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Observation of intermultiplet transitions in SmFe»Ti
by inelastic magnetic neutron scattering
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Magnetic neutron spectroscopy of SMFe» Ti reveals a dispersionless electronic excitation corre-
sponding to transitions between levels of the exchange-split ground- and first-excited-state multi-

plets of the Sm'+ ion. The observed excitation energy of 175.5 meV at T =20 K may be accounted
for in the framework of an exchange and crystal-field model by assuming a bare spin-orbit splitting
of 129 meV for the J=

—,
' and —,

' multiplets. The neutron spectroscopy data are explained with the

same parameters used to fit the experimental magnetization curves of single-crystal SmFel l Ti.

I. INTRODUCTION

The application of inelastic magnetic neutron scatter-
ing to the investigation of spin-orbit and Coulomb transi-
tions between different multiplets in f-electron systems
has been one of the major successes of neutron spectrom-
eters at advanced spallation sources. Experiments on me-
tallic Pr (Ref. 1) have shown that the energy separation
between Russell-Saunders terms with different values of
the orbital angular momentum is sensitive, in a metallic
environment, to the screening by the conduction elec-
trons of the intra-f Coulomb potential. Intermultiplet
splittings are also sensitive to the degree of hybridization
of f-states with band electrons and are then of particular
interest for actinides and heavy-fermion systems where
the hybridization is expected to be strong. This has been
demonstrated in recent measurements on CeA1, (Ref. 2)
and U(Pd, „Pt, )3. Microscopic information on the ex-
change and crystal fields may also be obtained if these are
strong enough to produce observable splittings of the J
multiplets. A similar insight may also be expected in sys-
tems where the magnetic properties are dominated by the
indirect 3d 4f interaction. -

This paper reports the results of high-energy-transfer
(fico & 100 meV) neutron spectroscopy measurements per-
formed on polycrystalline SmFe»Ti. This compound has
recently aroused considerable interest as the ferromagnet-
ic Curie temperature of 584 K is comparable to that of
Nd2Fe&4B. The very large uniaxial rnagnetocrystalline
anisotropy (arising from the interaction of the Sm3+ 4f
electronic cloud with the surrounding charges) as well as
the high-Fe content make this compound attractive as a

potential permanent magnet material. It crystallizes in
the body-centered tetragonal ThMni2 structure ' (space
group I4/mmm) with the Sm at the 2a Th site (point
symmetry 4/mmm) and the transition elements distribut-
ed nonrandomly over the three Mn sites, 8f, Si, and Sj.
The average magnetic moment at 20 K on the Fe sites, as
deduced from the sublattice magnetization of YFe»Ti, is
about 19@it/formula unit. Neutron-diffraction measure-
ments, however, show that the Fe magnetic moments are
dependent on their local environment with Fe moments
of 1.7, 1.5, and 1.2ptt at the 8i, 8f, and Sj sites, respec-
tively, at 4.2 K. The spontaneous magnetization at
room temperature is slightly larger than that of the iron
sublattice, suggesting a parallel coupling of the Fe and
Sm moments as is usually the case for light rare earths.

The Sm ions are trivalent with a 4f (L=5, S=—,') elec-

tronic configuration and H5&2 Russell-Saunders ground-
state multiplet. However, with the J=—', H7&2 multiplet
at only 129 meV above the ground state, a substantial
mixing of states with different J by the very large ex-
change field due to the iron sublattice may be anticipated.
Such J-mixing effects have, in fact, been proposed for
SmFe»Ti in order to account for the large anisotropy
field at room temperature and the occurrence of a type-II
first-order magnetization process (FOMP) below 150 K
when a magnetic field of 9 T is applied perpendicular to
the crystallographic c axis. ' Intermultiplet mixing by
exchange and crystal field has also been proposed to ex-
plain the magnetocrystalhne anisotropy in Sm intermetal-
lics such as SmCos (Ref. 11) and SmFe2. '

The aim of the present measurements was to provide
spectroscopic data on the electronic state of Sm in this
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compound which could substantiate such a hypothesis.
This should, in principle, lead to an accurate determina-
tion of the 4f-electron J-mixing eigenfunctions and the
effects of the Sm + crystal field and the Sm-Fe exchange
interactions on the J-multiplet level scheme.
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II. EXPERIMENTAL DETAILS AND RESULTS
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FIG. 1. Inelastic neutron-scattering cross section of
SmFe»Ti at 20 K, measured with an incident-beam energy of
400 meV at an angle of 5. The spectrometer energy transfer
resolution at 176 meV is about 8 meV. The smooth line is the fit
to a Gaussian line shape, a sloping background, and a Gaussian
multiple scattering. The inset shows the data obtained in the
same configuration for YFe» Ti.

