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In a series of experiments the hyperfine fields of Ag at the interface with Fe were measured in Fe/Ag
multilayers using the low temperature nuclear orientation technique. The thickness of the Fe layers was chosen
so that the in-plane shape anisotropy would dominate over the perpendicular surface anisotropy. However, for
multilayers with a well ordered multilayer structure as measured by x-ray diffraction, the Ag magnetic hyper-
fine fields were found to be nearly perpendicular to the layer plane. The out-of-plane magnetic structure of the
induced Ag magnetic moments has been also supported by vibrating sample magnetometry measurements on
the same samples. In addition, the magnitude of the induced Ag hyperfine fields are significantly reduced by
roughness. Calculations usimgeng7 confirm that the Ag hyperfine fields are strongly affected by the number
of nearest Fe neighbors and their distance.
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[. INTRODUCTION strongly influenced by roughness and interface strain due to
lattice mismatch. In general, roughness has been shown to
Thin two-dimensional multilayer systems are finding andecrease the surface anisotrépyn particular, a fim
increasing use in industry because they allow the engineeringg/Fe(3.5 ML)/Ag grown on & 001] surface of an Fe whis-
of materials with new magnetic properties. One importaniker (with single atomic steps spacedl um aparl was
property afforded by the two-dimensional interface betweershown to have greatly improved perpendicular anisotropy
a magnetic and a nonmagnetic surface is enhanced perpetompared to rougher sampléblowever, on an ordered vici-
dicular magnetic anisotropy. Presently, almost all magnetigally cut stepped surface the perpendicular anisotropy for the
recording of digital data uses conventional longitudiat  film Ag/Fe/vacuum has been observed to increase, depend-
plang magnetic material. One method in order to achieveing quadratically on the step density. This was demonstrated
ultrahigh-density magnetic recording is the use of a mediunbn a 6° vicinally cut Ag001) substrate where the critical
which is magnetized perpendicular to the plane. thickness was found to slightly increase to 6.5 ML, com-
It was first recognized by Né&ethat the perpendicular pared to 5.5 ML grown on flat A@01).2
magnetic anisotropyKy), induced by symmetry breaking at A further parameter can be introduced by forming a
a surface or an interface, can be quite different from the bullmultilayer structure, consisting dfi magnetic/nonmagnetic
anisotropy. Since this anisotropy is of short range and rebilayers. It has been shown that a magnetization reorientation
stricted to the interface, the anisotropy energy scales inean be induced in Co/Au multilayers by increasiNg for
versely with the magnetic film thickness Another impor-  multilayers with a dominant in-plane anisotropy, i.e., w@h
tant factor influencing the total magnetic anisotropy is longfactors of 0.8 and 0.62It was observed that for such Co/Au
range demagnetization fieldshape anisotropy For single  multilayers, the magnetization lies in the plane fbr 1 and
magnetic films, demagnetization fields normally force the2, however, it reorientates to form a stable magnetic structure
magnetization to lie in the plane and is independent of the&onsisting of out-of-plane domaittse., striper domainsfor
film thickness except in the ultrathin film lim#tThe demag- N=30 and 31. The magnetization reorientation was attributed
netization energy density can be written K§:,LL0M§/2, to a reduction in the demagnetization energy originating
where My is the saturation magnetization. In the design offrom the formation of an out-of-plane stripe domain
systems with perpendicular anisotropy, the ratio of the perstructure'®
pendicular to the shape anisotropK./d)/K,, called theQ We have chosen to study the magnetic structure of
factor? is a useful parameter. This quantity can be most easFe/Ag001) multilayers, with Q factors ranging from 0.8
ily adjusted by changes in the film thickness. Systems wittdown to 0.28. Multilayers in this range should be strongly
Q>1 are dominated by perpendicular anisotropy. magnetized in the plane. Fe/ A1) multilayers are an ideal
In single Ag001)/Fe001)/Ag(001) films the critical system because there is a small lattice mismatch between the
thicknesd(i.e., Q=1), where Fe changes from having an out- two elements(0.8%), and Fe and Ag are immiscible. Thus
of-plane to an in-plane magnetization as the Fe thicknesmaking it possible to make multilayers with high structural
increases, has been measured to be 5 ML, whKerel.86  quality.
X 1P J/m? andK¢=0.64 mJ/mM.5 In addition to changes in Most conventional experimental techniques to probe mag-
ferromagnetic thickness, the surface anisotropy is alsmetic properties measure the magnetism of the Fe in the mul-
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tilayers. Previous work on the Fe layers in Fe/Ag multilayersaround the normal to the surface. The resulting in-plane lat-
include  magneto-optic  Kerr effect measurementstice mismatch is only 0.8%. In addition, the elements Fe and
(MOKE),!*12 scanning electron microscopy with polarized Ag are immiscible, which assures that the interdiffusion at
analysis® Maéssbauer spectroscop’> and ferromagnetic  the interfaces is low. It should thus be possible to make high
resonancéFMR).*® These measurements showed the presquality Fe/Ag superlattices. However, too many lattice steps
ence of oscillatory interlayer exchange coupling of the Fecan disturb the crystalline quality within the layers, since the
layers in Fe/Ag systems. Only a few techniques allow PrOb'out-of-pIane lattice mismatch is as high as 42.5%.

