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By applying perturbed angularg-ray distribution methods we have explored the possible occurre
of magnetism for Sc ions implanted into metallic hosts. Strongly host-dependent magnetic behavi
found for Sc in alkali metals. The local susceptibility reflects predominantly orbital contributions
shows a maximum as a function of temperature, both of which are consistent with a nearly loca
ionic 3d1 one-electron configuration. These features are similar to certain4f1 Ce systems. We compare
to theory within the framework of Kondo models and local spin density calculations.

PACS numbers: 75.20.Hr, 75.30.Cr, 76.30.Fc, 76.80.+y
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The formation of local magnetic moments and t
problem of d electron localization has been intensive
studied for3d impurities in solid hosts [1]. Up to now
the occurrence of local magnetic3d moments in metallic
systems was restricted to certain3d ions, i.e., essentially
to Cr, Mn, Fe, Co, and Ni. Hitherto, local magnet
moments for Sc ions have not been observed in a
metallic host. Even in semiconductors, the finding
magnetic Sc ions is a rare event [2]. To some extent, th
trends in the occurrence of magnetism seem to be rela
to variations in the3d linewidth. Compared to ions from
the middle and end of the3d series, the hybridization
of d electrons with conduction electrons and/or ligan
is much stronger for Sc, due to the larger ratio of3d
shell volume to the impurities’ Wigner-Seitz cell volum
Large3d linewidths are one essential reason why atom
correlations and local magnetism are hard to detect for
ions in metallic systems. The weak itinerant magneti
observed in the compound ScIn3 [3] is presumably caused
by rather coincidental band structure effects.

We have explored the possible occurrence of local m
netism of Sc ions in metallic hosts using recoil implant
tion techniques combined with the microscopic sensitiv
of a nuclear probe measurement. In particular, we h
studied nonalloying systems with extreme differences
tween the properties of the probe and host atoms. In
large-volume alkali metal hosts, e.g., Cs, a reduced Sc3d
shell interaction with the host conduction electrons can
expected because of the increased interatomic distan
This favors the survival of the Sc3d spin correlations and
could possibly lead to the occurrence of magnetism.

Magnetic behavior with strong orbital contributions
observed for Sc ions implanted into the heavier alkali me
hosts. The results can be analyzed in terms of an io
type model with nearly localized, ionic3d1 configuration
of Sc21. This one-electron configuration and also t
observed maximum in the local susceptibility as a functi
of temperature parallel to the behavior of4f1 Ce ions in
metals. Special effort was applied to the study of t
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host dependence of Sc magnetism in alkali metal ho
which yield rather unique and illustrative examples
Kondo effects in3d magnetism. We also investigated th
magnetism of Sc in Ba, Yb, Au, and Pd hosts.

The systems were studied by means of the tim
differential perturbedg-ray distribution (TDPAD) method
at the ISL accelerator of the Hahn-Meitner, Institu
Berlin, using a pulsed 136 MeV36Ar beam to produce
43Sc ions by the heavy ion reaction12C(36Ar,an)43Sc in
a thin carbon foil followed by recoil implantation into th
various host metals. This technique produces extrem
dilute 43Sc nuclear probes with spinIp  19y22, nuclear
g factor gN  0.3286s7d, and a half-life of 473(5) ns [4],
which allows the measurement of the magnetic respo
via the observation of spin rotation spectra in an exter
magnetic field. Details of methodical aspects of t
TDPAD technique can be found in Ref. [5]. The19y22

isomer in 43Sc proved to be an excellent probe for sol
state applications, because of its long half-life and highg-
ray anisotropy, combined with the large cross section a
high recoil energy of the selected nuclear reaction.

Spin rotation patternsRstd for 43Sc implanted into the
hosts Sc, Pd, Ba, Yb, Au, Na, K, Rb, Cs, and som
RbCs alloys were observed in an external field near 2
Selected examples ofRstd spectra are shown in Fig. 1
From the Larmor frequenciesvL  h̄21mN gN bBext, the
local susceptibilitiesb 2 1  BintyBext (see Ref. [5])
can be deduced. Some results are shown in Fig. 2. H
precision was achieved due to an exact determination
Bext using a calibration measurement on43Sc implanted
into Sc metal, with its known Knight shift [6].

The most essential features of the experimental res
(Figs. 1–3) can be summarized as follows: (i) The ma
changes invL and b as a function of temperature an
host are evidence for the existence of local Sc mome
in the alkali metal hosts, particularly in Cs, Rb, and RbC
alloys. In the magnetic Sc systems, thebsTd values are
seen to be larger than 1, which indicates positive magn
hyperfine fields and predominantly orbital contribution
© 1996 The American Physical Society 1537
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FIG. 1. Examples of spin rotation spectra for43Sc in Cs, Rb,
K, and Ba, recorded atBext ø 2 T.

to bsTd (Figs. 1 and 2). (ii) Concerning the host depen
dence, the local susceptibilities systematically decrease
the alkali host series Cs, Rb, K, and Na (Fig. 2). (ii
For the magnetic systems,bsT d exhibits a maximum as
a function of temperature (Fig. 2), which to our knowl
edge has not been observed for3d impurity systems be-
fore. (iv) The fact that only one frequency is observe
for the magnetic Sc systems, along with the clear syste
atic trends for the host dependence of the Sc magneti
shows that Sc ions occupy only one and the same l
tice site in the alkali metal hosts, probably a substitution
site (see Ref. [7]). (v) Sc ions in the hosts Sc, Pd, B
Yb, and Au are found to be nonmagnetic as indicated
bsTd  1 (Fig. 2).

