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Static Magnetic Hyperfine Fields in Magnetically Polarized Pd
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In magnetically polarized ultrathin Pd films with (111) orientation, grown on a Ni(001) single crystal,
static magnetic hyperfine fields were measured at the interface using perturbed angular correlation
spectroscopy. The structural arrangement of the Pd atoms with respect to the Ni substrate differs
from one Pd atom to the next, leading to varyid-4d electron hybridizations. This gives rise
to a broad distribution of magnetic hyperfine fields at Rh nuclei, seen in experiments with the
self-element probd®Pd/Rh, while discrete field values were found for the voluminous impurity
probe'Cd. [S0031-9007(98)05565-3]

PACS numbers: 75.70.—i, 73.20.Hb, 76.80.+y

Magnetic interactions indtelectron elements (e.g., Ru, ' 1.LEED

Rh, Pd) in contact with ferromagnetiod&lectron ele- @? refex

ments (Fe, Co, Ni) are the subject of numerous investi- i .‘-','-'!‘ Nispots |
gations [1-4]. Theoretical approaches for sele@iédd .."i M 8

element systems are available (e.g., [5,6]). Because of it: .'..,.-.. e
importance, the influence of structural properties on mag- L - \.‘_\""“’ ¥
netic characteristics in ultrathin-layer systems is of high o o o qiexzPa

interest (e.g., [7—9]). Induced magnetic momentsdn 4
element layers were found only in the immediate neigh- |
borhood of the interface, but recently it was shown that Ni
inducesfluctuatingmagnetic moments ibulk Pd up to at

-
Q0@ oo

multiple diffraction and
corrugation spofs

least 7 monolayers (ML) away from the interface [10]. 2. Model of Ni(001)c(16x2)Pd, 1/2 unit cell
The present experiment was undertaken to investigate
the formation ofstatic magnetic moments ithin layers top view S0 aERRpOI

of Pd (with deviating lattice parameters) evaporated on a H
ferromagnetic substrate. In particular, the measurement— — H
with submonolayer resolution—of magnetic hyperfine E‘
fields (Byt) in ultrathin Pd grown on a single crystal of g
Ni in correlation with the influence ofocal structural
properties is the subject of this work. We used radioactive SRR e
atoms as probe€®Pd " Cd [11], experimental details . hollow site bridge site
in [10]) and applied the perturbed angular correlation |
spectroscopy (PAC) for the measurement of combined = .(.'*q g .. ! r1 !
electric and magnetic hyperfine interactions. The PAC | = 2900000 CGOO
time spectra were measured in a 4-detector array anc
the interaction frequencies were deduced from the ratio _ (0
function R(r) of the count ratesC (angles between the FIG. 1(color). LEED investigation of a single monolayer
detectors in degrees), given as Pd on Ni(001); (top) LEES as observed gand schen¥atic
R(t) = 2[C(180°) — C(90°)]/[C(180°) + C(90°)]. (1)  representation. (center) First half of &16 X 2) unit cell
All experiments were performed in the UHV chamberPd (red) on Ni(001) (blue) with a pseudohexagonal structure
ASPIC (Apparatus for Surface Physics and Interfaces d¥/€llow array). The produci X b = 2.66 X 4.98 = 13.2 A

. 9 approaches the value for bulk Pd(111)3.1 A%, a(Ni) =
CERN [10]) with a base pressure 8fX 107" Pa. NO 549 A “|nserted is the radioactive impurity!™Cd (green), its

contamination by the residual gas was detected by AEgosition is deduced from the PAC measurements. (bottom) A
(Auger electron spectroscopy) during the measuring timegualitative corrugation of the Pd coverage within the unit cell.

