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Formation of Local Magnetic Moments of Ce in Metallic Elements

H. J. Barth, M. Luszik-Bhadra, and D. Hiegel.
Ilachbereich Physit, Ereie Universitat Berlin, D-1000 Berlin 33, Germany

(Received 9 November 1982)

The local susceptibility of extremely dilute Ce ions recoil implanted into more than thirty
metallic elements is microscopically observed by perturbed angular y-ray distribution tech-
niques. Many elements in which the single Ce ion reflects intermediate or even nonmagnetic
behavior have been found. These results allow correlation of the magnetic Ce-ion behavior
with matrix-dependent quantities.

PACS numbers: 75.20.Hr, 76.30.Kg, 76.80.+y

R (t)
+0.05

0.0
-0.05

+0.05—
0.0—

-0.05-
+0.05-

0.0—
-0.05-
+0.05-

0.0-
-0.05—

100 200 300

I

C E SN "CE SYSTEM"
I

I

I

I

I

I

CE SC "INTERMEDIATE"
I

I

I
I

CE PT "NONMAGNETIC"
I

I

I

CE CE y-CE
I

I

000 t/ NS

FIG. 1. Spin rotation of the 270-keV y line of Ce in
several hosts at -370 K and 8„,=24.39 kG. The dif-
ferent Larmor precessions reflect the different P val-
ues as shown in Fig. 2.

The formation of local moments in metals is
one of the central problems in the field of mag-
netism. At present there exists deep uncertainty
about the matrix (and pressure and temperature)
dependence of magnetic instabilities of 4f, Sd,
and 5f ions in metallic systems. Large parts of
the general problems are reflected in the impor-
tant example of 4f instabilities in dilute and con-
centrated Ce systems, as attested by several re-
cent papers. ' '

In this Letter we try to concentrate on the most
essential and general results concerning the for-
mation of local Ce moments in metals, which are
implied by microscopic studies of the magnetic
single-Ce-ion behavior of extremely dilute Ce
ions (concentration & 10 ppm) in more than thirty
metallic elements. Details of the many implanta-
tion experiments and their analyses will be given
elsewhere. '

"'Ce and ~"Ce ions were recoil implanted' ' out
of a thin" Te layer into metallic elements by the
heavy-ion reactions "'Te("C,5n) and "'Te("C,
4') using the VICKSI accelerator at the Hahn-
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FIG. 2. Local susceptibility of 3 ' 9Ce ions in ele-
ments around 400 K. The P values are uncorrected for
normal Knight and diamagnetic shifts. For most cases
such corrections are smaller than the error bars.
Lines are explained in the text.

Meitner-Institut, Berlin, Spin rotation patterns' '
&(t) of the two decaying nuclear isomers' in "'Ce
(I' = 10'; gN = —0.179) and "'Ce (—" + 0 425)
were simultaneously observed at various p. lines
in an external field, &„&, by the time-differen-
tial perturbed angular y-ray distribution (TDPAD)
method. Examples for "'Ce in some hosts are
shown in Fig. 1, including the concentrated sys-
tem y-Ce.

From the Larmor frequencies observed (Fig.
1) LDL (&) =@ 'p„g&J3„&p (&), the local susceptibil-
ity' ' P —1 can be extracted. To suppress crystal-
field effects' ' on P, we have measured mainly in
the high-temperature range around 400 K. The
majority of the experimental results are collect-
ed in Fig. 2.

According to the P values observed, we classi-
fy the Ce systems into three groups: (i) Ce" sys-
tems: Many systems reflect nearly stable Ce'
behavior described by the Curie law P -1 =g~ & II(J
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+1)&(0)/3h z& with g~ =-,' and with the hyperf inc
field produced by the 4f ' electron at the Ce nu-
cleus at T =0, B(0), close to 1.8 MG (dashed line
in Fig. 2)." (ii) Nonmagnetic Ce systems: As
an important feature we have found for several
systems P equal to 1 (dot-dashed line in Fig. 2)
which corresponds to a vanishing &(0). (iii) Inter-
mediate Ce systems: We also have found several
new elements in which isolated Ce ions reflect
intermediate magnetic behavior between Ce' and
P =1 (Fig. 2). All R(t) spectra reflect a single
&~, which proves the dynamic nature of the inter-
mediate systems. ' The special case ~h"'Ce is
described in more detail in Ref. 8; we note that
even at low T, P =1.12 for &hCe remains far
away from, ~ =1.

