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Electron spin resonance of Nd + and Yb + in CeFe4P1z
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Electron spin resonance experiments, at low temperature (1.6—4.2 K), of Nd + and Yb + in the
small-gap semiconductor CeFe4Piz show cubic-crystal-field I'8 and I'6 ground states, respectively.
The sign and ratio between the fourth and sixth order cubic-crystal-field parameters were found
to be in agreement with those previously determined for Dy + and Er + in the same compound.
Dysonian resonance line shapes, characteristic of metallic hosts, were observed in all our experiments.
However, no exchange interaction eKects between the localized rare-earth magnetic moment and
conduction electrons were detected. This result supports the idea that in CeFe4Pi2 there is a strong
4f-conduction-electron hybridization with an open gap in the density of states at the Fermi level.

I. INTRODUCTION

The compounds RFe4P12 (R=La,Ce,Pr, Nd, Eu) are
cubic and CeFe4P i2 is the only one that shows
a semiconductorlike temperature dependence of the
resistivity. ' Furthermore, CeFe4Pi2 shows an almost
temperature-independent magnetic susceptibility and a
smaller lattice parameter than that expected for trivalent
Ce. These properties suggest that either the Ce atoms
are nearly tetravalent or there is a strong 4f-conduction-
electron hybridization with an open gap in the density
of states at the Fermi level. ' However, recent resistivity
measurements4 showed metallic behavior (dp/dT ) 0)
in ThFe4P&2. Since in this compound Th is likely to be
tetravalent, 4f-conduction-electron hybridization seems
to be the mechanism responsible for the observed prop-
erties in CeFe4P~2.

It is known that electron spin resonance (ESR) exper-
iments on dilute magnetic rare earths in metallic com-
pounds can give valuable information about the local
crystal field (CF) and exchange interaction between the
localized magnetic moment and conduction electrons.
Hence the aim of this work is to study the ESR spectra
of Nd + and Yb + in CeFe4Pi2 in order to contribute
to a better understanding of the electronic properties of
this compound.

II. EXPERIMENT

Single crystals of Cei R Fe4Pi2 (R =Nd, Yb) with
x = 0.002 were grown in a molten Sn flux. Typical crys-
tal dimensions were about 2 mm, and the samples showed
clearly the natural crystallographic growing faces. These
faces were used to orient the crystals in the resonant cav-
ity in order to obtain the angular dependence of the spec-
tra. The ESR experiments were carried out in a conven-
tional X-band ESR Varian E-line spectrometer using a

liquid helium (1.6—4.2 K) tail quartz Dewar adapted to
a room temperature TE]p2 (100 kHz) cavity.

III. RESULTS AND ANALYSIS

A. Ceg Nd Fe4Pgg

The ESR spectra of Nd + in CeFe4Pi2 at liquid he-
lium temperature show two main anisotropic resonances.
The temperature dependence of the intensity, down to 1.6
K, indicates that both resonances belong to the ground
state. Figures 1 and 2 show, respectively, the g value and
relative intensity anisotropies for both resonances when
the magnetic field is rotated in a (110) plane. Figures 3
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FIG. 1. g value anisotropy for the two observed resonances
of Nd + in CeFe4Piq. The dashed lines are the theoret-
ical fittings for the two Kramers doublets of the F~ quar-
tet. The obtained parameters were (see text) gg = 0.7335(5),
x = —0.566(5), aud W ( —0.100(5).
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nances of Fig. 1. See text for
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and 4 correspond to the spectra observed for one of them
at 4.2 K for two difFerent orientations of the external mag-
netic Beld. The resonances show Dysonian line shape '

characteristic of conducting hosts. The spectrum consists
of 17 lines corresponding to the various Nd3+ isotopes;

Nd + (I = 0, 79 4%%u') Nd + (I = 7/2, 12.3%), and
i4sNds+ (I = 7/2, 8.3%). The hyperfine splittings for
both isotopes with I = 7/2 were found to be anisotropic.
Figures 5 and 6 show this anisotropy in the (110) plane
for both isotopes and for angles where the hyperfine split-
tings could be clearly observed.

It is reasonable to believe that the Nd atoms replace
the Ce atoms in the lattice; thus the site symmetry is
expected to be cubic for the Nd + ions. The Hamiltonian
describing the energy levels within a manifold of angular
momentum J in the presence of an external magnetic

Beld and a crystal field of cubic point symmetry is given
by'

'R = ggpgy9 f+ PA4 (r ) 04(f) + 504(f)

+pAs (r ) Os (V) —210s(V), (1)

where the Brst term is the Zeeman interaction and the
second and third terms the cubic crystal field; P and p
are reduced matrix elements, A4(r4) and As(r ) are the
fourth and sixth order crystalline field parameters, and
O„are the Stevens equivalent operators.

