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New Approach for Range Measurements of Induced Magnetic Interactions in Pd
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Induced long-range magnetic interactions in Pd single crystals covered with ferromagnetic
are observed in perturbed angular correlation measurements applying monolayer-resolved sam
preparation. The100Pdy 100Rh probes sense magnetic interactions even seven atomic layers away fro
the Ni-Pd interface. The results are interpreted assuming fluctuations of magnetic moments stron
interacting with the100Rh nuclei. [S0031-9007(96)02061-3]

PACS numbers: 75.30.Hx, 75.70.Cn, 76.80.+y
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The range of the magnetic polarization in the stron
exchange enhanced metal Pd in contact with Ni was
vestigated in a pioneering magnetometry experimen
early as 1984 [1]. As the most probable interpretati
the authors attributed the additional magnetic momen
Pd, although they could not decide from the bare exp
mental results whether it is actually located in Ni or P
Meanwhile, the existence of ferromagnetic polarization
magnetic-layer systems with only a few monolayers (M
Pd deposited on ferromagnetic substrates (Fe, Co, N
experimentally well established and theoretically trea
[2]. The lattice parameters of such ultrathin Pd lay
differ from the bulk value as a consequence of epita
growth. This can influence the magnetic properties c
siderably [2,3]. When the surface of Pd with bulk latti
parameters, e.g., of a single crystal, is covered with a
of a ferromagnetic material (Fe, Co, Ni), neither the nat
(static or fluctuating moments) nor the range of induc
magnetic interactions are well known from experimen
since such a system is hardly accessible to many con
tional experimental methods.Ab initio theoretical treat-
ments of such systems are available, however [4].

The present experiment offers a new approach for ra
measurements of induced magnetic spin polarization
Pd. The further aim is to determine the nature of
polarization in Pd with minimized disturbance of the la
tice parameters. Ideally, the only wanted disturbanc
the magnetic influence by the ferromagnetic coverage
have chosen isoelectric Ni. For a quantitative range m
surement preferentially a monolayer-resolving method
to be applied. For this purpose the perturbed ang
correlation (PAC) method with radioactive111Cd probe
nuclei has recently been introduced [5]. We have
lected 100Pd decaying to100Rh as probe nuclei. Th
cleanpreparation and controlled deposition of radioact
100Pd probe atoms on Pd surfaces (avoiding other c
taminations) were achieved within the present experim
[6]. Thus another transition-element probe (besides
Mössbauer probe57Fe) is available for microscopic in
vestigations of magnetic multilayer systems.100Pdy100Rh
as a PAC probe is of special importance, because it
be used as an extremelydiluted impurity as well as a
0031-9007y97y78(2)y342(4)$10.00
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self atom. This opens the field for local investigatio
of surfaces and interfaces of 4d elements or of composite
3dy4d-element multilayers.

In short the experiment is described as follows:100Pd
atoms (1023 1024 of a ML) were deposited on the sur
face of Pd and a number of ML of Pd and Ni was grown
top, consecutively. The short range of the hyperfine int
action provides ML resolution; the long penetration ran
of the gamma radiation allows measurements in any de
of the sample. The 4d-element probe100Rh can thus be
used as a sensitive probe forlocal detection of a possible
long-range magnetic interaction in Pd induced by the fer
magnetic Ni coverage. The surfaces of the single cry
Pd(111) samples (disks of 13 mm diameter and 0.5 m
thickness) were prepared by repeated argon sputtering
annealing at 1000 K. The surface purity and structu
were controlledin situby Auger-electron spectroscopy an
LEED. The 100Pd activity (T1y2  3.6 d) was produced
at the KFZ Karlsruhe, and chemically separated and p
fied at the HMI as described elsewhere [6]. It then w
transferred into the UHV chamber ASPIC (Apparatus f
Surface Physics and Interfaces at CERN; the chamber
located at the HMI during the construction of the new ma
separator ISOLDEyCERN), base pressure of2 3 1029 Pa.
By several steps of fractional evaporation [6] the activ
was deposited on the Pd surface atT  295 K and atomic
layers of Pd and consecutively of Ni were grown on t
of the radioactively marked Pd layer by molecular bea
epitaxy, calibrated by medium-energy electron diffractio
The complete experiment was conducted without break
the UHV.

