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We use inelastic neutron scattering to study the low-energy spin excitations of polycrystalline samples of
nonsuperconducting CeFeAsO and superconducting CeFeAsOq.g4Fo.16. Two sharp dispersionless modes
are found at 0.85 and 1.16 meV in CeFeAsO below the Ce antiferromagnetic (AF) ordering temperature
of TS ~ 4 K. On warming to above TN® ~ 4 K, these two modes become one broad dispersionless
mode that disappears just above the Fe ordering temperature The ~ 140 K. For superconducting
CeFeAsOq.s4Fo.16, where Fe static AF order is suppressed, we find a weakly dispersive mode center at
0.4 meV that may arise from short-range Ce—Ce exchange interactions. Using a Heisenberg model, we
simulate powder-averaged Ce spin wave excitations. Our results show that we need both Ce spin wave
and crystal electric field excitations to account for the whole spectra of low-energy spin excitations.
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The parent compounds of iron arsenide superconductors
such as RFeAsO (R =La, Ce, Nd, Sm, Pr, ...) are long-
range ordered antiferromagnets where iron spins form
a collinear antiferromagnetic (AF) structure [1-8]. Al-
though a lot of efforts over the past year have focused
on the magnetism from iron 3d electrons, the interplay
between the iron 3d and rare earth 4f electrons in iron
oxypnictides may also play an important role in deter-
mining the electronic properties of these materials. For
example, while LaFePO is a low-temperature bulk super-
conductor [9], CeFePO exhibits heavy fermion behavior
with a Kondo temperature Tx =~ 10 K [10]. For the
undoped CeFeAsO, Ce f-electrons order antiferromag-
netically at T\ ~ 4 K [5] with no signature of heavy
fermion behavior. Theoretically, the 3d—4f hybridization
is found to be different between CeFePO and CeFeAsO
by LDA+DMFT calculation [11]. The Kondo screening

of the f~moments may be efficiently suppressed by the
d-electron ordering [12]. The zero field muon spin re-
laxation (usR) measurement has indeed found a strong
Fe—Ce coupling in CFAO that results in a large stag-
gered Ce magnetization induced by the magnetically or-
dered Fe sublattice far above T° [13]. A recent neutron
diffraction study on the CeFeAs;_,P,O further reveals a
lattice distortion induced magnetic quantum phase tran-
sition where the AF orders of Fe 3d and Ce 4f electrons
are suppressed upon substitution of P for As [14].

To understand the magnetic interaction between 3d
and 4f electrons in CeFeAsO and its electron-doped su-
perconductor CeFeAsO;_,F,, we carried out inelastic
neutron scattering studies on the low energy spin excita-
tions in polycrystalline CeFeAsO and CeFeAsOq g4Fo.16.
We observe clear Ce spin waves below Tx5° in CeFeAsO
and can model them using a Heisenberg model. However,
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we also need to include the Ce crystalline electric field
(CEF) excitations in order to understand the observed
excitation spectra [15]. Ce spin excitations are also found
in the superconducting CeFeAsOq g4F.16 sample.

We grew polycrystalline non-superconducting Ce-
FeAsO and superconducting CeFeAsQg g4Fg.16 with T, =
41 K using the method described elsewhere [3]. The non-
superconducting LaFeAsO (LFAO) sample was also pre-
pared by the same method to isolate the magnetic scat-
tering from Ce in CeFeAsO since La3* is nonmagnetic.
The inelastic neutron scattering measurements were per-
formed on the Disk Chopper Spectrometer (DCS) and
Spin-Polarized Triple-Axis Spectrometer (SPINS) at the
NIST Center for Neutron Research (NCNR). We choose
orthorhombic Cmma space group to describe the mag-
netic structure of Ce spins in CeFeAsO, whose unit cell
can be indexed as v2ay X V2by X 2cy where an, by
and cy are nuclear lattice constants [5].
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Fig. 1 (a) 2-D mapping of spin excitations of CeFeAsO at T =
1.5 K. There are two sharp dispersionless modes at 1.2 meV and
0.9 meV respectively. (b) Same measurement on LFAO as that
in (a). No spin excitation is observable. A comparison of energy
cuts with |@Q] integrated from 1 to 2 A~ between these two sys-
tems is given in (¢). (d) The integrated intensities of two peaks
at different |@Q|. Error bars in all figs represent + 1lo.