We start our discussion with the question of which ele
tronic Sc3d configuration is responsible for the magneti
response observed in the alkali metals. For temperatu
above their maximum, the susceptibility data for Sc
Cs (and in RbCs alloys) can be fit well to a Curie-Weis
law, bsT d 2 1  CysT 1 TK d, which yields for Sc
in Cs a Curie constantC of 120s1d K and a Kondo
temperatureTK of 120(10) K. Such large positive Curie
constants point to predominantly positive hyperfin
field contributions originating from unquenched or
bital momentum and motivate an analysis in terms
ionic-type electron configurations, i.e., in terms of th
energetically more favorable3d1sL  2, S  1y2d or
3d2sL  3, S  1d configurations corresponding to Sc21

or Sc11, respectively. Assuming intactLS coupling and
negligible crystal fields (compare Ref. [8]), the ionic-base
Curie constant is given byCJ  gJmBsJ 1 1dBs0dy3kB,
1538
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FIG. 2. Host and temperature-dependent local susceptib
b 2 1 of 43Sc implanted into various hosts (lines are a gui
to the eye), and plot of atomic volumes for coordinatio
number 12.

where gJ is the Landé factor. Generally, the magnet
hyperfine field at 0 K,Bs0d, is composed of an essentiall
orbital, and hence positive, direct3d shell contribution
BJ , and a generally negative spin contact termBS , due
to spin-polarizeds core and conduction electrons. Fo
a rough estimate of the relatively smallBS contribution,
we use27 T per spin as found for Fe in metals, where
BJ can be calculated to be148 and 143 T for the d1,
J  3y2 andd2, J  2 states, respectively. Fortuitously
the CJ values obtained for thed1 and d2 configurations
turn out to be almost equalsø23 Kd, and both agree
satisfactorily with the experimental valueC  20 K (see
Ref. [9] for values forLS decoupled states). In orde
to find out whether3d1 or 3d2 is the ground state, we
have applied a Born-Haber cycle to estimate the ene

FIG. 3. Fits of the susceptibility data for43Sc in Cs and
Rb using Rajan’s solutions of the Coqblin-Schrieffer mod
(Ref. [14]) with total angular momentumJ  3y2 and 2,
respectively (see text).
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differenceDE  DEsatomd 1 DEscohd 1 DEssold [10]
between thed1 and d2 state of Sc ions in Cs and Rb
The analysis is performed under the premise of localiz
nonbonding3d states, which is supported by the observ
strong orbital contributions, i.e., ionic magnetism. Fro
optical spectroscopy of the Sc atom [11], the separat
between the3d14s2 ground state and the3d24s1 state
is known to beDEsatomd  11.64 eV, after averaging
over the two spin configurations of the3d24s1 state. As
discussed in more detail in Ref. [10], the cohesive energ
DEscohd and the heats of solutionDEssold of these novel
ions Sc21y11 s3d1y3d2d in alkali metals can be reasonab
approximated by values given for alkaline earth io
Mg21 and Ca21, and alkali ions Na11 and K11, respec-
tively. This interpolation results inDEscohd  10.8 eV
and DEssold  20.6 eV for Sc in Cs metal. Thus
this cycle shows that the ground state of the syst
Sc in Cs is the3d1 state of Sc21, separated by 1.8 eV
from the next excited3d2 state of Sc11. Even larger
DE values can be estimated for the other alkali me
hosts, being 1.9 eV for Sc in Rb, 2 eV for Sc in K, an
2.4 eV for Sc in Na. These considerations provide stro
arguments that the magnetic response of Sc ions in
alkali metal hosts under consideration is governed by
one-electron configuration3d1 of Sc21 ions, with L  2
andS  1y2.

We now turn to the interpretation of the strikin
host and temperature dependence of the susceptib
in the alkali metal-based systems in terms of Kon
effects, originating from a weak hybridization-induce
antiferromagnetic coupling of the Sc3d shell to the host
s conduction electrons.

