerr effect hysteresis lodpa. phase dia- amplitudes of the calculated oscillations are in disagreement

gram, describing the interlayer exchange couplings, for th ith the experiment by about two orders of .magmt.ude and
. g he magnetic moments are off by 60%. We will continue our

samples is shown in Fig. 2. The error bars reflect the uncer-. . : X .

discussion by showing first of all how interface roughness

ta!nty in the precision of the individual _FeN|_ and V_Iayer and mixing affect the magnetic moments and then how they
thicknesse3.4%). However, the uncertainty in the bilayer %ﬁect the IEC

thickness determination done by x-ray measurement is muc
smaller(x0.005 nm, less than 0.3p4a~our-probe current-in-

plane magnetoresistance measurements were done at room B. The magnetic moment
temperature and at low temperaturégl—-27 K), as de- The calculated magnetic moments of the FeNi/V super-
scribed in Ref. 3. lattices depend greatly on the amount of interface intermix-

A Quantum Design MPMS 5.5 superconducting quanturring. This is due to the fact that the moment of both Fe and Ni
interference device magnetometer was used for absoluie greatly affected by the local chemical surrounding. The
magnetization measurements of the films at 10 and 300 Kmagnetic moment is in particular reduced by the presence of
The external magnetic field was applied in the film plane ancheighboring V atoms. Interface intermixing consequently
the magnetization was measured along [tb@0] and [110] leads to a lower magnetic moment, as is illustrated in Fig. 3.
in-plane directions. For these experiments the films were curhe magnetic moment is given by the total magnetic moment
into 5xX 5 mn? pieces. of a bilayer divided by the number of magnetic layers. There

Full experimental results on the magnetic properties arés a contribution to the magnetic moment from the V atoms
published in Ref. 35 and only a brief overview is given here.of about —0.G.g per interface. Figure 3 also shows that when
Below FeNi thicknesses of 6 ML the films appear to be morethe V thickness becomes small, all theoretical curves seem to
or less isotropic in-plane at room temperature, while a fourconverge to a similar value, which is natural since in this
fold in-plane anisotropy witfil0Q] as the easy axis increases limit there is a vanishingly small amount of V to mix, which
with thicker FeNi layers. Moreover, the magnetic momentresults in a vanishing influence of mixing.
increasegsee later while the saturation fieldHg) decreases Interface roughness also affects the magnetic moments
with the FeNi thickness as previously seen in the Fe/Vbut to a much smaller extent. The effect is only noticeable
system?® The negative slope in magnetoresistance within thefor thin magnetic layers, mainly below the thicknesses that
studied thickness region is very small compared to the rapievere investigated in this study. The effect originates from
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In Fig. 4 both the measured and calculated magnetic mo-
ment per magnetic monolayer are shown as function of mag-
netic layer thickness. The difference between the theoretical
values for ideal interfaces and experiment is typically about
60%, or 0.%. This error is larger than one normally expects
from first principles calculations. Part of this difference can
be explained by interface intermixing and part of the differ-
ence can be explained by a volume effect as discussed ear-

-
)
T

I
=
T

Magnetic moment (L /atom)
TS
-
| |

lier.
b oom=0, ] From Fig. 4 it is evident that the simple model for inter-
: n$3§ 1 face intermixing treating alloying in only the first layer close
I S s to the interface is not sufficient for describing the detailed
0 5 10 15 20 behavior of the magnetization of the experimental multilay-

Thickness of V layer (ML) ers(see black symbojsFor the maximum value of intermix-

. . ing in this schemém=0.5) the magnetic moment is reduced
FIG. 3. Calculated average magnetic moment per atom in th . .