ing of the magnetism in the Ag layers, which is induced by ¢ Fe/Ag multilayers were grown on a MEm1] sub-

the presence of the magnetic Fe layers. Previous work on thg,ote  First the substrate was annealed for 1 h at 600 °C
Ag layers was performed using perturbed angular correlag oy 5 pressure below510~7 Torr. Then the substrate was
tions (PAC).1’ In the present work, the magnetic hyperfine cooled to room temperature and introduced into a Riber mo-

fields in the Ag spacers were measured using low tempergz . jar beam epitaxyMBE) system via a UHV transport

ture nuclear orientatiofLTNO). :
. . . . system. The Fe/Ag multilayers were prepared under a
The LTNO technique is sensitive to the averagagni- vzlcuum of 3x 10710 'Igorr durin)g/; growth. prep

. 2 .
tude and alignmeni(l;) and higher even ordersof the Since Fe/Ag multilayers grown immediately on to the

nuclear sp{ins of the radioactive probe nuclei. Previougygo substrate do not have a good multilayer structére,
theoreticaf® and experimentéf hyperfine interaction stud- 19 A thick seed layer of R801) was first grown epitaxially

ies on the Fe/Ag interface have shown that large Ag Spityp the substrate at a temperature of 175 °C. On this seed
perturbations(hyperfine fields=3 T), are restricted to the |qyer, the actual multilayer structure was grown at room tem-
first Ag layer in direct contact with the Fe surface. The large erature, using an electron gun to evaporate the Fe at a speed
hyperfine fields experienced by the interface Ag nuclei resulgs g 3 ML/s, while the Ag was evaporated from a Knudsen
from the induced valence polarization of the Ag atoms,ce| at 990 °C with a speed of 0.5 ML/s. The bilayer struc-
through hybridization of the Ag electrons with the polar- yyre was repeated 20 times. To protect the system, a final
izedd electrons of the nearest Fe neighbt3he degree of  capping layer of 500 A FO01) was added to the multilayer.
hybridization, and thus the strength.of the hyperfine field, is The structure of the multilayer part of the samples can be
s@rongly depgndent on the Ag-Fe d|sta_nce. The LTNO t_eCh\'Nritten as:[Ag(x ML)/Fe(y ML)],o, with the thickness of
nique effectively measures the magnitude and directiongg |ayers given in monolayers. The multilayers used in this
alignment of the Ag probe atoms in direct contact with the Feqrk had (x,y) values of (2,10, (3,9, (3,17, (6,9, and
surface since only hyperfine fields of the order of 3 T or(4,6), thus with estimate@ factors of 0.53, 0.48, 0.28, 0.48,
more contribute to the signal when the sample is at tempera;, 4 o go using<.=0.64 mJ/m.5 All multilayers except the
tures around 6 mK. Therefore, the great advantage of the3 9 wer,e cut ir?to two parts of 185 mm each, using a

:;T?Ig mithpd ifs that thi m.agnet'ic paope_rt_ies Of, the gjiamond wire saw. Thé3,9 system was made larger, and it
e/Ag00]) interface can be investigated giving unique, .q givided in three parts: two with an Fe capping layer, and

additiogggz information  without introducing a foreign e without capping. This last multilayer will be indicated
probe.l 20,21 351(3 g)no cap

The aim of these investigations is to measure the induced
Ag hyperfine field at magnetic saturation for all the measured
multilayers. This hyperfine field should be a highly sensitive B. Irradiation of the multilayers
parameter for the interface structure and quality. These re-

sults are correlated with multilayer roughness measuremeniSino the samples were activated by thermal neutron irra-

qsing x-ray diffractionXRD). In addition,ab ir_1itio (_:alcula_- diation at the BER-II reactor of the Hahn-Meitner Institute in
tions are performed to explore the Ag hyperfine field at 'dealBerIin. The neutron flux during irradiation wasb

Fe/Ag interfaces, including the dependence of the Ag hypers y 13 n/(cn? s) and the temperature never exceeded 80 °C.
fine field to the number of nearest Fe neighbors. Second, thﬁuring this irradiation 1°Ag nuclei captured a neutron and

average alignment .Of the induced magnetic .Ag hyp.erﬁne(ransformed into the radioactive isomeric stsif#\g™, which
fields at the Fe/Ag interface for multilayers with lo@ is _has a half-life of 249.7 days and decays-cd. On,e of the

measured by LTNO. The degree of out-of-plane canting o pieces of each multilayer was irradiated for 10 days,

low applied fields is compared with the roughness of theWhile the other was irradiated for 35 days.

multilayers measured by XRD. Finally, these measurements Before and after irradiation, and again before the LTNO

are complimented by magnetization studies using \./ibr?tin%easurements, the quality of the multilayers was checked
sampl_e magnetomet'SM). In contrast to LTNO, which is .using XRD. This showed that a 10 day activation does not

. . fhduce any change in the XRD spectra, whereas a 35 day
Iay(_ar, t_he VSM techn_lque averages over the entire Fe Mag; adiation caused detectable damage. A good example is the
netization of the multilayer.