The central problem can now be formulated:
What kind of matrix dependence causes the very
different magnetic single-Ce-ion behavior ob-
served in all these elements~ As presented in
Fig. 3 we have found two correlations, which rea-
sonably relate the magnetic behavior to matrix-
dependent quantities. An empirical two-parame-
ter correlation is shown in Fig. 3(a), where the
elements are characterized by the inverse of the

metallic radius, 1/r, and by the density of con-
duction-electron states at the Fermi level, N(EF);
both quantities are taken for the pure hosts.

Secondly we have tested in Fig. 3(b) the relation
of the magnetic behavior to the difference of the
heats of solution, &H„of metallic Ce' (4f'(ds)')
and Ce" {4f'(ds)'] cells" [defined as 3+(M) and
4+ (M) in the inset in Fig. 3(b)] in the various
hosts. An extension of the Born-Haber cycle"'"
to the present case of dilute Ce impurities yields
the energy difference between 4f ' and 4f ' as
&H(Ce metal) —&H,. As discussed in Refs 11.
and 12 the term &H(Ce metal) refers to the 4f '
- 4f ' transition in pure Ce metal. Thus &H,
=H,' -H," [see Fig. 3(b)] might scale the matrix
dependence of the relative shifts of the 4f ' and
4f ' levels. If one places 4f" at EF, &H, approxi-
mately scales the 4f ' core-level shifts relative
to EF of the hosts (see Ref. 11). The &H, values
were calculated by the semiempirical theory of
Miedema, de Chatel, and de Boer."'"

Combining the experimental basis (Figs. 1 and
2) with the correlations in Fig. 3, we would like
to infer the following major results.

(a) Magnetic behavior versus 1/r and N(EF).
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FIG. 3. Correlation of the Ce-ion behavior (a) with 1/~ and N(EF), and (b) with A&I, (see text). (b) The hosts are
arranged according to the groups of the periodic table. The magnetic Ce-ion behavior is indicated by the symbols:
open squares, Ces+; half-filled squares, intermediate; and filled squares, nonmagnetic. For the basis of these as-
signments and borderline cases see Fig. 2. The circles present predictions for 3 (open circles) and nonmagnetic
(filled circles) Ce behavior in some hosts. The right-hand dashed line in (a) indicates that an external pressure
as high as 1 Mbar is needed to compress La to z of Pd (see also Ref. 9). The other dashed line in (a) roughly
scales the 1/x variation at the Ce place in metallic concentrated Ce systems (Ref. 10) without specifying N (EF) val-
ues. Inset and dashed line in (b) are explained in the text.
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—The data in Fig. 3 are consistent with the rule
that the degree of the 4f instability (within an
ionic two-configurational picture this is the eff ec-
tive valence') increases with both increasing 1/&
and N(EF). The nonmagnetic Ce systems are lo-
cated in the upper right part of Fig. 3(a), the 3
systems in the lower and left parts, and the inter-
mediate systems in the borderline region (rough-
ly about a line through Cu-Al-Lu). If one roughly
scales the lattice pressure by the variation of
1/~ relative to 1/~ of y-Ce as a reference, Fig.
3(a) contains systems with extremely large posi-
tive and negative lattice pressures acting on the
isolated Ce ion. The widely used interpretation
(e.g. , Befs. 1-3) that the degree of the 4f insta-
bility is mainly governed by the lattice pressure
is only applicable if one compares systems with
nearly equal N(EF) values.

