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Spin fluctuations of trivalent Sm ions in y-Ce, a-Ce, and La
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Strong reduction in the local susceptibility was found for Sm impurities in metallic hosts. This
was achieved by implanting Sm ions in an extremely dilute concentration into cerium and lantha-

num. In the y and a phases of cerium, the Ce and Sm ions show essentially the same behavior,

although their ionic properties differ considerably. The observed demagnetization in these hosts

can be described by assuming the Sm ion to be in the Kondo regime of the Anderson model.

Sm belongs to those few rare earths which are energeti-
cally susceptible to valence fluctuations, ' and many
valence-fiuctuating Sm compounds have been discovered.
Several attempts were made to find systems in which Sm
ions are controlled by spin fluctuations; however, only a
few compounds of this nature are known today. Kondo-
like behavior for Sm in (La,Sm)Sn3 was established by
resistivity measurements and an anomalous initial depres-
sion of the superconducting transition temperature was
found. Recently, it was suggested that SmYbB6 com-
pounds may exhibit the Kondo effect. Extremely dilute
concentrations of Sm ions in many metals were investigat-
ed by the perturbed angular distribution (PAD) method,
but no Kondo system was found.

Studying the magnetic behavior of extremely diluted
Sm ions in Ce and La by PAD, we found strong reduc-
tions in the local susceptibility compared to the local sus-
ceptibility for a stable Sm + configuration. The demag-
netization effect increases going from the y phase to the a
phase of the Ce host, quite similar to the magnetic behav-
ior of the host itself. In La the demagnetization effect
for Sm ions is even larger than in Ce, although there is no
indication for an anomalous depression of the supercon-
ducting transition temperature in dilute Sm-La alloys. 2

The Ce impurity in La is known to exhibit only a weak de-
viation. We argue in the following that Sm in Ce and La
metals have to be treated as Kondo systems.

A distinction between the Kondo regime and the
valence-fluctuation regime may be deduced within the
framework of the Anderson model: ' The competing
quantities are the transition energies E between neighbor-
ing ground-state multiplets of different 4f-electron occu-
pancy and the strength of hybridization 1 between 4f
electrons and the conduction electrons which act as a
reservoir. Now the regime

r/E «1
is regarded as the Kondo regime. The energy scale for the
thermodynamic properties is set by the Kondo tempera-
ture '

kg T» =D exp[ —xE/(2J+ 1)I ],
with an appropriate width D of the occupied part of the
conduction electron band. Valence fluctuations are possi-

ble as soon as I /E = 1 is reached, and the energy scale is
set by the fiuctuation temperature kg Tf = (2J+ 1)I .

The 4f transitions are observable in x-ray photoemis-
sion spectroscopy (XPS) and Bremsstrahlung isochromat
spectroscopy (BIS) and differ in Sm and Ce ions consider-
ably concerning their energetics. For Ce, the 4f'~4fo
transition belo~ the Fermi energy EF is relevant for its
properties. For Sm it is the 4f 4f transition above
EF from which a 4f instability may arise as well. In the
limit of large 4f-electron Coulomb interaction the posi-
tions of the transitions relative to the Fermi level deter-
mine the energies E. When going from y- to a-Ce, i.e.,
with decreasing volume, the hybridization width I in-
creases for Ce, whereas E was found to be nearly con-
stant, thus the Kondo temperature according to Eq. (2)
is varied by the variation of I. For the essentially
trivalent Sm ions, we expect the decreasing host volume to
stabilize the trivalent configuration by driving the 4f
configuration further away. However, the increasing hy-
bridization strength counteracts by increasing a possible
Kondo temperature. Experiment has to reveal whether
hybridization can gain superiority.

For our measurement we have used the 7 isomer oi'

Sm(T~g2-170 ns, g 0.06) (Ref. 4) produced in the
Te( Ne, 4n) reaction. The DNe beam of 90 MeV

from the VICKSI heavy-ion accelerator facility at the
Hahn-Meitner-Institut was pulsed at a repetition time of
2 ps. The excited ' Sm nuclei were implanted by their
recoil energy out of the 1.2 mg/cm thick isotopically en-
riched Te foil, into Ce samples up to a depth of 2 pm,
ensuring that only bulk properties were measured. The
samples were mounted on a cold plate, that was tempera-
ture controlled by a continuous He-flow cryostat between
50 and 300 K. Pure a-Ce was prepared from material
with 99.999% nominal purity by applying 13 kbar pres-
sure at 300 K, cooling down to 78 K, releasing the pres-
sure, and mounting on the precooled cold plate using an
air lock held at 78 K. In order to achieve a sufficiently
high precision a large external magnetic field B,„&