(6,9 system: the roughnegsee Sec. Il of the Ag layers

In order to investigate the Ag in the multilayers with

Il. PREPARATION OF THE Fe/Ag MULTILAYERS after growth(and also after a 10 day irradiatipwas found
_ to be 0.50 ML, but after 35 days of irradiation, the roughness
A. Growth of the multilayers had increased to 0.81 ML, an increase of 62%. However, just

The bcc Fe latticdl ML=1.433 A) closely matches the before the LTNO measurement that was carried out three
lattice of fcc Ag (1 ML=2.043 A) after a rotation by 45° months later, the XRD spectra of the sample showed a
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FIG. 1. The low angle and high angle XRD spectra for (B multilayer. For the high angle spectrum, theerF simulation is also
shown. Note that two peaks are not simulated. The peak=a#2°54 is a MgO peak from the substrate, while the peaké&t+B5° consists
of a MgO peak(26=66°36) combined with an Fe peak from the Fe seed and capping |426rs65°4').

roughness of 0.50 ML, i.e., the original roughness. This Two programs, based on different approaches, were used
clearly indicates that the Fe/Ag system undergoes room tente analyze the XRD spectra: Superlattice Refinement by
perature annealing, so that, even though the 35 day irradia¢RD (SUPREX?3 and SLERF2
tion period causes detectable damage, it is possible to restore The programSUPREX uses the statistical parameters in
the original quality of the multilayers. analytical formulas and fits the spectra using the integral
over the different values and their probabilities. It can fit
lll. X-RAY DIFFRACTION both low angle spectréwith a dynamical theopyand high
It is important to establish the structure of the multilayersangle spectrawith a kinematical theony?® For the Fe/Ag
because this can have a significant effect on the magnetiultilayers, only the part of the high angle spectra between
properties of the samples. All multilayers were thereforethe MgO and the Fe peaks was fitted WHbPREX see Fig. 1.
characterized with XRD in @26 geometry for both low and The progranmsLERFuUses a Monte Carlo simulation to gen-
high angles using CK,, radiation(\ ,=1.5405 A). erate XRD spectra, and only the high angle spectra can be
The low angle XRD spectréD.5°<20<16°) are the re- simulated. In Fig. 1, theLERFsimulation result is shown for
sult of scattering from the chemical modulation of the layersthe high angle spectrum. All high angle spectra of the differ-
and give information about the interlayer structure. The higtent multilayers were analyzed with both programs yielding
angle spectrd40°<26<70°), on the other hand, are the identical results. .
result of a convolution of the diffraction from the multilayer ~_Table | shows the roughness parameters obtained from the
stack and from a single layer of the constituent materials angtRD analysis of the different multilayers. The first two col-

give information about the intralayer structure. umns give the roughness in monolayers for (ag) and Fe
The peak positions in low and high angle spectra from(ore While the third column gives the interface thicknegs
multilayered structures are given®y (ML). The parameters,y e, are due to the fact that, because

of steps and island growth, the number of atomic layers for
Sin(g):ﬂ_ai m"a, (1) one Ag or Fe layer is not the same in all places and all
2d 2A bilayers. This is described by a Gaussian function around the
_ average value for the thickness of the layers vaiffy . the
with A=dana+dgng and d=A/(ny+ng), da, dg the lattice  width of this function. The parameter,, for a Ag/Fe inter-
spacings anah,, ng the number of atomic layers for materi- face is the width of the region where the concentration of Ag
als A andB, andn andm integers. The low angle peaks are

n=0 peaks while the high angle peaks have1. In the case TABLE I. The roughness for the different samples given in ML.
of the Fe/Ag multilayers, the high angle spectra consist offhe system indicated with° @Pis the (3,9) system without an Fe
n=1 peaks. capping layer.

For all multilayers except th€2,10 system, diffraction
peaks are present in both the low and the high angle spectra, opg (ML) 0 (ML) 0y (ML)
indicating good multilayer quality. As an example, the low
and high angle spectra of th{8,9) multilayer are shown in [Ag(3 ML)/Fe(9 ML)1z 0.35 0.35 0.6
Fig. 1, presenting clear diffraction peaks. For {Bel0) sys- [A9(3 ML)/Fe(9 ML)]30 “**  0.35 0.40 0.7
tem on the other hand, no clear multilayer peaks were seetAg(4 ML)/Fe(6 ML)z 0.40 0.43 0.9
Presumably, the latter system is so thin that the large out-ofAg(3 ML)/Fe(17 ML)]5o 0.50 0.55 0.7
plane lattice mismatch of 42.5% causes enough roughness [teg(6 ML)/Fe(9 ML)],o 0.50 0.45 1.0
impair the multilayer structure. In this case, we assume thgiag2 ML)/Fe(10 ML), >2

the roughness is at least two atomic layers.
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FIG. 2. The LTNO experimental setup with the Ge detectors and FIG. 3. They-ray anisotropy of the 1384 key ray measured as
the applied magnetic field. a function of the external magnetic field for tk&9) system.

drops from 84% to 16% while the Fe concentration increasekespect to the fcc Ag lattice, this corresponds to thelF@
from 16% to 84%. The concentration is assumed to chang@irection. The anisotropy of the 1384 key ray from the
following the error function. Thé3,9) multilayer without an ~ decay of “"Ag™ as a function of the in-plane applied mag-
Fe capping layer has a slightly higher Fe roughness and ir2etic field for the(3,9) and the(2,10 multilayers is shown in
terface thickness than th®,9) system with an Fe capping Figs. 3 and 4. For the other multilayers, a response very
layer. For the(2,10 multilayer no explicit values are given Similar to that of the(3,9) multilayer was observed.

because, as explained above, no peaks were present in the

XRD spectra for this system. B. Direction of the Ag hyperfine field
For the 1384 ke\y ray, the parametei8,, U, A,, andQ,
IV. LOW TEMPERATURE NUCLEAR ORIENTATION in EqQ. (2) are positive. The Legendre polynomRyJ(cos¥) is

positive for #~0° and negative fo®~90°. Hence, taking

into account the fact that the fourth and higher order terms
The irradiated multilayers were soldered on to the coldfor this y ray are much smaller than the second order term, a

finger of a®He-*He dilution refrigerator using a Galn  detectora at an angleg~0° with respect to the hyperfine

eutectic with a melting temperature of 25 °C. After insertingfield will observe ay-ray anisotropyW(deta) > 1, while a

the multilayers in the dilution refrigerator, the samples weredetectorb at an angled~ 90° will observe ay-ray anisotropy

cooled to temperatures around 6 mK. At these temperaturegy(detb) < 1.