b= 4988 (4.764)
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for the PAC spectra, 12—24 h f§°PdT,,, = 3.7 d) and Incorporating radioactivé®’Pd atoms into the single
2-3 h for "'"Cd(T,,, = 49 m), where 2—3 activation ML of Pd with (111) orientation on a single crystal of
cycles were necessary for each of the spectra in Fig. 3. Ni(001), a similar—but not identical-s ¢ ('°°Rh) should
In a first experimental step we determined the structureontribute to the PAC time spectrum. Along with the ad-
of Pd layers grown by molecular-beam epitaxy (MBE) onditional magnetic hyperfine interaction with the Larmor
single crystals of Ni(001) [12]. The LEED investigation frequencyw; = gyunBne/h (gy nuclearg-factor, wy
revealed that Pd grows with (111) orientation on Ni(001)nuclear magneton; no external fields were applied) a com-
(details in Fig. 1, lattice parameters in Table 1). bined interaction frequency, = w.(wg, wr) [13] is
In the next step we applied the self-element probeexpected. However, in th€°Rh PAC time spectrum of
100pd (decaying to'°Rh) in a PAC experiment for an our experiment [Fig. 2(B)] the amplitude of the frequen-
investigation of local magnetic properties in one ML cies disappeared within a few nanoseconds. We like to rule
Pd on Ni. In order to differentiate between magneticout that this is a result of a stromy,¢ value in conflict with
and electric hyperfine interactions, we first performedthe time resolution, since the experiment was designed to
a PAC experiment with'®Pd in the topmost atomic measure values up to 30 T, which is 150% of the value
layer of a (honmagnetic) single crystal of Pd with (111)measured for Pd in Ni bulk [14]. The explanation of this
orientation. The electric hyperfine interaction frequencyeffect can be deduced from a closer inspection of Fig. 1.
wo = eQV_. /[4I(2] — 1)i] is essentially given as the Any Pd atom in comparison with any neighboring Pd atom
product of the nuclear quadrupole mom@dt = 0.151 b has a different structural arrangement with respect to the
[10] and the electric field gradient (EF®), arising from  Ni atoms. Consequently, the hybridization of the-&i
the nonsymmetric environment at the probe in the surfaceslectrons, responsible for the magnetic polarization of Pd,
In Fig. 2(A), the ratio function of Pd/!°Rh in the  will be different from one Pd to the next. This results in
topmost layer of Pd(111) is shown. This is the first mea-a multitude of differentBy¢ values at the Pd sites within
surement ofwy(!Rh) in a surface layer. Fittingnp  the unit cell. As a self-element atof)Pd unselectively
to the data of Eq. (1), the quadrupole coupling constanbccupies any site of the unit cell; statistically, there is one
was determined asy = eQV,./h = 22.3(2) MHz [lead-  probe atom per 30 unit cells. The spectrum in Fig. 2(B)
ingto|V..| = 6.1(2) X 107 Vem 2 atT = 295 K] with hence reflects a broad distribution of (strong) st&tjgs in
an asymmetry parameter = 0 and thez axis of the EFG  combination with (weak) electric interactions. In Fig. 2(C)
pointing in the direction of the surface normal. some simulations of. are shown. A comparison of the
two experiments on Pd(111) and on Ni(0Q1)6 X 2)Pd
Time [ns] leads to the conclusion that a single ML of Pd on Ni(001)
0 100 200 300 is magnetically polarized with lacal variationof induced
R(t) A) 5 ’ static magnetic moments. The remote possibility that the
result of the°Pd experiment, shown in Fig. 2(B), might
. W be caused by fluctuatingnss as in bulk Pd [10], could
44 definitely be excluded by the following experiment.
i We chose the metallic impurity}!”Cd/!''Cd as a PAC
300 probe [15] which was delivered by the mass separator
ISOLDE/CERN [16]. The results of thé!Cd PAC mea-
surements are summarized in Table | and the correspond-
: ing time spectra are displayed in Fig. 3.
. et . & First,'!'"Cd was incorporated into the topmost layer of
O‘O'WW Ni(001) by evaporating% ML Ni on a single crystal
? by MBE techniques, consecutively adding * ML of
0 the radioactive probes, and then completing the ML Ni by

a MBE, all processed at 295 K. The same procedure was
O'IMMMW‘“NJVW l repeated with MBE of Pd on the Ni substrate.
WMNWMMW The data [of Eq. (1)] for Ni(001) were fitted [Fig. 3(A),
0.0fpaw solid line] including combined interaction frequencies
b and allowing for several fractions of probes at different
015 2 00 50 posit_ions [13]. The data co_uld _be fitted by only two
Time [ns] fractions [separately shown in Figs. 3(Al) and 3(A2)]:
FIG. 2. PAC i tra OOORh (A) in the t 0 Substitutional terrace-site and step-site occupations, re-
. L. Ime spectra In the topmost layer i i i ifi
of a single crystal of PA(111): the data are fitted with only, spectively, which are identified by the EFG parameters

(B) in the adiayer of Pd(111) on Ni(001), different time seale. (Table 1). Our results confirm earlier measurements [17]

(C) Simulations, taking the EFG as measured in (A), combinednd yielq additional data. o
(curve a) with By; = 10 T (5 of By for '°Pd in Ni [14]); For Ni(001)<(16 X 2)Pd we found similar results. The

(curveb) with a broad distribution oBy¢s around 5 T. Byss(Cd) are in plane as in Ni(001). In a remarkable
2722
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TABLE I. Hyperfine-interaction parameters frofHCd PAC measurements.

Systent Fractior? B¢ |v..|¢ | B¢l
(Lattice parameter [A]) (%) (deg) (10" Vem™?) (M
Ni bulke (2.49) >50 . 7.2(1)
Topmost layer Ni terrace 15 0 8.2(2) 3.5(4)

step 25 35(8) 7.3(3) 3.9(4)
0.5 ML Pd (2.66Y step 70 54(4) 7.3(3) 3.3(3)
1 ML Pd (2.66Y terrace 15 0 10.9(2) 3.9(3)

step 20 58(8) 7.4(2) 3.3(3)
Topmost layer of terrace 50 0 10.6(3) 1.2(4)
2 ML Pd (2.70) step 10 58(8) 7.5(3) 3(1)

aAll measurements are performed on Ni(001) between 270 and 300 K.

bListed are the fractions of probes with well-defined hyperfine-interaction frequencies; the-5€$t) is positioned at imperfec-
tions with a broad distribution o¥,, and By; values. Best layer growth of Pd (quality of LEED spectra) was obtained at 270 K
(explored range: 100-400 K).