We begin by showing the Ce magnetic excitations at
1.5 K, a temperature well below T'(¢, in Fig. 1(a). One
can see clear acoustic spin waves dispersing from |Q| ~
0.36 A=', which corresponds to (0, 0, 1) AF ordering
wave vector of Ce. There is a small spin gap (~ 0.3 meV)
usually arising from the anisotropy effect [16, 17]. The
most prominent features in Fig. 1(a) are two sharp dis-
persionless modes at ~1.2 meV and 0.9 meV. Detailed
cuts suggest that the intensities of both modes show little
change for |Q| > 0.8 A=', as shown in Fig. 1(d). Since
such a mode is not observed in LaFeAsO [Fig. 1(c)], the
observed two weakly dispersive modes must arise from
Ce unpaired 4f electrons.
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Fig. 2 (a) 2-D mapping of spin excitations of CFAO at T' = 60
K, where two sharp dispersionless modes at low temperature be-
come one broad mode. This mode disappears above TEQ, as shown
in (b). (c)—(e) The temperature dependence at |Q| = 1.818 A~1.
(f) The temperature dependence of centers of these modes.

Above Tﬁe, the acoustic spin waves disappear as ex-
pected. The two dispersionless modes change to one
broad dispersionless mode with a typical energy full
width at half maximum (FWHM) of ~ 0.75 meV, much
larger than the energy resolution (~ 0.1 meV) as shown
in Fig. 2(a). Above the Fe ordering temperature TL,
the mode disappears and the low energy excitations show
quasi-elastic paramagnetic scattering, as shown in Fig.
2(b). To study the detailed temperature evolution of this
mode, we carried out energy scans at |Q] = 1.828 A1
at SPINS. Figure 2(c) shows that the two sharp modes
become one broad mode right above Tx°. Further in-
creasing temperature results in a shift of the mode to
higher energy, as shown in Fig. 2(d).
above 1 meV actually show no change with increasing
temperature and it is the intensity loss at low energies
that leads to the shift of the mode. Figure 2(e) shows
that the mode disappears above Tie. In Fig. 2(f), we
give the temperature dependence of the center of the
mode. The circle and diamond symbols are the fitting
results of two peaks at 2.4 K.

In order to model the magnetic excitations at low tem-
perature, we use a Heisenberg model to describe the ex-
change interactions between local moments:

The intensities



Shi-liang L1, et al., Front. Phys. China, 2010, 5(2)

H=Ji, Y Sk s+, st ste,

163

HJa Y SR (81 pip+ Srtap) I > SEe- ST,

r

r

Ce Ce Ce

+Je Y Sriters Sriters T Jz > Sritets
r,07#6’ r,6

C F C F C F C F
e 3SCE gy SR SC s SE) b Ty 3OSy g, SEO 5T, s, - S
™ ™

where r denotes the positions of Fe atoms. The vector
connecting Fe atoms in the & direction is a, while that
connecting Fe in the ¢ direction is b. The vector from
one Fe layer to the next is ¢. The vectors § represent the
relative positions of the Ce and O atoms.

The coupling constants are represented in Fig. 3(a).
We take the coupling between nearest-neighbor Fe atoms
to be antiferromagnetic (Ji,) and ferromagnetic (Jiy)
respectively as reported in CaFesAsy [18]. The coupling
between next-nearest Fe atoms, Ja, is taken to be an-
tiferromagnetic. We note that the low energy scale of
Ce spin excitations is basically determined by the cou-
plings related to Ce, so the values of J; and Jy have
insignificant effects on the final results. We assume a
weak ferromagnetic coupling J, between Fe atoms along
the ¢ axis. In addition, we assume that the Ce moments
are highly localized and weakly coupled as one would ex-
pect for f-electron system. Based on the powder diffrac-
tion results, the Ce atoms have a weak in-plane ferro-
magnetic moment, which alternates from plane to plane,
and is responsible for doubling the unit cell in the c-
direction. In deriving the spin structure factor, we have
taken this component [i.e. the (0, 0, 1)) component]
to be collinear with the Fe ordering, and neglected the
(1, 0, 0)ps component of the Ce order for simplicity. The
coupling between Ce atoms within the same Ce—O plane
J. is assumed to be ferromagnetic, but the coupling be-
tween Ce atoms in different planes J.. is antiferromag-
netic. We also include the effects of frustration between
the Ce and Fe atoms. Note that the coupling between
the Fe and Ce systems is highly frustrated. This is be-
cause a Ce atom which sits on, e.g., the top of a Ce-O
layer couples to four Fe atoms in the nearest neighbor
Fe—As layer above it. Since the Fe atoms have an anti-
ferromagnetic order, the Ce—Fe interaction is completely
frustrated, regardless of the sign of the Ce—Fe coupling,
Jef.