A. The LTNO measurements

the *°Ag™ nuclei are oriented, causing therays in their All multilayers except thg(2,10 system show a LTNO
decay to be emitted anisotropically. response similar to the one of tt@9) system shown in Fig.
The directional distribution oy rays from oriented nuclei 3. |t thus follows that for all multilayers except thg,10
can be expressed &, system, at small in-plane applied magnetic fields, detector 1
: is at an angle of almost 90° with respect to the Ag hyperfine
W(O) =1 +k§4 BUAQKP(cos ), 2 field (detailed analysis showed that in fact 8%,

< 85° for the different multilayeps In addition, in low ex-
whered is the angle between the axis of the detector and the
magnetic hyperfine field, and,(T,By) are nuclear orienta- 1.15

tion parameters which depend on both temperafurend
magnetic hyperfine fieldB,;. The U, and A, are known 110 % } { {
nuclear decay scheme parameters,@Qh@re solid angle cor- S L05¢ % % }
rection factors and th@, are the Legendre polynomials. £ 100 {
The directional distribution of the rays from the radio- Qv ﬁ
active decay of*'°Ag™ nuclei in the multilayers was ob- 8 095} %% % % % %
served with Ge detectors. The experimental setup is shownin 5 0.90 |
Fig. 2. For the measurements of t%9), the (3,17, and the 7 || ¢ detector 1
(6,9 multilayers, all three detectors were used, while for the 0.85 | * detector 2
other measurements, only detector 1 and detector 2 were 0.80 = detector3 |
utilized. 700 0.1 02 03 04 05 06 07 08 09
For all samples, the-ray anisotropy was measured as a Magnetic Field (T)
function of the external magnetic field which was applied in
the plane of the multilayers along the @§0 axis, see Fig. FIG. 4. They-ray anisotropy of the 1384 ke ray as a func-

2. Because the bcc lattice of the Fe is rotated by 45° withion of the external magnetic field for tH@,10 system.
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90 % Tt C. LTNO parameters
e (3
75 { . 24:2; . Several parameters have been derived from the LTNO re-
i % . 317 sponse to the applied magnetic field. They are summarized in
60 r i . (6’9) i Table Il. In the first column, the roughness of the multilayers
B st ! % | which was deduced from the XRD measurements is re-
3 i I % peated.
30 + . i . . The Ag hyperfine field obtained, is listed in the second
. . column. This is the field calculated from the saturation value
15 | i * 1 of the y-ray anisotropy in high external fields, assuming that
0 1 47 i i v 1 only the Ag nuclei at the interface are subject to a magnetic
e i1 i hyperfine field. This assumption is based partially on Mdss-
0.0 0.1 02 03 04 05 0.6 0.7 0.3 0.9 1.0 bauer studies on Fe/Au multilayei%which indicate that the
Magnetic Field (T) magnetic hyperfine fields in spacer layers are restricted to the

interface layer. Moreover, recent PAC measurements on an

FIG. 5. The angle of the average Ag hyperfine fields with re-Fe/Ag interfacé,’ show that this is also the case for the
spect to the surface of the multilayers as a function of the appliedce/Ag system. The hyperfine fields experienced by Cd probe
magnetic field for the different Fe/Ag multilayers. nuclei at an Fe/Ag interface were measured using PAC. The

results showed that only the Cd atoms at the Fe/Ag interface

ternal fields, detector 2 is clearly at an angle of almost O%re subject to large hyperfine fields while probe atoms one
(5°<64e ;<15°). Finally, the third detector, which was |ayer away from the interface in the Ag, experience only a
used in the measurements of th@9), (3,17, and (6,9  much smaller hyperfine field. Also, first-principles calcula-
samples, is found to be at an angle of almost 900°  tions of the magnetic hyperfine fields in Fe/Ag multilayers,
< 04t 3<80°) in low applied fields, and fully at 90° for to be described in Sec. VI, show that only the interface Ag
fields higher than about 0.05 T. Thus, taking the respectivauclei experience a significant hyperfine field. Note that the
detector positions into accouffig. 2), it is clear that the hyperfine field given in Table Il is an average of the hyper-
average Ag hyperfine field points out of the plane of thefine fields at different types of interface sites, i.e., Ag nuclei
multilayers in zero and low external applied magnetic fields.on flat Fe surfaces as well as Ag nuclei at steps in the Fe

For the(2,10 system, which showed no multilayer struc- layers.
ture, the observed anisotropi€sig. 4) clearly show the av- In the third column, the maximum out-of-plane angle
erage Ag hyperfine field to be in the plane of the sample. 0,4 0f the hyperfine field with respect to the surface of the