. . . . y about 0.4. Since calculations were done for the V lat-
magnetic layer, and for different V thickness and for different val-t. tant t . dditi | reducti
ues of interface intermixingn (see Sec. )l in samples with 4 Iceé constan yve can expec aomgX|mum a' itional reduction
— ML-thick Fey gNio 15 layers. of the magnetic moment by 20% in calculations where the Fe

' ‘ lattice constant is useghccording to the analysis presented
earlien. This combined reduction is just barely sufficient to

how the magnetic moment depends on the thickness of thréa"?‘Ch the experimental value§. For_that reason, a few calcu-
magnetic layer, even for sharp interfaces between V and thI tions were performed for intermixing stretching further

FeNi layer, shown in Fig. 4. As may be observed, the mag:rom the interface following the normal distribution function

netic moment varies with the thickness of the magnetic IayerIn Eg. (4). This was done for the FeNV 5 multilayer. Our

H . der f h d thick iati tChosen value of mixing profile results in a calculated spin
OWEVET, In order for roughness an ICKNESS variation 19y, ment that underestimates the total magnetization by about

affect the total magnetic moment of a system, the magnetig 5, This value is close to the expected one for the orbital
moment as function of layer thickness has to show & prog,oment, and our calculated spin moments are, hence, most
nounced nonlinear behavior. _ likely in good agreement with the measured spin moment.

Since the thickness variation affects the magnetic moyence, taking into account the volume effect, an intermixing
ments very little(at most about 0.Q%s) the intermixing may  of '.=1.8 gives a good description of the interfaces in the
be estimated by measuring the magnetic moment of @gnsidered system.
multilayer sample and comparing it to theory. A study of the |5 Fig. 4 we also compare the experimental and calculated
interface structure for keaNig1s/V superlattices grown at  moments of bulk FeNi alloyg81% Fe and one may notice
different temperatures was done by Anderssehere it was  that theory reproduces experiment with an error that is less
shown that the evolution of interface sharpness could benan a few percent. This indicates that the theoretical ap-
monitored in detail by employing this method. proximations(e.g., KKR-ASA and the local spin density ap-
proximatior) used by us, are not the cause of the disagree-
ment between theory and experiment for the multilayers,
since these approximations are used with success for the bulk
values.

Figure 4 also shows that the experimental thin film mo-
ments have not approached the bulk values even for largest
measured thicknessé€s3 ML FeNi). This shows that the re-

J gion around the interfaces for which the magnetic moments
1 deviate substantially compared to the bulk data is appre-

N
o
T

= e =N
BN 0 ©
— T
|

L1

-

Magnetic moment (U /atom)

@-@ FeNiyV, (theory) / ciable. This is consistent with our theoretical analysis given
Lo 3 A FeNiV, (theory, m=01) o below, where we come to the conclusion that this region
w FeNi/V,, (theory, m=0.5) 3 . -
08l B PNV (eory, T A1) extends over several atomic layers on each side of the inter-
- O-O FeNiyV,, (exp) @ FeNi/V,, (theory, T=1.8, Fe vol.) | face'
0.6 -~ FeNi bulk (exp.) -~ FeNi bulk (theory) 7]
C | ) | ' | s | s 1 7
4 6 8 10 12
Thickness (N) of magnetic layer (ML) C. The interlayer exchange coupling

FIG. 4. Total magnetic moments per magnetic layer for different ~ Interface roughness and interface intermixing have differ-
thicknesses of the magnetic layer. Both experimetagen sym-  €nt effects on the IEC. This is clearly shown in Fig. 5. As-
bols) and theoretical datéilled symbolg are shown. The V lattice Suming the coupling decays asN?/ whereN is the V thick-
constant has been used in all calculations except for the dat@ess, by Fourier transforming the quantit§d, the existence
marked with a diamond where the Fe lattice constant was usedf two distinct peaks in the spectrum can be seen that corre-
Filled circles denote theoretical data using sharp interfaces. spond to two oscillation periods. The Fourier transforms for
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T " ' T y T g T " T 20
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o OO Long period - interface roughness 20 -
] i g [ ]
g — 40k ]
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=]
§ = 0.6 . -
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FIG. 5. Calculated amplitudes of the peaks in the Fourier trans- Thickness of V layer (ML)

form of N2J as a function of interface roughness or intermixing. ) )
FIG. 7. Calculated exchange coupling of FeNiy/FeNi, for