Using as a first approximationb 2 1 ~ CyT 1 TK for
T ¿ TK and b 2 1 ~ CyTK for T ø TK , and the ex-
perimentally determined Curie constantC  20 K, the
essential trends of the host dependence of the susc
bility, including the crossover from strongly temperatur
dependent behavior in Cs and CsRb alloy to nea
constantb values in the lighter alkali metals, can b
reproduced by the variation of a single parameter—
Kondo temperatureTK —ranging from about 120 K for
Sc in Cs to values as high as 2000 K for Sc in Na. W
attribute this increase ofTK to a much stronger hybridiza
tion of the Sc3d shell in the smaller-volume hosts du
to an increasing spatial overlap of the Sc3d and the host
electronic states. Following Harrison and Froyen [12], t
host dependence of the hybridization matrix element c
be estimated byjVmixj2 ~ 1yV 2

host. In view of the large
volume changes within the alkali metal series (Fig.
and since the coupling constantJ which exponentially de-
termines the Kondo temperatureTK  TF exps1yrJd is
proportional tojVmixj2, dramatic variations ofTK can be
expected, in qualitative agreement with the experimen
The influence of the host density of states at the Fe
level, r, or the Fermi temperatureTF , seems to be of mi-
nor significance.
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The maximum inbsTd (see Fig. 2) can be interpreted
in terms of a more sophisticated Kondo model. In co
trast to more conventional3d systems, Sc develops an
ionic 3d1 one-electron configuration in alkali metal host
thus forming a3d analog to stable-valent4f1 Ce31 sys-
tems; this allows an interesting comparison. Susceptib
ity maxima are known to be present in certain Ce4f1 and
corresponding one-electron-hole Yb4f13 systems [13].
Based on theoretical studies of the Coqblin-Schrieffe
Kondo model [13,14], such maxima have been attribut
to the thermal population of the Kondo resonance, whi
is located above the Fermi level due to the high total a
gular momentum values (J  5y2 and7y2, respectively)
of these4f states. According to Rajan [14], such maxim
can be expected more generally for states withJ $ 3y2.
We have applied the theory given by Rajan to fit the S
3d1 susceptibility data; some results are shown in Fig.
We consideredJ  3y2 for the LS-coupled Sc3d1 con-
figuration and an effectiveJ ø 2 for a decoupled3d1

state, the latter because the Kondo temperatures for
present systems are of the order of the free ionLS mul-
tiplet separation of about 250 K [11], so that spin fluc
tuations can wash out theLS coupling (for details see
Ref. [9]). Within the model, the height of the maxim
and also their shift to higher temperatures with increasi
TK can be well reproduced. Residual deviations from t
experimental data may result from the neglect of excit
spin-orbit states in Rajan’s calculation, which could d
stroy the universality of his curves (compare Ref. [15]).

We now return to magnetic moment formation at S
ions in metals, which has attracted considerable theo
ical interest within the framework ofab initio local spin
density (LSD) calculations. Such calculations do not ta
into account spin fluctuations or the Kondo effect, b
yield a detailed insight into the local electronic structu
and magnetic moments. Since usually LSD approxim
tions include only spin exchange interactions and negl
orbital correlations, a reproduction of orbital moments a
ionic configurations with integrald occupation numbers
cannot be expected. In remarkable agreement with exp
iment, sizable magnetic moments have been predicted
LSD theory for substitutional Sc ions in the alkali meta
hosts, ranging from1.54mB for Sc in Cs to0.69mB for Sc
in Na [16]. In addition, the unusually smalld linewidths
calculated for3d impurities in alkali metal hosts and thei
systematic increase in the host series Cs to Li are c
sistent with our analysis given above. Concerning thed
occupation numbers, we refer to the result of1.24 d elec-
trons obtained for Y in Rb from a so-called LDA1 U
calculation especially designed to describe the ionic lim
more appropriately [17]. Y in Rb is isoelectronic to th
Sc systems discussed here, and the calculatedd count is
compatible with the proposed Sc3d1 configuration.

In order to test more generally the host-depende
trends in local moment formation, we have also studi
Sc in the large-volume divalentsp band metal hosts Ba
1539
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and Yb (see Fig. 2 for the volumes), in the monovale
host Au, and in Pd, the latter because of its unusu
band structure and high density of states at the Fe
level. Sc in all these systems has been found to
nonmagnetic, characterized byb  1 (see Fig. 2) [18].
The nonmagnetic responses observed in the Ba and
hosts are in agreement with recent local spin dens
calculations for substitutional Sc in Ba [19] and in Y
[20], which yield no moments for both cases.

In summary, we have studied the magnetic behavior
Sc ions in metallic hosts by means of recoil implantatio
and PAD techniques. Sc in alkali metal hosts was fou
to develop an ionic type of magnetism with a strong
localized3d1 one-electron configuration, showing stron
orbital contributions to the local susceptibility. In agree
ment with the one-electron picture, a successful analy
of the Sc susceptibility maximum and its host depende
shifts was carried out in terms of Rajan’s calculations e
trapolated to the case of a3d1 state. Essential features o
the magnetism of Sc in alkali metals deviate significan
from the3d magnetism usually seen in alloying system
but parallel to the behavior of certain Ce systems. Fu
thermore, the host dependence of Sc magnetism has b
explored in Ba, Yb, Au, and Pd hosts, all of which sho
nonmagnetic Sc. Concerning the existence or nonex
tence of local Sc moments in various hosts (Cs, Rb,
Na, Ba, and Yb), the results of the local spin density ca
culations agree (almost surprisingly) well with the expe
mental findings.
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