The LTNO experiments on the Fe/Ag multilayers further samples is given for low applied fields. When the applied
show the Ag hyperfine fields to change orientation as a funcfield is increased, the angle between the hyperfine field and
tion of the strength of the external applied magnetic field, ashe sample surface decreases linearly, reaching 0° when the
can be seen from the changeniray anisotropy, see Fig. 3. hyperfine fields are in the plane, see Fig. 5. These angles are
When the external magnetic field is increased, the averagaverage angles between the hyperfine field and the direction
Ag hyperfine fields rotate from an out-of-plane to an in-planeof the detector since LTNO is not sensitive to the exact dis-
orientation. For applied fields larger than the saturation fieldfribution of the individual magnetic moments.
the Ag hyperfine fields remain in the plane of the multilayers. The fourth column gives the saturation fields for the dif-
From the measureg-ray anisotropy, the angle of the hyper- ferent multilayers. This is the value of the external applied
fine field with respect to the plane of the multilayers can befield necessary to pull the Ag hyperfine field into the plane of
calculated as a function of the external applied magnetithe multilayers.
field. This angle appears to change linearly from the maxi- In the last column, the reduction of theray anisotropy
mum out-of-plane angl® ., to an in-plane orientation, i.e., in low fields is given. From Fig. 3 it can be seen that the
0=0°, see Fig. 5. maximum y-ray anisotropy in low field is smaller than the

TABLE II. In this table, the roughnes,g) of the different multilayers is repeated from Table |, and the
hyperfine field(Bys) assuming that only the interface Ag nuclei experience a hyperfine field, the maximum
out-of-plane anglé®,,,,) of this hyperfine field, the saturation fie{8,) and the reduction in-ray aniso-
tropy between low and high applied fielgi®) are given. The statistical error on the last digit is given between
brackets for all values.

Opg (ML) B (T) Omax (°) Bsat (T) @
[Ag(3 ML)/Fe&(9 ML)]5q 0.35 21.48) 85(5) 0.705) 0.7911)
[Ag(4 ML)/Fe(6 ML)l 0.40 14.98) 80(6) 0.805) 0.5812)
[Ag(3 ML)/Fe(17 ML) ] 0.50 11.57) 78(5) 0.305) 0.3810)
[Ag(6 ML)/Fe(9 ML)],5o 0.50 10.06) T4(5) 0.40Q05) 0.5214)
[Ag(2 ML)/Fe(10 ML)]5 >2 3.26) 1(5) 0.105)
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0.006 - —— TABLE lIl. The multilayer saturation fields obtained from the
- Magnetic field VSM measurements at 4 K for the magnetic field applied perpen-
= 0.004 r| inplane 1 dicular to the plang[001] direction and in the plangAg [100]
E — Magnetic field direction). The multilayer marked with"® ¢@is the (3,9 system
£ 0.002 | perpendicular without an Fe capping layer. For tii2,10 system, no saturation of
g ! the multilayer was observed in the perpendicular configurgtee
g 0.000 text).
2
| j ‘ B (T)
S 0004 _/ . Fe[001]  Fe[110)
S L [Ag(3 ML)/Fe(9 ML)150 1.252) 0.724)
-0.006 2 cap
3.0 <20 -1.0 00 1.0 20 30 [Ag(3 ML)/Fe(9 ML) ]z 1.152) 0.612)
Magnetic Field (T) [Ag(3 ML)/Fe(17 ML) 1,0 1.612) 0.237)
[Ag(6 ML)/Fe(9 ML)],o 1.099 0.4055)
FIG. 6. The magnetization curves obtained at 4 K for (B®) [Ag(2 ML)/Fe(10 ML)],o 0.105)

multilayer with the magnetic field applied once along th60] axis
of Ag (in plane and once along thig©01] axis (perpendicular The
arrows indicate the multilayer saturatiéh 25 T) and the saturation field is applied perpendicular to the plane. Therefore, this
of the Fe seed and capping layéps17 T). second saturation point is attributed to the Fe seed and cap-
ping layers of the multilayers. The first saturation plateau is
saturation value in higher applied fields. This is in part due tdhen interpreted as the actual saturation of the multilayer it-
the angle of the hyperfine fields with respect to theself, these fields are listed in the first column of Table IIl.
multilayer plane being smaller than 90° in low applied fields. This interpretation is confirmed by the fact that the VSM
However, even after correcting for this, theray anisotropy ~measurement of thé3,9) multilayer without the 500 A Fe -
in low fields is still smaller than that in high fields. The capping has only a clear multilayer saturation point. This

reduction factorx is calculated as, see Fig. 3; magnetization curve, at applied fields near the multilayer
saturation, reveals characteristic features for a multilayer

_ (W(det 2 — 1)io fied with an out-of-plane magnetic stripe domain structre,
= (W(det D = Dpign fietd ) namely a knee in the magnetization curve near saturation

with hysteresis. Similar out-of-plane stripe domain character-
where the low field value is first corrected for the fact thatistics have been found for all the other multilayers except for
0<<90°. one sample. Th€2,10 system is different from the others:
A possible explanation for this reduction irray aniso- no perpendicular multilayer saturation point was found, only
tropy is the fact that the direction of the hyperfine fieldsthe saturation point at 2.17 T was presésge Fig. 7.
experienced by the Ag nuclei would not be the same for all From the in-plane magnetization curve, a remanent mag-
of them. For example, if the Ag moments were lying on anetization of 56% is deduced for tli&,9) system, see Fig. 6.
cone, this would result in a smallgeray anisotropy’ For the other multilayers, this value is found to be between
48% and 58%. In contrast, thg,10 system showed a much