different interface models. Both ideal interfaces, interfaces with

configurations with roughness and intermixing were made ofioughness and interfaces with int(_ermixing, are co_nsidered_. The
sets of 21 and 25 points, respectively, which is somewhaPwer panel shows a blown up version of the data displayed in the
less than used in the work in Ref. 7. We see that the amourPPer panel.
of points used is still enough for a qualitative description of
how coupling periods are affected by the interface structure. i ] o
The intensities of these Fourier components are shown ifPacer that plays an important part in our case. This is illus-
Fig. 5 as a function of the roughness or intermixing paramlrated in Fig. 6 where a comparison of the IEC as calculated
eters. Only the amplitude that is connected to the short pefor semi-infinite magnetic layers with the IEC calculated for
riod oscillation is damped by the interface roughness whileéd-ML-thick magnetic layers is made. All thicknesses for
both periods are damped by the intermixing. which the calculations were done are not shown but they all

Let us now discuss more in detail how interface rough-fall on top of each other and only one is plotted. It is well-
ness influences the coupling. In Fig. 6 we plot the calculatednown that quantum well states in the magnetic layers in
interlayer exchange interaction as a function of the V thick-general change with the thickness of the magnetic layer and
ness. The interface roughness gives rise to thickness varithereby affect the coupliny. In our case the fact that the
tion in the system, and it is evident that the short periodnagnetic layer consists of an alloy may lead to a smearing of
oscillation is suppressed when the roughness parameter i8¢ quantum well states leading to negligible oscillations of
increased. The fact that the long period oscillation surviveghe coupling with magnetic layer thickness.
produces a curve that agrees better with experiment. It is From a full experimental determination of the IEC over
interesting to note that although the thickness variation afthe whole investigated range of the V thickness it is possible
fects the IEC strongly, it is only the thickness variation of theto make a precise calculation of the extent of interface rough-
ness and interface intermixing in the samples based on our
models. This full information on the coupling strengths is not
available in the current study, but from the phase diagram
which provides the sign of the coupling over the whole in-
vestigated range and from the coupling amplitudes for a few
samples, we are still able to extract information on the inter-

0.04

0.02

= face structure.

ﬁ’ 0 Using the combined experimental information that we
z now have on the IEC and the magnetic moments we now
-0.02 ' come to the main result of this particular study. At zero in-

" AAFeNi_/V,/FeNi_, 0-0 1 terface roughness.an interface intermixingF@f: 1.8 repro-
004 OOFeNi/VN/FeNi:me - duces the magnetic moments as seen in Fig. 4. This means

L - FeNi,/V,/FeNi,, 0=0.25 1 that at the layers nearest the interface the mixing is approxi-
T S Ty ar mately 40% and in the next nearest layers it is 20%. Since

interface intermixing is the most important interface effect
when it comes to reproducing the magnetic moments of this
FIG. 6. Calculated interface exchange coupling times the layerSystem, we use this value as the intermixing parameter for
thickness squared2J. Three different geometries were considered, the continued analysis. The IEC is calculated including this
a trilayer geometryopen triangles a multilayer geometryopen  interface intermixing, without the effects of roughness. We
circles, and a multilayer geometry with interface roughnégted find that the magnetic phase diagram is reproduced as seen
squarep by inspection of Figs. 2 and 7. The actual coupling strength

Thickness of V layer (ML)
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was determined experimentally for a few of the AFM : ,
samples and the order of magnitude of these was found to . :
agree with our calculationsee Fig. J. Since the calculated
IEC can be made to agree with experimental data by assum-
ing only intermixing, the extent of interface roughness is
undetermined.