The experiment was performed on the high-energy
transfer spectromoter (HET) at the U. K. spallation neu-
tron source ISIS of the Rutherford Appleton Laboratory.
HET is a direct-geometry chopper spectrometer'
equipped with three He detector banks, one lying at 4 m
from the sample and covering a full scattering angle
range 4=3'-7', the other at 2.5 m from the sample and
spanning an angular range between 10' and 30', the last
one providing data at a large angle, 4=136'. Incident
energies from 30 to 2000 meV may be selected at the sam-
ple position by phasing a Fermi chopper spinning at
400—600 Hz to the source proton pulse. This gives a
wide choice of experimental configurations with high-
energy resolution and small scattering vector Q. The
scattering function S(Q, co) is obtained by sorting the sig-
nals from the detectors according to the scattering angle
and the neutron time of Bight.

The sample consisted of 72 g of polycrystalline
SmFe»Ti mounted in an aluminum can onto the cold
plate of a closed-cycle refrigerator. Measurements were
performed at temperatures of 20 and 290 K with incident
energies of 400 and 500 meV. Since the specimen was
prepared using Sm with natural isotopic composition,
complications arise due to the presence of the strong
Sm' neutron absorption resonances at about 98 and 873
meV. However, with the chosen incident energies, both
incident and down-scattered neutrons have an absorption
cross section sulciently small to make possible the obser-
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FIG. 2. Inelastic neutron-scattering cross section of
SmMn4A18 at 25 K, measured with an incident-beam energy of
400 meV at an angle of 5'. The smooth line is the fit to a Gauss-
ian line shape and a sloping background.

III. ANALYSIS AND DISCUSSION

The Q dependence of the integrated intensity of the
magnetic peak, as obtained from data taken at higher
scattering angles and different incident energy, is com-
pared in Fig. 3 with the theoretical inelastic form factor
for the J=—,

' J=—', dipole transition in Sm +. This is
calculated by Balcar and Lovesey' as,

vation of magnetic excitations up to 250 meV. An 80-g
sample of the isostructural compound YFe»Ti (encapsu-
lated in an identical container) was also measured in or-
der to identify contributions to the neutron spectra aris-
ing from magnetic modes of the Fe sublattice. A 30-g
sample of the isostructural compound SmMn4A18 was
also used in order to measure the bare spin-orbit splitting.
In this compound there is no magnetic ordering down to
at least 4.2 K so that there are no complications arising
from exchange fields. The spectra from different runs
and at different angles were normalized to each other by
using the scattering from a vanadium standard. X-ray-
diffraction measurements confirmed that all the three
compounds were single phase with all diffraction lines
consistent with the ThMn, 2 tetragonal crystal structure.

The scattering function obtained for SmFe» Ti at
T=20 K, with an incident energy of 400 meV and full
scattering angle 4=5', is shown in Fig. 1. A dispersion-
less electronic excitation was observed at 175.5(5) meV
with a full width at half maximum FWHM = 8(1) meV
corresponding to the spectrometer resolution. No peaks
are observable in the same energy region for YFe» Ti (see
inset of Fig. 1) ruling out the possibility that the excita-
tion arises from dispersionless Fe modes. In Fig. 2 is
shown the measured spectra at 25 K for SmMn4A18
clearly showing the spin-orbit splitting of about 130 meV
characteristic of Sm +. When the temperature was
raised to 290 K the peak position for SmFe» Ti shifted to
169.1(5) meV while its FWHM increased to about 13
meV.
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FIG. 3. Dependence of the magnetic peak integrated intensi-
ty on the scattering vector Q. Data are obtained from measure-
ments at diferent scattering angles and different incident neu-
tron energies. The solid line represents the inelastic structure
factor calculated for the J=

2
~J=

—, dipolar transition in
Sm + (Ref. 14).

H =A.L.S—2paB .S+HcFF i (3)

0 =A (r ) ,UA+(r~)U +A~(r 6)U6. (4)

The first term above represents the spin-orbit coupling
where X=35.4 rneV, assuming a bare spin-orbit splitting
of 129 meV for the J=—,

' J=—,
' multiplet. The second

term represents the molecular field of the Fe sublattice on
the Srn site, using an exchange coeScient ns F, =266po,
as deduced from the Curie temperature, one obtains at
T= 20 K, 2@~8„=40.85 meV. The third term in the
Hamiltonian is the crystal-field potential for the 2a site in

G(Q, J,J')

= ga«( jk(Q) &(j„(Q)&(k, k'=0, 2, 4, 6) . (1)
kk'

The coeScients a«are given in Ref. 14 and the radial
integrals are defined as

(jk(Q)) = f r'f'(r)jk(Qr)«, (2)
0

where jk(x) is a spherical Bessel function and f (r) is the
radial part of the one-electron states. Accurate fully rela-
tivistic calculations of the jk(Q) integrals are given for all
the rare-earth free ions by Freeman and Desclaux. ' The
excellent agreement between the experimental data and
the theoretical curve further support the assignment of
the observed excitation to a transition between levels of
the ground- and first-excited Sm + J multiplets split by
the very strong Sm-Fe exchange field. In order to ac-
count for the neutron spectroscopy results presented
above, a model incorporating the spin-orbit interaction
and both exchange and crystal fields was used. The total
Hamiltonian may be written as,"'
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FIG. 4. The single-crystal magnetization curves of SmFe»Ti
at 4.2 and 293 K with the magnetic 6eld applied parallel and
perpendicular to the tetragonal c axis. The points represent the
theoretical fit with the parameters given in the text and the solid
lines are the experimental data taken from Ref. 16.