V. VIBRATING SAMPLE MAGNETOMETRY 0.006 U T T
- Magnetic field
For all multilayers studied here, VSM magnetization 3 0.004 t| in plane

curves were measured at different temperatures, ranging & ~ Magnetic field
from 300 down to 4 K. Measurements were performed with = 0.002 | perpendicular
the direction of the applied magnetic field both in-plane g
(along the[100] axis of Ag, which coincides with the Fe g 0000
[110] axis and along the A§110] axis which coincides with 2
the Fe[100] axis), as well as perpendicular to the plane. léb -0.002 |
Because the values for the saturation field and the remanent S o004 b J
magnetization are equal within error bars for the two in- )
plane directions, the values for the A§0Q] direction are -0.006 L— . , ,

given because this is the direction of the magnetic field dur- 30 20 -10 00 10 20 3.0
ing the LTNO measuremen'gs. T_he magnetization curves for Magnetic Field (T)

the (3,9 system are shown in Fig. 6. For the case when the
applied field is perpendicular to the plane, two saturation FiG. 7. The magnetization curves obtained at 4 K for(@d0)
plateaus are visiblésee Fig. 6. The second plateau is found multilayer with the magnetic field applied once along the[Ag0]

at an external field of 2.17 T for all multilayers. This corre- axis (in plang and once along thf001] axis (perpendicular The
sponds to the saturation field for a thick Fe lajieg., an Fe  arrow indicates the saturation of the Fe seed and capping layers
layer with negligible surface anisotropyvhen a magnetic (2.17 7).
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1.0 p : TABLE IV. The hyperfine fields and magnetic moments for
09 | * (39 (1,5 and(3,5 Fe/Ag multilayers calculated with theiENn97 code.
08 - * G17) ] Atoms indicated with(1) are interface atoms, atoms indicated with
Y £ (69 ] (2) are atoms one layer away from the interface and so on. The
) 06 ? * + (2100 ] results given are for relaxed atomic positions.
g L
Z 05+ :
g 1 . 1, 3,
E ol N 15 (3.9
B03 i : - B (M wlue) By (up)
02 [+ % x * 1
0.1 H z : Fe3) -32 25 -31 24
00 k E H , : T Fe(2) -35 2.3 -35 2.4
. 0 50 100 150 200 250 300 Fe(1) =27 2.7 -28 2.7
Temperature (K) Ag(1) -52 0.05 -32 0.04
Ag(2) -1 -0.001

FIG. 8. The in-plane saturation fields for the different multilayer
systems as a function of temperature. The lowest temperature point,
at 6 mK, is the saturation field measured by LTNO. All other pointsatomic layer is enough to reconstruct the multilayer struc-
are measured with VSM. For all multilayers, the saturation fieldsture.

for the Ag hyperfine fieldmeasured with LTNO at 6 mKand the Calculations were performed for multilayers with differ-
Fe magnetizatiorimeasured at 4 K with VSMare equal, within ent dimensions. Bulk lattice parameters were used to con-
error bars. struct the size of the unit cell, while the atomic positions

within the unit cell were relaxed, i.e., the atoms were moved

larger remanent magnetization of 80%, as seen in Fig. 70 positions where the force acting on them was lower than
Correspondingly, the observed LTNO signal for this samplel MRy/Bohr. The results given in Table IV are for the re-
found the induced Ag magnetization to lie in the plane, sedaxed atomic positions for &1,5 and a(3,5 system. The

Fig. 4. Thus the magnetization for tli@,10 sample lies in  calculations did not take into account the spin-orbit coupling
the plane of the multilayer. nor the dipolar field, the summed contribution of which was

The saturation fields for the external app“ed field in thecalculated to be well below 10% of the values listed in Table

plane(Fe[110] direction of the multilayers at 4 K are listed V- . .

in the second column of Table Ill. In Fig. 8, these saturation N agreement with the PAC experiment of Ref. 17, only
fields are shown as a function of temperature for the differenthe interface Ag nuclei experience a significant hyperfine
multilayers. The lowest temperature point for each multilayerfield, while Ag nuclei in the second layer away from the
is the saturation field as determined from LTNt@ken from  interface experience only a very small field. The hyperfine
Table I, columnBs,), the other points are measured with field of =32 T in the Ag interface layer of the,5) system
VSM. A comparison of these values shows that the saturatioW@s found to be the same for all calculated multilayers with
field required to bring the induced Ag hyperfine field into in 2 Or more monolayers of Ag. It is important to perform the
the plane of the sample is identidatithin error bary to the ~ calculations with the atoms at equilibrium positions within
Fe saturation field for each multilayer. Therefore, the Fethe unit cell, since the hyperfine field depends on the Fe
saturation field is the field required to change the magneticAg distance. For multilayers with thick Ag layers, the Ag
structure of the Fe from out of plane stripe domains to ayperfine fields for the third and fourth layers, were found to
in-plane orientation. Finally, the effect of the thick 500 A be even more reduced: £8) ~0.5 T and Ag4)~0.1 T (re-
capping, as demonstrated on 139) sample, was to cause a Sults not showhn Only for multilayers with 1 ML of Ag do

small reduction in the in-plane and out-of-plane saturatiorve find a dramatic change in the Ag magnetic hyperfine field
fields. at the interface. For example in th&,5 system, each Ag