Considering the phase diagrams more in detail we see that
the theoretical AFM region is somewhat wider compared to
the experiment. The calculated AFM region is centered very
close to 13 ML which is in agreement with experimental
results. The small discrepancy in width could be a result of Interface intermixing  m, T
effects of concentration profiles or tetragonal distortions in
the magnetic layers that we have not taken into account in FIG- 8. The phase space of the interface structure is shown
theory. The effect of roughness could also explain the disschematically. Shad_ed regions |nd|ca_te the area of the phase space
crepancy assuming the fact that we have used the appro)a\[hgregthe magnetic phase diagram is re_produced. The Qark shaded
mation previously described, where the whole phase space ggaion indicates the area where the v.sxperlmentaI. magnetic mlome'nts
configurations in Table | are approximated from calculation®® reproduced. From further experimental studies _the_ possible in-
of about 30% of the configurations. It is also possible thatterface sFructure could b_e narrowed down further as indicated by the

- . . dashed lines. Two possible outcomes are shown.
there is correlated roughness in the experiment that results in
a positive bias of the IEC. In fact an upward shift of the
Shif 1 the. coupling energy of 0.1 MRy at the 10 My v 11 the IEC implying that we can determine the interface
thickness, would reproduce the experimental phase diagra ughness. If the short period oscillation is not visible we are
in Fig. 2 perfectly. It is worth noting that in this case both the eft with a Iowe'r bound for' the roughnes;. From the experi-
calculated periodicity and the phase of the IEC agrees witf"éntal magnetic phase diagram found in the current study
observations. This implies that lattice relaxatigomitted in ~ there is a region in the interface phase space where there is
the calculationsdo not have a major influence of the IEC in @greement. With agreement we here mean it in a more ap-
the FeNi/V system. proximate sense, where we neglect the fact that the widths of

The amplitude of the IEC has in general proved to be venyifferent regions in experiment and theory do not fully agree.
difficult to reproduce by theofy® and the obstacle is in most We have performed calculations for various cases of inter-
cases the lack of detailed information of the interface strucmixing at the interfaces and calculated the extent of rough-
ture. One must be careful in making detailed comparisons ofiess necessary to reproduce the experimental phase diagram
single point values of the IEC due to the possible presence dfiving us the border line of this region. For no intermixing a
the short period oscillation that is suppressed but of unknownoughness larger thaa=0.18 reproduces the experimental
strength. The existence of a slight phase shift in this oscillaphase diagram in Fig. 2 with good accuracy. For calculations
tion will have an impact on the coupling value. However, wewith intermixing ofm=0.3 the necessary amount of interface
can still get a rough idea of the agreement by comparing thegughness reduces to=0.15, while form=0.5 it reduces to
orders of magnitude of the experimental IEC values withy=0.05. From the experimental magnetic moments found in
those found in calculations. In Fig. 7 we show the obtainedhe current study there is a thin slice of the interface phase
calculat_ed values together with the experiment for a series (gpace where experiments are reproduced. By compiling in-
(FeygNig.19)4/Vy samples, and we note that where a com-gomation from different experiments in this way it is pos-

parison can be made, the agreement between experiment agflje o extract information on the interface structure.
theory is good when intermixing is considered.

Correct magn. phase diagram

| Correct magn.
moment

\
1

Interface roughness o

D. Interface phase space and experiments V. SUMMARY AND CONCLUSIONS

The earlier analysis can be applied in a more general We have found that neglecting interface roughness and
sense to characterize other FeNi/V samples and it can betermixing in multilayers results in a large disagreement be-
applied to various other systems to extract information on théween experiment and theory, that can be condensed to the
interfaces. Figure 8 illustrates schematically how differentfollowing three issues. First of all, the magnetic moment
experiments are related to the phase space of the interfaéeund from first principles calculations deviate from experi-
structure in our case. ments. Second, the rapid oscillation of the IEC is in strong

From a full experimental determination of the IEC and contrast to the experimental phase diagram where a more
magnetic moments it would be possible to specify a smallong-range oscillation is seen. Finally, the amplitude of the
region where the interface model is close to the true interfacealculated IEC is much higher than the values deduced from
structure. This is indicated by the dashed lines in Fig. 8 fothe experimental samples.
two different experimental outcomes. The ellipse corre- We address all of these issues and show that the measured
sponds to the case that the short period oscillation is visibIéEC may be reproduced by first principles calculations if one
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