(b) Magnetic behavio~ versus &H,. As show—n
in Fig. 3(b), nearly all Ce'" systems are located
in the lower part of the figure, all nonmagnetic
systems in the upper part, and the intermediate
systems in the region between the Ce" and non-
magnetic systems. Kith respect to the uncer-
tainties'"'" in calculating &H, values, Hf and
Zr cannot be regarded as severe exceptions. The
data imply that the formation of local Ce moments
in elements is strongly correlated with the one
parameter &H, . Also exciting is the feature that
the transition from magnetic to nonmagnetic sys-
tems occurs around &H, =+ 0.4+ 0.4 eV [Fig. 3(b)].
This value is almost independent of the particular
choice of parameters used for the calculations of
&@, (see Bef. 14). If one relates the occurrence
of the magnetic instabilities to core-level shifts
alone [see point (d) below for a discussion of this
critical assumption), this finding is not consis-
tent with the estimated &H(Ce metal) - 2 eV,"'"
which would shift the transition to about the
dashed line in Fig. 3(b) at &@,—2 eV. On this
basis the correlation Fig. 3(b) is consistent with
the interpretation of photoemission data by Huf-
ner and Steiner, "who suggest that the 4f ' level
in Ce metal is located close to EF .

(c) Intermediate Ce systems. —The intermedi-
ate Ce-ion behavior found in Se, Y, y-Ce, Gd,
I u, and Th and perhaps found in the borderline
cases Al, Ti, and Sm (see Fig. 2) fits reasonably
the trends given in both Figs. 3(a) and 3(b).
Especially for the rare-earth-like hosts [nearly
equal values of N(EF)], we have found intermedi-
ate single-Ce-ion behavior in just the 1/v range
where many concentrated Ce systems reflect 4f
instabilities also [Fig. 3(a)]. These findings indi-

cate that the occurrence of 4f instabilities in con-
centrated Ce systems is mainly induced by the
single-Ce behavior (see also Befs. 1 and 8). Fur-
thermore the data imply a clear concept for
searching for new intermediate Ce systems. In
alloys of a black with a white" host (see Fig.
3, e.g. , CuA1, SnA1, AuPt alloys) the magnetic
single-Ce-ion behavior must change drastically
as a function of concentration.

(d) Nonmagnetic Ce systems —F. or the first
time we have found nonmagnetic dilute Ce sys-
tems within high accuracy (Fig. 2) which have to
be compared with controversially interpreted
nonmagnetic concentrated Ce systems, """
where, as far as we know, the macroscopic sus-
ceptibility remains considerably enhanced" rela-
tive to diamagnetic reference systems. This
aspect and the successful relation to the picture
of core-level shifts [Fig. 3(b), point (b)] might
favor the interpretation that Ce" (unoccupied.
4f' level above EF) exists in dilute systems.
However, such an interpretation remains uncer-
tain, since the 4f-conduction-electron hybridiza-
tion is disregarded within the concept of the Born-
Haber cycle.

In fact, the experimental data are also consis-
tent with the idea that the degree of the Ce insta-
bility is mainly governed by the strength of the
4f-conduction-electron hybridization. For the
matrix dependence' one might assume as rough
trends that hybridization increases with increas-
ing 1/v and N(EF ) which leads to one possible
interpretation" of the correlation Fig. 3(a). With-
in this interpretation nonmagnetic Ce systems
might have extremely large Kondo temperature"
(&K» 500 K) or extremely large 4f linewidths,
so that the 4f ' electron is completely delocal-
ized. 4

(e) Methodological imPlications. —On the basis
of the experimental ingredients —heavy-ion reac-
tions, TDPAD method, and especially the im-
plantation technique —we have realized that the
magnetic behavior of isolated Ce ions can be stud-
ied microscopically in simple hosts across large
parts of the periodic table [Fig. 3(b)]. Of special
importance is the possibility of investigating the
fate of Ce ions under extreme conditions, includ-
ing a number of nonalloying systems. This excit-
ing feature is reflected in Fig. 3(a) in the large
1/~ variation of the hosts which considerably ex-
ceeds the 1/& variation of Ce ions in concentrated
systems and the 1/& variation induced by external
pressure. It is also reflected in the large varia-
tion of the &H, scale in Fig. 3(b). Essential parts
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of the major results (a) to (d) depend on just the
experiments where Ce ions are probed under ex-
treme conditions.

It seems possible that recoil implantation and
TDPAD can be applied more generally for aimed
studies of the formation of, e.g. , local Pr, Nd,
Sm, Eu, Tm, and Yb moments as a function of

the matrix. In fact, very recently we have found
a matrix in which isolated Nd ions reflect drastic
4f instabilities; details will be published else-
where.
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