atom has eight nearest Fe neighbors, four from each Fe in-
VI. EIRST PRINCIPLES CALCULATIONS terface,.the resulting Ag hy_perfi_ne field is =52 T. .
The interface Fe hyperfine fields calculated WitfEN97
In addition to the experiments on the multilayers, firstare lower than the bulk hyperfine field of Fe of —33.728°T.
principles calculations were performed for different dimen-The second layer away from the interface has a higher hy-
sions of Fe/Ag multilayers. For these calculations, the properfine field, but from the third layer on, values close to the
gramwieNn97 was used? which was developed to calculate bulk hyperfine field are found.
the electronic structure of solids, using the full-potential lin-  The magnetic moments calculated witheng7 for the
earized augmented plane waves metliBHAPW). In our interface Ag atoms are smaller than the previously predicted
case, the hyperfine fields and the magnetic moments of thealue of 0.08ug of Ref. 19 and in agreement with later
atoms in the multilayers were calculated. The multilayercalculations’® For the second Ag layer, the moments turn out
structure is put into a unit cell which is repeated to infinity in to be negligibly small. For the Fe layers, the interface mo-
all directions. Because the bcc Fe lattice is turned by 45tent is found to be enhanced with respect to the bulk value
with respect to the fcc Ag lattice, the unit cell for Fe/Ag of 2.2 ug in agreement with previous calculatiotfsand
multilayers turns out to be quite simple: one atom in everywith experiments233
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VII. DISCUSSION magnetic alignment of those nearest neighbor Fe afms.
Experimentally, collinear alignment was observed also in a
PAC measurement on a Fe/Ag bilayéuyhere the hyperfine
The hyperfine fields listed in Table Il are calculated as-fields of the Cd probe atoms in the Ag and the Fe moments
suming that only the interface Ag atoms experience a magwere found to be collinear and in plane. The magnetic be-
netic hyperfine field. These values are expected to be inddwavior of the Cd probes is expected to be similar to the
pendent of the thickness of the layers because all Ag nucldiehavior of Ag, since the small induced magnetic polariza-
below the interface are assumed to experience a negligiblifon of the Cd or the Ags electrons is dominated the hybrid-
small hyperfine field, and consequently, do not contribute tdZation with the localized! electrons of the F&-3"Thus we
the y-ray anisotropy. Nevertheless, it is found that the differ-can assume that the observed alignment of the Ag magnetic
ent multilayers have different hyperfine fields, and that thyperfine field is equal to the alignment of the Fe nearest

values of these fields are inversely correlated with the rough?€ighbors. . . . .
ness of the multilayers, see Tablgll. g Although all studied multilayer systems with well defined

. . ; x-ray Bragg diffraction peaks haw@ factors ranging from

The value of the hyperfl_ne field acting on a Ag nucleus 8 )c/iowngt?) 0.28 the A% hyperfi\rg fields weregfognd 1 be
gggzﬁs Igg t::g. %%%rgnaggg rllﬁ;nbzr’st;ﬁéethfo ntjhrglggr ggut-of-plane with average angles ranging from 74° to 85° at
iahbors! Th '9 f ’ £ th Id' : ber i 6 mK. From the VSM measurements, these same samples
neighoors: e influence of the coordination nUmMber IS \ere found to have magnetization curves indicating out of
clearly shown by the results of thglEN97 calculations, see plane stripe domains. However, for the sam(ZeL0), with
Sec. V1. For the multilayers with thicker Ag layers, all inter- 14 gefinable diffraction peaks, the induced hyperfine fields of
face Ag atoms are subject to the same hyperfine field Ofhe Ag and the Fe magnetization were found to be in plane.
—32 T, caused by the diresd hybridization with the four The influence of roughness on the different parameters
nearest Fe atoms at the interface. For the multilayer with 1.0\ he seen by comparing the multilay¢8s9 and (6,9
ML of Ag, the hyperfine field qalculated WithIEN.97 IS with the same Fe thicknegse., sameQ facton, which are
h|gher.' In fact, the presence of eight Fe nearest neighbors Upected to have the sarie and thus the same saturation
both sides of the single Ag monolayer increases the Ag hyie|q. The(3,9) multilayer was found to be smoother, with a
perfine field to 52 T. This value is remarkably close t0 the.,responding higher average magnetic hyperfine field at the
value of -51 T calculated for a Ag impuritalso with eight  jnerface (see Table . This sample also had a larger in-

nearest Fe neighborin a bulk bee Fe host lattic¥. The 1 1anep  (see Table Ilf indicating a possible increase in the
closeness of these two hyperfine fields shows that the nuriﬁ

) k X erpendicular surface anisotropy due to a decrease in
ber of nearest Fe neighbors is an important factor for th oughnes§.” The corresponding differences were also ob-

degree of Ag spin polarization. Thus it is clear that roughnesggred in the alignment of the Ag hyperfine fields at low

should have an influence on the hyperfine field value Si”C%ppIied magnetic fields. The Ag fields for ti@,9 sample

this value is strongly influenced by the coordination numberyere found to be almost perpendicular to the multilayer at an

and the dlstancg to the Fe nearest neighbors. average maximum angle of @° compared to 7é)° for
When there is a certain amount of roughness present if,o (6,9 sample. Comparing samplé3,9) and (3,18 with

the multilayers, it follows that the Ag atoms can occupy dif- ha same Ag thickness but with differe@tfactors, the(3,18

ferent possible positions with respect to the F(_a surfgce: O8ample had a lower maximum out-of-plane angle at low ap-
flat terraces, or at a step where the vertical lattice mismatcBjieq fields and as expected a smaller in-plane magnetic satu-
is 21% causing considerable strain. Thus, the coordinatio

tion field. Finally, the reduction of-ray anisotropy at low

number and the distances to the neighboring Fe atoms atg,jieq fields, measured hyin Table II, also correlates with
different, leading to lower hyperfine field values. Unfortu- decreasing roughness.

