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Oscillation of the Fe and Co Magnetic Moments near the Sharfgl —1 0) Fe/Co Interface
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By means of high resolution time differential perturbed angular correlation spectroscopy on
diamagnetic Cd incorporated into MBE-grown /@» multilayers, we accurately determine the
transferred magnetic hyperfine fields in the layers. We assign experimentally observed satellite fields
to probes in plateaus near a sharp interface. These fields are used to fit magnetic moments near the
Fe/Co interface. We obtain a moment profile that oscillates with the layer number in both Fe and Co
near the sharpl —10) Fe/Co interface. [S0031-9007(96)02174-6]

PACS numbers: 75.70.Cn, 75.50.Cc, 76.80.+y

In the past few years much effort has been devoted tmmagnetic hyperfine field orientation, we simultaneously
the study of hyperfine fields and magnetic moments atake spectra with the magnetic hyperfine field at BB-
and near surfaces and interfaces. For 3D transition metween the detectors [Fig. 1(a), horizontal plane] and per-
als, theory predicts a strong moment enhancement at clegrendicular to the detector plane [Fig. 1(a), vertical plane].
surfaces and at interfaces with noble metal substratefy the first case, one only observes first harmonics; in
while interaction with nonmagnetic transition metal sub-the second case, only second harmonics occur. When the
strates reduces ferromagnetism [1]. Only a few experifield is as in Fig. 1(b), one finds a constant partial spec-
mental techniques have the necessary spatial resolutidrum for the horizontal plane when using only the detec-
to probe interface magnetism. Gradmann and co-worken®rs that are aligned with the hyperfine field as a start for
used conversion electron mossbauer spectroscopy to probee coincidence measurement. With this field orientation
Fe surfaces, near surface layers and buried interfaces [2he spectrum obtained from the vertical setup has equal
Other groups used magnetic circular x-ray dichroism ommplitudes for both harmonics. With these field-detector
magnetization measurements to investigate interfaces amgometries, one easily confirms that in our samples all hy-
to extract information about the averaged moments gperfine fields are along the [1 1 0] axis in the plane of the
the interface [3,4]. We use perturbed angular correlatiomultilayer.
(PAC) spectroscopy [5] to study the hyperfine fields in Figure 2 shows room-temperatuRdé:) spectra for one
Fe/Co superlattices, and we link the measured hyperfinef the multilayers together with a fit to the data. Similar
fields to a microscopic model for the magnetic momentsspectra were taken on all samples at various temperatures.
in each layer near the F€o interface. The inset in Fig. 2(a) shows the Fourier transform (FT)

The samples reported on are molecular-beam epitaxgf an experimental curve. Since the FT is calculated
(MBE) grown under the same conditions as in [6]. Theyfrom a finite time domain (400 ns), it only gives an
are of the form(1 —10)-GaAs/Fe 200 A/(Co/Fe),, with idea of the frequency components of the experimental
a Co thickness of 20 A and Fe thicknesses of 10, 25, anft(s) ratio. TheR(r) itself, however, is the interference
40 A. As in [7], we monitored the quality of the lattice pattern of all present frequencies. It is a complex signal
during growth with reflection high energy electron diffrac- of which the apparent period and amplitude may vary with
tion, and after growth we checked the multilayer structurgime. Its frequency content is found Higting it to well
with x-ray diffraction (XRD). For the PAC experiment we known theoretical curveis time domain.When, as in the
implanted trace amounts of 80 ke\WWin atoms (probes) experiments below, a large number of periods is available
into the multilayers. lons are stopped in the bulk of thein the R(r) spectrum, then the fit is extremely sensitive
layers as well as near the interfaces: Individual mono-
layers are not populated selectively. A PAC experiment
results in a time dependent anisotropy rati@) which is y i
obtained as described in [6]R(¢) typically is a superpo- a)
sition of periodic components, each characteristic of one G == ST =7
probe environment. For pure magnetic interactions those &i A |

q

components contain a Larmor frequency together with its
second harmonic. It is proportional to the hyperfine field
characteristic of the probe’s site. The orientation of the

hyperfine field relative to the detectors determines th‘?:IG. 1. Schematic drawing of the double PAC spectrometer.

relative amplitude of th? harmonic_s. Four detectors are at 9@ngle with each other both in a vertical
Our PAC setup consists of two independent spectromeand a horizontal plane. The arrow shows the special hyperfine
ters incorporated into each other, as in Fig. 1. For a singléeld orientations (a) and (b) relative to the detectors.
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FIG. 2. TDPAC spectra as taken on one of the multilayers (Fe 40 A). The data points are at the centers of the displayed error
bars. (a) Field geometry as in Fig. 1(a) vertical plane: All hyperfine fields are perpendicular to the detector plane. A Fourier
transform of experimental data is shown in the inset. (b) Field geometry as in Fig. 1(a) horizontal plane. (c) Field geometry as in
Fig. 1(b) horizontal plane; partial spectrum with start detector aligned with the hyperfine field. (d) Field geometry as in Fig. 1(b)
vertical plane.