The g-g coincidences of the 84–75 keV casca
in 100Rh [7] were measured with four BaF2 detectors
(90±y180± arrangement) in a plane perpendicular to t
sample surface. The isomeric intermediate nuclear s
(spin Ip  21; lifetime tN  310 ns; electric quadrupole
moment jQj  0.151 b [8]; magnetic moment m 
14.23mN [9]) has a nuclear anisotropy coefficient o
A22  0.175 [7,10]. Experimentally theA22 coefficient is
deduced from the ratio function of the count rates (C)

Rstd  2fCs180±d 2 Cs90±dgyfCs180±d 1 Cs90±dg , (1)
© 1997 The American Physical Society
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3
2 Aeff

22 (finite detector angle effect taken in
account in Aeff

22 ). The angular correlation is disturbe
if electric field gradients (EFG) act onQ or magnetic
hyperfine fieldssBhfd on m [10]. These static hyperfin
interactions lead to an oscillating perturbation [11].
the case of a staticBhf, the time dependent count rat
Cstd are modulated involving the Larmor frequencyvL 
gN mN Bhfyh̄; no external magnetic fields were appli
in our experiments. In the case of rapidlyfluctuating
magnetic interactionssøtN d no oscillating perturbation
pattern will be measured and the fit function for Eq.
can be written asRstd 

3
2 Aeff

22 exps2lDtd, i.e., only
a reduction of the anisotropy with time is observe
According to Abragam and Pound [12]lD is given in
the simplest case as

lD  tcv2
s 2SsS 1 1d , (2)

with vs being proportional to the interaction ener
between the ionic spinS of the probe and the nuclea
moment andtc the relaxation time of the electronic sp
regarded as a correlation time.

The PAC time spectra, according to Eq. (1), are c
lected in Fig. 1. Figure 1(a) shows the result for the n
magnetic sample where on top of the Pd(111) surfa
doped with1023 ML of 100Pd, 3 ML of Pd were grown
Because of the cubic symmetry in fcc Pd, a const
Rstd is expected; the slight damping can be caused
a broad EFG distribution due to nonperfect layer grow
but obviously the majority of probe atoms is located
regular lattice sites. The spectrum in Fig. 1(b) was
tained after covering the above system with 5 ML of N
Ni of this thickness is ferromagnetic atT  295 K [13].
The Rstd function decays rapidly within,5 ns to zero
and no oscillations are observed, in contrast to bulk
Fig. 1(c). Thus100Rh serves as an indicator for an i
duced long-range magnetic interaction in Pd. For
decision whether these induced interactions are of s
character (very highBhf producing Larmor frequencie
beyond the electronic time resolution) or of dynamic ch
acter, according to Eq. (2), we have performed two f
ther experiments. In order to examine the possibility
static fields in thick Pd, the100Pd ions were positione
7 ML away from a 2 ML coverage of Ni with a lowe
TC. At this depth in Pd a possible staticBhf at the 100Rh
probe nuclei should be considerably reduced, espec
close belowTC. No magnetic interactions are observ
at 295 K [Fig. 1(d)]. A reduction ofRstd with tempera-
ture starts atT ø 150 K. No oscillating perturbations
are observed at any temperature [Fig. 1(e)], but the ef
tive nuclear anisotropy is increasingly reduced with
creasing temperature until at 90 K the time spectrum
Fig. 1(f) [indistinguishable from 1(b)] is obtained. Th
behavior was reversible, i.e., at elevated temperature
again measured spectra like the one in Fig. 1(d) in
same sample. In Ref. [1] the magnetic moment of
whole NiyPd sample was measured, and its increase
)
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FIG. 1. PAC time spectra of100Pdy100Rh, positioned in
NiyPd-layer systems as sketched on the right hand side
each spectrum. All spectra were taken with an electro
time resolution of 1.0 ns. For graphical reasons the data
compressed. Solid lines in (a) and (d) are exponential
accounting for broad distributions of weak EFG’s (see te
In order to keep the100Pd probe atoms in position no annealin
was performed. In the data of (b), (e), and (f) no oscillatio
could be detected. For comparison, our PAC spectrum w
magnetic oscillations for100Rh in the bulk of Ni is shown
in (c) (different scales) corresponding to the known value
Bhf  20.2 T [22]; the fit is taken from Eq. (1) including
the Larmor frequencyvL [23]. In (b), (c), and (e) Fourier
transforms (in Gradys) of the raw data are inserted.

attributed to the formation of moments in the added
layers. With our local investigation we found the pro
that there is induced magnetic interaction in Pd up to
least seven atomic layers away from the Ni coverage.
order to explain the reduction ofRstd by a staticBhf one
has to assume extremely highBhf values¿30 T (with a
broad distribution) which is not supported by any mome
calculations [3,14]. We consider the development in ti
of Rstd as a result of fluctuating100Rh moments cause
343
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by induced magnetic interactions. For the relaxation r
lD we can give a lower limit due to the time window o
our experiment. From the spectra in Figs. 1(b) and 1
we obtainlDs100Rhd . 1 3 109 s21 for the magnetic 4d
probe100Rh [Eq. (2)].