-9.64(l) T from the superconducting split pair magnet
SULEIMA was applied. The local susceptibility was de-
rived from the local magnetic field, 8~~(T) [1 +2'~
&& (T)]B,„„where (1+4') p is also called the paramag-
netic enhancement factor. ' The values of p were extract-
ed from the Larmor precession frequency of the nuclear
magnetic moment in the local field. The probability of
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creating lattice defects in the near neighborhood of the
probe ion is very small and radiation damage may
in6uence the damping of the Larmor precession spectra
only slightly. Larmor precession spectra and parts of the
data were presented as a conference contribution, " the
complete results are plotted in Fig. , l.

A calculation' ' of the paramagnetic enhancement
factor of free Sm ions has to take into account the low-

lying first excited states of Sm +, A&/ks 1600 K, and of
Sm +, A&/ks 400 K. These results for the whole tem-
perature range are sho~n in Fig. 1 as solid lines. Accom-
panying the lines are our data for ' Sm implanted into Pt
and Yb. They fit well the free ion behavior of Sm + and
Sm +, respectively. For the measurements at lower tem-
peratures, where AF. »ksT, the general expression for P
as presented in Ref. 10 can be simplified to

p(T) 1+ 'ps(rf —) I[gjJ(J+1)(JIINIIJ)]/ksT+ (2J+2)(2J+3)(J+1IIAIIJ)(J+1IINIIJ)/AF+. . . J . (3)

Here, gj is the atomic g factor and (J+ lllAIIJ),
(JIINIIJ), and (J+1IINIIJ) are the reduced matrix ele-
ments of the magnetic moment and the angular part of the
magnetic hyperfine operator. In Eq. (3) the second term
re6ects a Curie-like behavior of the ground-state multiplet
and the third term describes the temperature-independent
Van Vleck paramagnetism. For trivalent Sm ions, we
have a Hvg2 ground-state multiplet with gj —', . Taking
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FIG. 1. Lower part: Temperature dependence of the para-
magnetic enhancement factor P for Sm implanted into Pt, y-,
a-Ce, La, Yb. The solid lines Sm + and Sm + indicate the cal-
culations according to Ref. 10. The measured values for ' Sm
in y-, a-Ce, and La are fitted to Eq. (3), where T is replaced by
(T+ 8). Upper part: For comparison, the P values for pure Ce
are plotted taken from Ref. 5. Ce ions behave qualitatively
equal to Sm ions although quantitatively a diA'erence is obvious,
attributable to the diff'erent number of 4f electrons.

I

(rf ) -6.796 a.u. (Ref. 13) and including a core polariza-
tion field B„„of18 T, ' we expect the hyperfine field

B(0) 2ps(ry )(JIINIIJ)J+B„„
of the ground state to be 347 T.

The measured values for y-Ce and a-Ce, inserted in
Fig. 1, resemble essentially trivalent behavior. The ob-
served reductions of the local susceptibility are moderate
for y-Ce, stronger for a-Ce, and even stronger for La.
Only poor fits to the data are obtained assuming crystal
electric fields (CEF) as a source for the demagnetization.
Unreasonably high CEF splittings of 400, 700, and 2000
K are required for y-Ce, a-Ce, and La, respectively. " In
addition, there is no indication of even weak CEF effects
for trivalent Sm impurities in a large variety of metallic
host. ' Our measurement in Pt serves as an example.
Equation (3) can be fitted to the data, if a Weiss tempera-
ture is introduced to account for the demagnetization
effect, thus T is replaced by (T+0). Best fits for Sm in
Pt, y, a-Ce, and La are obtained, when in all cases the
magnetic hyperfine field B(0)= 347 T, but the excitation
energy to the first excited state H7g2 changes from (1600
K) ks for Pt to about (900 K) kii in all cases, where
demagnetization is observed. Thus the demagnetization
seems to be accompanied by a reduction of the 4f-electron
exchange and spin-orbit coupling. A discussion of a simi-
lar variation in multiplet splitting found in Ce compounds
is given in Ref. 15. The Weiss temperatures are listed in
Table I.