the tetragonal ThMn&2 structure with point symmetry
4/mmm (the omission of the other symmetry allowed
terms U4 and U6 has a negligible effect on the energy-
level scheme). The terms Ag are the crystal-field
coefficients and (r") are the expectation values of the r"
operator over the 4f wave function as obtained by Free-
man and Desclaux' by fully relativistic Dirac-Pock cal-
culations. The Racah operators Ug are deduced using 3-j
and 6-j symbols and in absence of J mixing reduce to the
classical Stevens operators. The crystal-field coeScients
Ag may be estimated from a fit of the magnetization
curves of single crystal SmFe~&Ti. ' A Zeernan term
tttoH (L+2S), where H is the externally applied magnetic
field, is added for this purpose to the total Harniltonian.
The values obtained are A 2

= —11.37 meV/a 0,
A~=0. 34 meV/att, and A6=0.60 meV/att, where ao is
the first Bohr radius. The fitted experimental curves are
shown in Fig. 4.

The diagonalization of the total Hamiltonian yields im-
mediately the eigenvalues and eigenfunctions. Three lev-
els are found in the energy range from 0 to 250 rneV
which are coupled to the ground state in the dipole ap-
proximation. Their wave functions and corresponding
energies are reported in Table I. As nondipole transitions
should have much smaller intensities than the transitions
allowed in the dipole approximation, we should expect to
observe three peaks in the inelastic magnetic neutron-
scattering cross section, namely at 31, 176, and 207 rneV.
However, an estimate of the transition probabilities
(given by the square of the matrix elements of the mag-
netic neutron-electron interaction operator in the dipole
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approximation) shows that the peak at 207 meV should
be an order of magnitude less intense than the one at 176
meV. A further reduction of a factor 2 in the intensity
arises from the Q dependence of the inelastic structure
factor (for E, =400 meV, Q=3.65 A at fico= 176 meV
and Q=4.36 A ' at fico=207 meV). The corresponding
peak height would then be comparable to the statistical
fluctuations and the peak could not be observed. On the
other hand, the transition at 31 meV, although the most
intense, is in a region with a very large phonon back-
ground. A reliable subtraction of the vibrational part of
the neutron spectrum using the YFe» Ti results was not
possible due to the large difference in the neutron absorp-
tion for the two compounds. After taking this into ac-
count, the agreement with the experimental results is sa-
tisfactory.

When the temperature was increased to 290 K, the po-
sition of the inelastic magnetic peak shifts towards a
lower energy, reflecting the temperature renormalization
of the molecular field. However, as the exchange fields
acting on the ground and the excited state are not neces-
sarily the same, two independent values for the
molecular-field constant should be used in order to fit the
temperature dependence of the level splitting. This
would give a unique way to measure the exchange
strength on the excited multiplet in metallic compounds,
but as only two temperatures have been examined in our
experiment, no conclusions concerning this point can be
made. Further measurements at different temperatures
and on different Sm compounds with medium and weak
exchange are planned for this purpose.

In conclusion, our neutron spectroscopy experiment on
SmFe»Ti has revealed, for the first time, an electronic
transition between single components of the ground and
excited J multiplets in a rare-earth metallic compound.

TABLE I. Largest components of the J-mixing wave func-
tions for some selected states of the Sm'+4f electrons in

SmFe„Ti. Only those levels lying below 250 meV which are
coupled to the ground state in the dipole approximation are re-
ported. The corresponding eigenvalues are given in the last
column.

J-mixing eigenfunction

—0.970'-,', --,' &+0.»7I-I, --', &-0 049I

+0.963' —', ——') —0 269I z, 2
)+0 016'

+0.9791-,', —-,'& —0.2041-,', —
-,'&

+0.2S9i-,', —
—,
'

&
—0.909+,——,

' &+0.325'

Energy
(meV)

0.0
31.1

176.0
207. 1
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The results allow a direct verification of the Hamiltonian
adopted to describe the 4f electron states in iron-rich
ThMn&z structure rare-earth alloys. The J-mixing eigen-
functions for the Sm + 4f electrons in SmFe» Ti have
been determined. This is of particular interest because
J-mixing effects play a fundamental role in the determina-
tion of the basic magnetic properties of this compound.
Further utilization of the epithermal spectrum presently
available at advanced spallation neutron sources can be
expected to yield a wealth of information on the electron-
ic state of rare-earth ions in Fe- and Co-rich intermetallic
compounds.
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