A complementary experiment was performed with t
nonmagneticsp-element Cd (m  20.765mN [7]) po-
sitioned in Pd as in Figs. 1(a) and 1(b). This exp
iment was performed in ASPIC at the mass separa
ISOLDEyCERN [15] with the PAC probe111mCdy111Cd
using a similar procedure as described elsewhere [
The results are shown in Fig. 2: No magnetic oscil
tion of 111Cd and thus no static magnetic hyperfine fie
is observed at this probe position in thick Pd. Con
quently, a possible hypothesis that intermixing of the
terfacial layers during the evaporation of Ni on Pd(11
causes a (ferromagnetic) alloy is not supported by this
sult. Furthermore, a possible staticBhf would be less than
0.01 T, considerably smaller as expected from the val
BhfsCdd  7 T in bulk Ni andBhfsCdd  4 T in one ML
of Pd on Ni [17] [compare Fig. 2(c)] along with momen
calculations [14]. We conclude that already in the th
ML of Pd the moments of the Rh probes [Fig. 1(b)] a
fluctuating rather than their nuclei being subject to stro
static magnetic hyperfine fields. Aspects of fluctuati
magnetic moments in Pd were discussed in Ref. [3]
Fe-Pd-Fe trilayers with Pd exceeding 4 ML.

In the interpretation of the results we regard param
netic Pd as a strongly exchange enhanced metal n
reaching a Curie temperature. From earlier PAC
periments [18,19], applying external magnetic fields,
is known that in pure paramagnetic Pd the local m

FIG. 2. PAC time spectra of111mCdy111Cd [16] in Pd as
indicated on the right; compare Figs. 1(a) and 1(b). No st
magnetic hyperfine fields causing oscillations are observe
the sp-element Cd, when thick Pd is covered by 12 ML
Ni. For comparison, a PAC spectrum of static magnetic (a
electric) hyperfine interactions of111Cd positioned in one ML
Pd on a Ni single crystal in zero external field is shown in (
taken from Ref. [17].
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ment of Rh probes (interacting with their nuclear mag
netic moment) is rather unstable with a high spin fluc
tuation temperature of 220 K. The correlation time
tc are too short to affect the nuclear alignment an
no damping ofRstd was detectedslD , 2 3 105 s21d.
Recently it was shown that the spin fluctuation rate
of Rh in Pd are strongly suppressed in the presen
of diluted polarizing magnetic impurities (PdFe above
Tc) [19]. Furthermore, the nature of the interaction be
tween the 100Rh impurities and the polarized Pd hos
via the d-d interatomic exchange interaction was dis
cussed comprehensively. We apply this knowledge
the present experiment and write Eq. (2) explicitly a
lD  2smN yh̄d2g2

N Bs0d2tcsS 1 1dyS [mN : nuclear mag-
neton,gN : nuclearg-factor,Bs0d: magnetic hyperfine field
at T  0 K] obtaining a spin fluctuation ratet21

c included
in the compilation of Table I. In addition, for Ni above
TC we show the rates of100Rh, taken from Ref. [20]. In
Ref. [20] also a comparison to the spin fluctuation rate
as they are obtained in neutron diffraction experimen
in Ni sT . TCd, was attempted; in Table I we have in-
serted such a result using more recent data [21]. Fro
this compilation it can be seen that the value for the N
Pd interface is extremely small. We compare Pd with N
in the ferromagnetic and paramagnetic phases. In co
tact with Ni, Pd “borrows” theTC from ferromagnetic
Ni when only a few ML of Pd are grown on Ni. The
spin-aligned Ni ions try to align the Pd ions by exchang
interaction and the conduction-electron polarization su
ceeds in astatic alignment of the Pd moments [1,17]. If
Pd is thicker, as in our experiments with a single crys
tal, the aligned Pd spin ensemble becomes larger but u
stable against the alignment with Ni. We obtain (pre
sumely collective) extraordinarily slow fluctuations of the
magnetic moments (deduced from our measurement
t21

c # 1 3 1010 s21) at least in the range of three up
to seven atomic layers away from the ferromagnetic N
They are comparable to the fluctuations in Ni aboveTC

[20,21], where the spin clusters become larger and t
fluctuations slower, the closerTC is approached. In our
Ni-Pd system the spin clusters might be even consi
erably larger, which seems plausible in a layer syste
for geometrical reasons. Additionally, there is the es
sential difference that in the Ni-Pd system a preferenti

TABLE I. Selected paramagnetic spin fluctuation rates.

System t21
c fs21g Ref.

100Rh in NiyPda #1 3 1010

100Rh in Pd (pure) 4 3 1013 [18,19]
100Rh in Pd (2% Fe,T  120 K) 2 3 1012 [19]
100Rh in Ni sTC 1 0.1 Kdb 3 3 1012 [20]
Neutron scattering in NisTC 1 30 Kdb 3 3 1011 [21]

aBs0d  20 T was taken as in [19].
bMeasurements closest toTC are taken.
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orientation with respect to the static Ni moments remain
In the first few Pd layers, which are close to the ferroma
net, thenetmagnetic moments add (due to the preferent
orientation) to the magnetic moment of the ferromagne
layer, keeping our experiment in agreement with Ref. [1

Calculations on eithervs or tc [Eq. (2)] could yield
deeper insight into the fluctuation process.
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