to small field shifts. Hence we determined field valuesfactor of —0.306 for *1Cd. For the thinnest sample, 75%
from spectra as the one in Fig. 2(a), where only secondf the probes (60% for the thickest one) is found in the

harmonics occur by fitting the experimental spectra to
T o ;o 1
R(1) = A D fi(cos2vit)* ex;{— 50}#)_
i=1
eff

The effective anisotropys, for our setup is—0.12, n

is the number of probe siteg; is the relative fraction of
site i, ando; is proportional to the width of the Gaussian
distribution on the Larmor frequenay, characteristic of

sitei. Spectra taken for other field geometries as the one
in Fig. 2(b), 2(c), and 2(d) are used to cross check the fi

results.
In the final fit model, each spectrum is fitted with eigh

purely magnetic probe sites. It is the simplest model tha

accounts for all ther(r) spectra (36) taken on the dif-

ferent samples in a consistent way. Omitting one com

ponent results in misfits that occur systematically in th

broad field distributiond ¢, andAg.. These cause the fast
decay of the anisotropy curve’s amplitude in the first 50 ns
of Fig. 2(a) but do not contribute beyond this point. They
result from many microscopically slightly different probe
environments. Since the mean fields of these distributions
are between the ones for Cd in bulk Fe and bcc Co and
because their fractions are proportional to the interface
density (/A, with A the bilayer thickness), we assign
them to probe atoms in a mixed FeCo environment at a
iffuse interface. Two other contributions, undoubtedly
om their hff, originate from probes in pure bcc Fe and

(pure bcc Co [6], and for each of them we find two

dditional satellite fields. These latter six fields are sharply
efined (for these sites; = 0): The amplitude of the
R(z) in Fig. 2(a) does not decay between 50 and 300 ns,

thus excluding a spread on the field values. The beating in

) ; N%his part of the spectrum allows one to resolve the satellite
different spectra. Alternatively, one may try replacing

one or more components by a combined magnetic dipole

and electric quadrupole interaction. Although, under suchaBLE I.  Experimental magnetic hyperfine fields,) and
assumptions, reasonable fits are obtained for a singl@eir Lorentzian distributionss( for the different probe sites.

spectrum, the spectra taken in complementary. fleld_ 9€%z cure  Bhf (T) o (%) Stucture Bhf(T) o (%)
metries cannot be fit consistently. Hence combined inter
actions do not occur in the spectra, and the fit model isPcc Co  16.13(6) bec Fe  38.11(3)
unique [8] Cosatl 15.6(1) Fesatl 38.7(2)
: osatll 17.2(2) Fesatll 39.8(3)
We calculated the room temperature mean values of the Ao, 187(7)  8.7(7) A 36.(4) 21.(1)

hff at the different probe sites listed in Table | using a
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fields even though their fractions are of the order of 5%-transferred hyperfine fieldB;¢) at a diamagnetic probe
10% only. The satellite fields are reproducible within 1%.as '1Cd is the sum of a negative term due to the
For the CdFe and CdCo fields, the reproducibility is betteiconduction electron polarization at the probe digs)
than 0.5%. The satellites correspond to bcc Fe or bcand a term with opposite sign due to the shielding of the
Co alike configurations. Since there is no distribution orexcess charge by the valengeelectrons near the probe
guadrupole interaction on these fields, they cannot resufitom(B,):
from the diffuse interface or from step positions at a sharp B —Bs + B
interface or from defect sites. (A cubic defect as the one hi % v
in [9] is improbable for bce structures and would involve Here Bs is the sum over the field contributionsB; at
a larger field shift relative to the bulk CdFe and CdCothe probe site induced by atomsof the surrounding
fields.) Therefore the satellite fields are assigned to probkattice. The field shift induced per Bohr magneton of
atoms either in Fe or in Co layers in plateaus nesihap the polarizing atom(AB;/ug) depends on the distance
interface. A well defined interface is also evidenced by thebetween the probe and polarizing atom, hence its shell
XRD experiments, clearly reflecting the bilayer period asnumber (n) relative to the probe. The moment of the
shown in [7]. Finally, it is possible that, due to radiation polarizing atom, however, depends on its layer number
damage, a limited fraction of the probes ended up in ill(L) relative to the interface. Table Il lists, for thfenn
defined defect sites. These may contribute to the missinghells around the probe atom in(a —10) oriented bcc
fraction(=10%) or to the large frequency distributiods.. lattice, the number of atoms that are found in ik layer
andAc,. above (below) the one containing the probe atom. Using
The experiments thus evidence a structure model inthis table we can, for any given moment configuration at
cluding both diffuse and sharp interfaces. When the multhe Fg/Co interface, calculat®s at the Cd probe in any
tilayer is grown, first a bcc-Fe buffer of good crystal layer near the sharp interface as
quality is deposited. It is a well documented fact that AB.i:
the Co deposited on top of this buffer layer, grows pseu- Bs = Z 220y ML) s
domorphically on Fe in a bcc phase up to a thickness of i