Following Lea, Leask, and Wolf

X = g, / ~9 7 + w * ' + (1 —I*I)
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FIG. 3. ESR spectrum of
Nd + in CeFe4piq for an an-
gle of 15' between the external
magnetic field and the [Oolj di-
rection, in the (110) plane.
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where

~
JMJ) —) (I, s' ~LSJMJ)

L,S

Using in Eq. (3) the values of (L, g calculated by
Wybourne for the ground multiplet of Nd + we ob-
tain gJ ——0.7332, which is very close to that obtained
&om the fitting of our experimental data.

The inset a in Fig. 2 shows the angular dependence
of the square of the magnetic dipole matrix elements for

the two Kramers doublets of the I'8 ground state. Even(2)

though this angular dependence seems to be the appro-
priate one, their relative values, mainly near the [110]di-

rection, disagree with the experimental data. Since tran-
sitions between levels of difFerent Kramers doublets are
allowed and are easily broadened by crystal field inhomo-
geneities it is expected that they may affect the equilib-
rium population of the Kraxners doublets and in turn the
absorbed microwave power of the observed transitions.
Taking into account all the possible transitions within

the I'8 multiplet, we simulated the absorbed power of
the transitions for both Kramers doublets. The inset
b shows that this calculation leads to relative intensi-
ties which are closer to the experimental data, in spite
of the unknown actual crystal field inhomogeneous line
broadening and spontaneous transition probabilities for
the various transitions.

Owing to the strong anisotropy of the spectra (g value,
intensity, and hyperfine splittings) we were able to follow
the hyperfine splittings of the x4sNds+ and x4sNds+ iso-
topes only within a few degrees of the [001] direction
in the (110) plane (see Fig. 5 and Fig. 6). Since the
crystal field paraxneters (z and W) given above guaran-

tee that the I'8 ground state is quite isolated, we shall
use for simplicity the spin-Hamiltonian approach with an
effective spin S = 3/2 for the analysis of the hyperfine
lines. The spin Hamiltonian describing the hyperfine and
Zeeman interactions in a I'8' quartet can be written as
follows:9

where

'R = aggpIx9 . V + aAgg . 7
+bgqpxx (S H + S„H„+S,H, )
+bAg (S I + S„I„+S,I,) (4)

3 S(S+1)—L(L+1)
2 2J(J+1)

and the intermediate coupling wave functions are given
by

B. Ce& Yb Fe4P&q

Figure 7 shows the spectrum corresponding to Yb +

(I = 0, 69.9%%u ) xYbs+ (I = 1/2, 14.3%), and i sYb +

(I = 5/2, 16.1'%%uo) isotopes. The resonances are isotropic
and also show Dysonian line shapes. The measured g
value of 2.58 6 0.01 and the temperature dependence of
the intensity indicate that the resonance corresponds to
a I's ground state (gr, = 2.667). The measured hyper-
fine constants for Yb + and Yb + are

~
A~~ =

704(15) MHz and
~

A~~ = 190(4) MHz, respectively.
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For an effective electronic spin S = 3/2 and nuclear
spin I = 7/2, Eq. (4) gives a 32 x 32 matrix dependent
on P, Q, and A~. Using in Eq. (5) the I's wave func-
tions corresponding to x = —0.566 obtained above, we
calculate P = 2.4145 and Q = —0.0791. With these val-
ues we can calculate the resonance fields of the hyperfine
lines for each isotope by diagonalizing the 32 x 32 matrix
with A~ being the only adjustable parameter. The best
fit, shown in Fig. 5 and Fig. 6, gives

~
A~~ = 248(30)

MHz and
~

A~
~

= 155(20) MHz. These values are in
good agreement with those measured in insulators.

We want to mention that we have also done a pertur-
bation analysis to second order in the hyperfine coupling
for the [001] and [111]directions. xs To first order there
is no difference in hyperfine splittings between these two
directions [actually the hyperfine splitting is isotropic in
the (110)plane to first order]. However, there is an angu-
lar dependence in the second order term. In our case for
the [001] direction the second order contribution almost
triples the hyperfine splitting in comparison with that of
the first order calculation, while for the [111]direction it
introduces almost no change. It is also easy to verify
that the second order term along the [001] direction be-
comes important for small values of Q ( 10 2). A small
value of Q implies a small g value along the [001] direc-
tion for the 1/2;; —1/2 transition [see Eq. (5) and
Fig. 1].

and
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TABLE I. Rare-earths hyperfine constants ~A~i (MHz) in CeFe4P&z.

Isotope
Ours

Ref. 9

Nd'+

143
248(30)
220.3(2)

145
155(20)
136.9(1)

Dy +

161
110.2(9)
109.5(22)

163
155.9(9)
152.4 (30)

Er +

167
124.9(8)

125.3(12)

Yb +

171
704(15)

887.2(15)

173
190(4)

243.3(4)

IV. DISCUSSION V. CONCLUSIONS

This work along with our previous paper shows that
the rare earths (Nd +, Gds+, Dys+, Ers+, and Ybs+) oc-
cupy cubic sites in CeFe4Pi2, probably replacing the Ce
atoms. All the rare-earth ESR data are consistent with a
negative fourth order crystal field parameter and a pos-
itive sixth order crystal 6eld parameter. In particular
the ratio A4(r ) iAs(r ) was found to be = —9 for Er +

and ——7.5 for Nd +, where the difference can be eas-
ily accounted for by the difference in (r4) / (rs) ratiosi"
between Er + and Nd +. This confirms the customary
idea that the host electric crystal field is not significantly
modi6ed by the substitution of different rare earths.