The deciding result of our experiment is the fact that in
the smaller lattice of a-Ce, Sm shows stronger demagneti-
zation effects than in y-Ce. This cannot simply be attri-
buted to increasing charge fiuctuations involving the non-
magnetic divalent Sm, since Sm + ions are of larger size.
Squeezing an initially divalent Sm ion, either by external-
ly applied or "chemical" pressure, we expect a relocaliza-
tion of the f-electrons in the trivalent configuration. At a
borderline, ~here both configurations become degenerate,
valence Quctuations occur. Such a valence transition was
observed for example in SmS. Biedermann and co-
workers' have implanted Sm ions in many different met-
als and found divalent behavior in metals with large lat-
tice parameters like Yb and trivalent behavior for metals
with small lattice parameters like Pt. Our results for p-
and a-Ce do not match these volume systematics. In ad-
dition, estimates of the transition energy E, we will give
below, place Sm in these hosts well beyond that borderline
and the effect of hybridization on the trivalent Sm ion has



9348 MULLER, BERTSCHAT, HAAS, MAHNKE, AND ZEITZ

TABLE I. Measured Kondo-temperatures Tg and calculated widths I and transition energies E.

Probe

Sm (rf 0.524 A)'
Host

a-Ce
y-Ce
La

Vp (A. '/atom) '

28.1

34.4
37.4

T» (K)

67(6)
28(7)

ii5(i5)

r (eV)

0.09
0.06
0.05

E (eV)b

1.1
0.8
0.5

Ce (rf 0.607 A)' c-Ce
y-Ce
La

28.1

34.4
37.4

= 2500
87'
27~

0.40
0.17
0.15

2c
2c

2.1

'Reference 16.
Calculated according to Eq. (2), where D 3 eV was taken (Ref. 17).

'Reference 13.
~References 18 and 19.
'From spectroscopic data Ref. 9.
'Reference 5.
IReference 6.

to be considered.
These qualitative considerations emphasizing the im-

portance of spin ffuctuations can be based on more quanti-
tative criteria, comparing the Sm and Ce behavior (Fig.
1). Therefore, we take the measured Weiss temperatures
as rough estimates of the Kondo temperature. ~'

The relation between T», E, and I, as given in Eq. (2),
is strictly vahd only for the Ce ion (transition between
4f ' Fgq and 4f 'So). However, for our estimate of Sm
(4f Hsgq and 4f Fo), we neglect a possible dependence
of the hybridization matrix element on the momentum
projection and proceed with Eq. (2). Using the parame-
trization in the Kondo-lattice-volume-collapse model, '

we assume E to be 2 eV for y-Ce from spectroscopic
data. With the measured Kondo temperature Tx 87 K
(Ref. 5) we obtain the hybridization width I" to be I (7-
Ce) 0.17 eV. From the value of I for y-Ce we estimate
the hybridization width for other systems by scaling the
d-f-hybridization matrix elements V—rg/ro obtained
from muffin-tin orbital theory. Here, r/ is the radius of
the 4f shell and ro is the atomic radius related to the
atomic volume Vo (4'//3)r). With the assumption of
the same (Sd6s) conduction electron density of states for
these rare earths I" of element A is obtained from I of ele-
ment 8: I (A) I (8)VO(8)rg(A)/Vo(A)rg(8) and for
the impurity A in the host 8 we scale with geometrically
averaged volumes: I (A8) I (A) [VD (A)/Vg~(8)]. The
results for the widths derived from the ffxed value I (y-
Ce) are tabulated in Table I. In the next step we calculate

E from these values of I according to Eq. (2).
We may now test the reliabihty of the obtained values

for E by comparing with values obtained from a complete-
ly different method. We estimate E using the Born-
Haber-cycle explained in detail in Ref. 23. Within this
cycle the energy differences between different valence
states of 4f ions in metals are estimated comparing
differences in the energies of the free ion states, their
cohesion energies 4 and heat of formations for the al-
loys. For Sm in y-Ce we obtain: E 1 eV, for Sm in
La: E 0.8 eV, and for Ce in La: E 2.2 eV, in reason-
able agreement with the values in Table I.

Considering the uncertainties in the above estimates,
the values of Table I have to be taken with care. Howev-
er, they underline the possible mechanism for the observed
demagnetization effects: It is the decrease in E with in-
creasing volume, typical for the Sm ion, which competes
with the decrease of I and leads to demagnetization
effects larger in La than in y-Ce, whereas in the smaller
a-Ce the hybridization strength overcomes the increase of
E and dominates the magnetic behavior. Thus, the mag-
netic behavior of the pure as well as of the substituted sys-
tems discussed are described consistently within the spin
ffuctuation picture.

The authors are indebted to K. Biedermann for valu-

able discussions and to B. Perscheid, who assisted in the
preparation of the a-Ce probes.
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