We use linearized spin wave theory to calculate the
dynamic structure factor [19]

Sk,w) =" > [{fIS'(K)I0) *6(w — wy)

foi=ry,z

(2)

where |0) is the magnon vacuum state and |f) denotes
the final state of the spin system with excitation energy
wy. The angle-average of S(k,w) is proportional to the
expected powder-averaged neutron scattering intensity.
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Figure 3(b) and (c) give our calculated results for
powder-averaged low-temperature magnetic excitations
when both Fe and Ce spins are ordered and only Ce
spins are ordered respectively. Our calculation success-
fully reproduces the low @) acoustic spin wave starting
from (0, 0, 1)5s and the high @ dispersionless character-
istic of the magnetic excitations. Comparing Fig. 3(b)
and (c) shows that couplings between Ce—Fe spins have
little effect on the Ce spin waves since they are frus-
trated. In addition, the values of Fe—Fe couplings also
make little contribution to the Ce spin waves due to their
large values.
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Fig. 3 (a) Effective couplings between magnetic moments, as de-
scribed in the text. (b) Angle-average of the spin structure factor
when both Fe and Ce spins are ordered at low temperature. Here,
we have used Jiz = 49.9, J1, = —=5.7, Jo = 18.9, J, = —0.01,
Je = 0.1, Jzc = 0.02 and J.; = 0.5 meV. (c) Angle-average of
the spin structure factor when only Ce spins order at low tcemper-
ature. All the Fe—Fe coupling and Fe—Ce coupling are set to zero.
The frequency is in units of J2SE®, and we have used the measured
ratio of $$¢/SFe ~ 1.1.

Although this model can explain the dispersive spin
waves from Ce AF ordering wavevector, it fails to ex-
plain the two dispersionless modes existing below Tge.
To understand our data, we note that AF ordering in
CeFeAsO can split the Ce CEF levels [15]. At a temper-
ature above T° but below T, a broad peak can come
from the split of low-energy CEF level. At low temper-
ature, the ordered Ce spins produce the lower branch
of the modes, but the higher branch is still related to
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CEF. The observed small ordered Ce moment [5] is con-
sistent with this picture. Above T¢, the Ce spin fluc-
tuations persist at lower energies due to the coupling
between Fe and Ce moments [13] while the CEF level is
still above 1 meV, which explains the large FWHM of
the mode. The remaining short-range coupling between
Fe and Ce moments may be non-Heisenberg-type [13],
or the Heisenberg fluctuations at finite frequency despite
of the frustration in the zero-frequency limit. Increasing
temperature up to TH°/2 only reduces the intensities at
low energies [Fig. 2(d)] while the CEF level shows lit-
tle change [Fig. 2(f)]. This picture suggests that the Ce
4f-electrons can be coupled to Fe 3d-electrons via a local-
moment-like picture at low energies or through CEF.
We now turn to the superconducting CeFeAsOg.g4F .16,
where similar measurements on DCS were performed.
Fig. 4(a) shows the presence of the acoustic spin wave
dispersing from (0, 0, 1)ps. This is consistent with a
short-range ordering of Ce moment at low tempera-
ture, as shown in Fig. 4(b). The correlation length is
about 32 A by fitting the data with Gaussian lineshape.
Figure 4(c) gives a direct comparison between super-
conducting CeFeAsOq g4F.16 and nonsuperconducting
LaFeAsO, which clearly shows the presence of a disper-
sionless mode at energy ~ 0.6 meV. With increasing
temperature, the intensity of the mode quickly drops
and the mode faintly disappears above T' ~ 15 K, as
shown in Fig. 4(d). Since there is no CEF splitting due
to the absence of long-range Fe AF order in supercon-
ducting sample [15], this mode is only related to Ce
spin—spin correlations. In CeFeAs;_,P,O system, Ce
ordering vanishes well before the disappearance of Fe
ordering [14], which suggests that the Ce—Ce coupling
itself is very weak. It is thus possible that the mode in
the superconducting sample is related to the Fe spin

fluctuations.
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Fig. 4 (a) 2-D mapping of spin excitations of superconducting
CFAOF (2=0.16) at T = 1.6 K. (b) Short-range order of Ce spins
around @ = (0, 0, 1)ps. (c) Energy cut with |Q| integrated from 1
to2 A—1 (d) Temperature dependence of the dispersionless mode.
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In conclusion, we have studied the low energy spin
excitations in polycrystalline CeFeAsO. We report the
acoustic spin wave dispersing from (0, 0, 1)s and simu-
late the results using a simple Heisenberg Hamiltonian.
We also observe two distinct dispersionless modes be-
low T'5;°, which become one broad mode with increasing
temperature. Our results suggest that a combination of
the effects from both the direct Fe—Ce coupling and the
Ce CEF split due to Fe ordering is needed to understand
the interplay of 4f-3d electrons. For superconducting
CeFeAsOg.g4F¢.16, we find a broad mode at low temper-
ature suggesting Ce—Ce short-range spin correlations.
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