Table I shows the magnetic hyperfine constant A~ for
all measured rare-earth isotopes in CeFe4Pi2. It is in-
teresting to note that, except for Yb + isotopes, the val-

ues obtained are consistent with those found in other
insulating hosts. The reason for the strong reduction

( 20'%%uo) observed in the hyperfine constant for both
Yb + isotopes is not clear to us at the moment. How-

ever, it is worth noting that Yb is often found to show
Kondo, intermediate valence, and heavy fermion behav-
ior, in a variety of compounds, indicative of strong 4f
(Yb) character for the conduction electrons at the Fermi
level. Thus the 4f (Ce) conduction-electron hybridiza-
tion, responsible for an open gap at the Fermi level, prob-
ably affects the hyper6ne field at the Yb + nucleus and
is therefore responsible for the observed reduction in the
hyperfine constants.

In summary, our ESR experiments demonstrate that
rare earths show localized 4f magnetic moments in
CeFe4Pi2 and occupy sites of cubic symmetry, proba-
bly substituting for the Ce + ions. The electric crystal
6eld does not seem to be affected by the substitution
of different rare earths. The magnetic hyper6ne interac-
tion, except for Yb +, is found to be the same as those
measured in insulators, with no observable contribution
from conduction electrons. This and the absence of g
shift (relative to insulating hosts) and thermal broaden-
ing of the line (Korringa relaxation) for all rare earths are
consistent with the existence of a gap in the density of
states at the Fermi level, supporting the idea that there
is a strong 4f (Ce) conduction-electron hybridization in
CeFe4Pi2. Clearly, further theoretical work is needed in
order to see if this hybridization can also explain the ob-
served reduction in the Yb + hyper6ne constants.

ACKNOWLEDGMENTS

The support of FAPESP (Fundagao de Amparo a
Pesquisa do Estado de Sao Paulo) and CNPq for the
research performed at UNICAMP and the support of
the National Science Foundation under Grant No. INT-
8815391e for the research performed at SDSU are grate-
fully acknowleged.

W. Jeitschko and D. J. Braun, Acta Crystallogr. Sect. B
33, 3401 (1977).
M. S. Torikachvili, M. B. Maple, and G. P. Meisner, in
Proceedings of the 17th International Conference on Low
Temperature Physics (LT-17), edited by U. Eckern (Else-
vier, Amsterdam, 1984).
G. P. Meisner, M. S. Torikachvili, K. N. Yang, M. B.Maple,
and R. P. Guertin, J. Appl. Phys. 57, 3073 (1985).
M. S. Torikachvili, J. W. Chen, Y. Dalichaouch, R. P.
Guertin, M. W. McElfresh, C. Rossel, M. B. Maple, and
G. P. Meisner, Phys. Rev. B 3B, 8660 (1987).
D. Davidov, C. Rettori, R. Orbach, A. Dixon, and E. P.
Chock, Phys. Rev. B ll, 3546 (1975).
D. Davidov, E. Bucker, L. W. Rupp, L. D. Longonitti, and
C. Rettori, Phys. Rev. B 9, 2879 (1974).
G. Feher and A. K. Kipp, Phys. Rev. 98, 337 (1955).
F. J. Dyson, Phys. Rev. 98, 349 (1955).
A. Abragam and B. Bleaney, Electron Paramagnetic Aeso-
nance of Transition Ions (Oxford University Press, Oxford,
1970).

K. R. Lea, M. J. M. Leask, and W. P. Wolf, J. Phys. Chem.
Solids 23, 1381 (1962).

"' S. Hiifner, Optical Properties of Transparent Rare Earth
Compounds (Academic Press, New York, 1978), p. 19.
B. R. Judd, Proc. Phys. Soc. London Sect. A B9, 157
(1956).
Y. Ayant and Elie Belorizky, C. R. Acad. Sci. 259) 3748
(1964).
B. G. Wybourne, J. Chem. Phys. 34, 279 (1961).
E. Belorizky, Y. Ayant, D. Descamps, and Y. M.
D'Aubigne, J. Physique 27, 313 (1966).
R. N. Mesquita, G. E. Barberis, C. Rettori, M. S.
Torikachvili, and M. B. Maple, Solid State Commun. 74,
1047 (1990).
A. J. Freeman and R. E. Watson, Phys. Rev. 127, 6 (1962).
L. J. Tao, D. Davidov, R. Orbach, and E. P. Chock, Phys.
Rev. B 4, 5 (1971);D. Davidov, R. Orbach, C. Rettori, D.
Shattiel, and L. J. Tao, Phys. Lett. 37A, 361 (1971);E. P.
Chock, D. Davidov, R. Orbach, C. Rettori, and L. 3. Tao,
Phys. Rev. B 5, 2735 (1972).