10 A. Beyond this thickness, Co grows in a mixed fcc-\yhere the first factor is determined by the shell number
hep structure. Only when Fe is deposited on top of they the polarizing atom relative to the probe, and the sec-
Co is the upper part of the layer forced back into a bcgng by the number, relative to the interface, of the layer
structure [7]. Because of the lattice mismatch betweef, \which the polarizing atom is contained. In practice,

the two phases, resulting in many defects in the mixegne calculate®s by summing over the first few nearest
fce-hep structure, this phase transition is likely to be in-pejghbor(nn) shells.

duced by interdiffusion of the Fe into the Co, creating a \ve calculated theAB,/us values in Table Il from
mixed FeCo phase. This growth model explains the cofig|d-shift values in [6] and [11] through rescaling to
existence of both sharp (Co on Fe) and diffuse |nterface§;d_probe atoms [11] and normalization to the magnetic
(Fe on Co) in one sample, as shown in Fig. 3, eventually,oments of bulk Fe and Co, respectively. For Cd in Fe
consistent with the®Co NMR work by Panisso@t al.  we calculates, by subtractingss for Cd in bulk Fe from
[10]. We stress that the sharp interface is not necessarile total hf known from experimenBte = 9.6 T. For
flat: The experiments indicate only that plateaus are large:q in Co the estimated value from [6RCO = 14.5 T,
enough to allow for well defined hyperfine fields. is used. We recall thaB, is determined mainly by the
We use the Stearns model for the hff [11] to implementaioms in the firstun shell which, for a(1 —10) bec

our experimental field values. Within this model the |attice, only has atoms in the layer of the probe and in its

%////////é//é//{/////% re urber(Z) relaive to tho layer of he probs and as a funcion

77| EeCol/ CoFe }Dim,se of the nearest neighbor shell numke). Conduction electron
o p;)larizatijon contrfibut(i:c:jns tlc; the dhypeéfine fi;ald itn Teslfat rE)er
L = atom and pernup for in Fe and in Co as functions of the
%//////////////////////% Fe sharp shell number. ’
m FeCo / CoFe }Diffuse Probe Fe Co
Co L el —I 0 | ] AB,/up AB,/up
7 ——=Shapp n (T/ws) (T/ws)
// / . 1 2 4 2 394 271
2 2 2 2 —0.89 —1.69
% 3 1 4 2 4 1 0.79 0.55
) 4 4 6 4 6 4 0.20 0.38
FIG. 3. Model for the structure of the F€o multilayer as 5 2 4 2 0.10 ~032

derived from the present data.
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adjacent layers. Therefore we only need a new estimate
of B, for the first Fe and Co layer at the interface. A
first approximation is made by normalizing thg, for

Fe and Co to the number of Fe and @e. This yields

B, = 10.8 T for Cd in the first Fe layer anft, = 133 T

for Cd in the first Co layer at the interface.

With this model and the available data on thei/b
atomic shells, we fit magnetic moment profiles in Fe and
Co near the sharp interface. Starting from a configura-
tion in which all Fe and Co layers have the bulk moment,
2.20up for Fe andl.65up for Co, we calculateB, for
six layers at both sides of the interface. We defirfeas
the sum of the squared differences between the calculated
fields and the closest experimental field. Consequently;!G. 4. Magnetic moment profile in Fe and Co near the
¥ is minimized by varying one or more moments near thel! ~10) F€&/Co interface.
interface. This was done for all configurations with less
than six free moments near the interface. We find a probelpful collaboration in the initial stage of this work and
nounced minimum fol? by varying three moments in Fe for the benefits from the use of their analysis routine.
and two moments in Co, consistent with the interpretationThis project was financially supported by the Belgian
by Pizzini et al.[3] of older magnetization experiments. Concerted Action (GOA), the University Attraction Poles
We remark that the field of Fe satellite | (Table I) was not(UIAP), and the Interuniversitar Institute for Nuclear
found in our fit. Instead, the field for Cd in bulk Fe was Sciences (IIKW) programs. J. M. is supported by the IWT
fitted for the first and third Fe layer at the interface. ForFoundation, Contract No. 943054.
the model to distinguish between these two, it would have
to be accurate within 1%, which is beyond the precision of
the hff model. The resulting magnetic moment profile of )
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