nately, LTNQ cannot resolve the _signgls from atoms at d_if- It is interesting to compare the surprisingly large maxi-
ferent locations. Indeed, hyperfine fields measured with, out-of-plane angles in these samples with angles from

LTNO are an average of the hyperfine fields for all different experiments on Fe/Ag multilayers measured by Moss-
positions. One can therefore conclude that roughness in the, o spectroscof. In  this case, a multilayer

multilayers decreases the average hyperfine field experienc?ge(w ML)/Ag(4 ML)]y-16 grown on flat MgQo01] was

by Iihe ir;]ter;age Aglnluclei. ith the | h h found to have an average out-of-plane magnetization with an
or the (3,9 mult ayer with the owest rougnness, the angle of 29°. Another sample, this time grown on a polished
value of the measured interface hyperfine field was found t‘R/IgO[OOl] with a miscut of 1.8°. was found to have an in-

be |21 T, (seg Taple I SincewlEno? seems to overestimate plane magnetization. The spin reorientation observed for the
Fhe Ag hy_perflne_flelc(the §4alcul_ated hyperfine field for aA_g flat substrate was explained to be due to an increase in the
Impurity in Eg’ IS —51 T" while the measured va_Iue IS perpendicular anisotropy induced by atomic steps. Scanning
—44.722) T),” this value compares rather well with the ¢ nneling microscopy(STM) measurements taken after the
—32 T calculated withwiEne? for an ideal surface. growing of the first bilayer surprisingly showed that the
sample on a flat surface had a higher step density than the
sample on the vicinal substrate. It is difficult to compare
these results directly with the results from this paper, because
For those Ag atoms with nearest Fe neighbors, the smabf the differences in samples and experimental conditions. In
induced Ag magnetic moments are expected to follow thecontrast to the multilayers described here, the multilayers in

A. Ag hyperfine fields in magnetic saturation

B. Magnetic alignment in Fe/Ag multilayers
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Ref. 38 have no Fe base and capping layers. Also, the ex- VIIl. CONCLUSIONS

periments were performed at room temperature, while our

measurements were performed at very low temperatures The LTNO results described in this paper provide a

where we can expect increases in the perpendicular surfaggique insight into the magnetic properties of Fe/Ag inter-

anisotropy. faces, that conventional magnetic methods would find diffi-
In comparison to other out-of-plane magnetization syScyit to measure. The method has been shown to have a sen-

tems, in particular exchange coupled double layer films withsitivity to the structural defects at the interface. Additionally,

one Ia_tyer with intrinsic m_-plane and the other Iay_er _Wlth the long penetration range of the measusedys is particu-

intrinsic _perpendicular anisotropy, e.g., Ref.)3the indi- |51y guited to the measurement of buried interfaces. Espe-

vidual Fe layers in the multilayers studied here, are designe ially, in these samples the magnetic structure of the multi-

to be in plane(Q;1), including the base and capping layers. layers can be probed separately from the Fe capping layers
However, the long range coupling effects introduced by the yFor the mulrt)ilayers ineestiga){ed, we have obpsrer\?ed xtlhat.

number of bilayers influence the whole sample. It was firs& : . ;

. ; L ._~the magnitude of the Ag hyperfine field at the interface cor-
obeerved n CO./AU mquIayers thajc a magnetization r("\.O”en'elatesgwith the intra- gng F?nterlayer structure studies per-
tation could be induced by increasing the number of bilayer ; .

ormed using XRD. The sample with the lowest roughness

N.° Multilayers with Q values ranging from 0.80 to 0.64, 4 . .
were found to have an in-plane magnetization f6z1,2, had a hyperfine field of21] T. This value can be compared

whereas an out-of-plane stripe domain structure was op%ith theoretical studies using the programenoz. The
served forN=31. These results were later explained by theW/EN97 calculations also demonstrated that the calculated Ag

theory of Labruneet al,'® where it was found that a stripe magneti(_: hyperfine field is largely dependent on the number
domain structure greatly reduces the demagnetization energyf @nd distance to the Fe nearest neighbors and not the gen-
The key features of this magnetic structure consist of a welfral structure of the system. Furthermore, at low applied
defined stripe pattern of up and down domains, as well as g1agnetic fields Fe/Ag multilayers witQ factors from 0.8
pronounced magnetic domain closure for the top and bottorfoWn to 0.28 were found to have out of plaf@most per-
layers which are magnetized in the plane of the multilayerPendiculay Ag hyperfine fields at millidegrees Kelvin tem-
Due to the closure of the domains, the stray field energy i§eratures. The degree of alignment and the average out-of-
considerably reduced. In the middle between the inner upplane angle at low fields was found to decrease with
down domains the domain wall winds around vortices. Thidncreasing roughness. VSM studies on these samples con-
theory corresponds very well to the average direction ofirmed th_at the magnet|c multilayers exhibit a typical out-of-
magnetization observed in the Co/Au multilayers, where thélane stripe domain structure from room temperature down
inner Co layers were found to have a larger out-of-pland® 4 K. There.fore,. the explanatlon for the almost perpendl_cu—
angle of 54°—60°, than the top and bottom layers of 33°_g4elar Ag hyperfine fields is the presence of out of plane stripe
A possible explanation for the exceedingly large out-of-plangdomains.

angles observed in our multilayer samples could be the role

played by the thick Fe capping and base layers. These layers
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