°Angle of the EFG deviating from the surface normal.

“with 9("''Cd) = 0.83 b [11].

€Taken from [20],7 — 0 K.

fIn agreement with [17].

9In [0—11] direction the Pd coverage adopts the lattice parameter of Ni.

PApproaching the Pd bulk lattice parameter (2.75 A), the values for the terrace positions approach the vélug = 10.2(2)X
10" Vecm~2 measured for a single crystal Pd(111) [15].

In agreement with nonsubstitutional step sites [15]; values are less dependent on the lattice parameters.

contrast to our experiment with°Pd, here we obtained for both step positions [Figs. 3(B2) and 3(C)] are indistin-
discrete valuestBy;(Cd)| = 3.9(3) T for the occupation guishable, although the immediate local environments are
within the terrace an{B,:(Cd)| = 3.3(3) T for the (non-  different. Incorporating the probe atoms into the topmost
substitutional) step-site position [18]. Within the time of two ML Pd on Ni(001) [Fig. 3(D), [18]], a consid-
window, given by the half-life of the nuclear state, almosterably reduced field,By¢| = 1.2(4) T, was measured for
no damping of the amplitude is observed, indicating thathe substitutional terrace position.
the probes are located at sites with almost no lattice distur- Within this study we present the first measurements of
bances. Either thep-element Cd senses the saBg at  static magnetic hyperfine fields in ultrathin films of the
any position in the Pd layer or the incorporation ofiam  strongly exchange-enhanced-dlement Pd. The exis-
purity in Ni(001)-c(16 X 2)Pd results in a selected occu- tence of these fields can be understood as a consequence of
pation of preferential or even uniform sites within the unitthe induced magnetic order in Pd. In the first experiments
cell. In Fig. 1, bottom, a possible corrugation of the Pdon the Ni/Pd layer system [19], the formation of static mo-
atoms is modeled qualitatively. Presumably, Cd prefersnents was anticipated, meanwhile, however, it was shown
bridgelike sites rather than hollowlike sites because of it$or thicker Pd systems that the induced magnetic moments
larger size. Its high mobility at surfaces (at 295 K) [15] become unstable [10]. The absolute valuegf at'!'Cd
enables Cd to occupy such sites during the process of thie the Pd adlayer is tentatively even stronger as compared
sample preparation. with the value in the topmost layer of Ni, indicating that the
The separation of the two fractions [substitutionalmagnetic polarization is rather strong in the isoelectric Pd
terrace-site occupation, Fig. 3(B1) and step-site occupdayer with direct contact to Ni. At a comparable position
tion, 3(B2)] could easily be checked by growing 0.5 ML in the Ni/Cu systenBy; is zero [20]. The strong polar-
of Pd on Ni(001). The LEED investigation showed theization in the adlayer propagates the polarization into the
formation of unit cells with the same parameters and thesecond Pd layer with a smaller, although still measurable
same (111) orientation as was found for the complete Mlvalue. Although at present no calculations are available
Pd. However, at this fractionally covered surface, thefor magnetic hyperfine fields in spin polarized Pd in con-
number of step positions available for the probe atoms hathct with Ni, we can compare our results with theoretical
increased tremendously, and the majority'd€d probes estimates for the gradient from atomic layer to atomic layer
occupied step sites as reflected in the combined interaof induced magnetic moments in Pd calculated for a Fe/Pd
tion frequency [Fig. 3(C)], already found in Fig. 3(B2). system. Forthe second atomic layer the moments decrease
The spectrum shows a stronger damping, which is exto =30% [5]; our study quantitatively substantiates these
pected considering the roughness: Slight differences ipredictions for terrace positions.
the island growth cause a slight distribution Bfrs and Using the different characteristics of the self-element
EFGs. It might be interesting to note that tRg: values  '°Pd and the impurity!"Cd as probes, we were able to
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FIG. 3. PAC spectra of''Cd (positions of the probes are
shown in the sketches): (A) in the topmost layer of Ni(001),
Fourier transformation on the right; (B) in one ML of Pd(111)
on Ni(001); (C) at steps for 0.5 ML Pd on Ni(001); (D) in the
topmost layer of two ML Pd on Ni(001). The fits to the data

in (A) and (B) are composed of the fractions for terrace atoms

(A1) and (B1), respectively; and for step atoms (A2) and (B2),
respectively.

look—on an atomic scale—into the intimate correlation

between local magnetic and structural properties at the Ni/

Pd interface.
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