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We have investigated the noncentrosymmetric tetragonal heavy-fermion antiferromagnetic compound
CeCuAl; (Ty = 2.5 K) using inelastic neutron scattering (INS). Our INS results unequivocally reveal the
presence of three magnetic excitations centered at 1.3, 9.8, and 20.5 meV. These spectral features cannot
be explained within the framework of crystal-electric-field models and recourse to Kramers’ theorem for a
4f! Ce** ion. To overcome these interpretational difficulties, we have generalized the vibron model of
Thalmeier and Fulde for cubic CeAl, to tetragonal point-group symmetry with the theoretically calculated
vibron form-factor. This extension provides a satisfactory explanation for the position and intensity of the
three observed magnetic excitations in CeCuAls, as well as their dependence on momentum transfer and
temperature. On the basis of our analysis, we attribute the observed series of magnetic excitations to the

existence of a vibron quasibound state.
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Strongly correlated electron systems exhibiting spin,
charge, and lattice degrees of freedom can sustain elemen-
tary excitations arising from localized, single-ion crystal
electric fields (CEFs) as well as dispersive vibrational
modes (phonons). Although both types of excitations
have very similar energy scales, they are in general con-
sidered to be decoupled from each other [1]. Consequently,
these two phenomena, i.e., CEF energy levels and phonon
dispersion relations, are investigated independently. It is
well known, however, that electron-phonon (e-p) coupling
gives rise to novel and subtle phenomena. Such is the case
of BCS-type superconductivity (SC) where e-p coupling
occurs because phonons distort the local lattice structure as
they propagate, and conduction electrons respond to the
resulting band distortion. In this context, it is still an open
question what happens when CEF-phonon coupling (c-ph,
i.e., the coupling between local electronic spin or orbital
degrees of freedom and phonons) is switched on in strongly
correlated rare-earth-based materials. To date, signatures
of strong c-ph coupling have only been observed in a
handful of strongly correlated compounds, namely,
CeAl, [2-4], YbPO, [5], CePd,Al, [6], CeCu, [3],
(PrY)Ni, and (PrLa)Ni, [7], and the insulator PrO, [8].
Among these, the cubic compound CeAl, is a well-known
example of this phenomenon and has been investigated
extensively using various experimental techniques [2,3].
To explain the excitation spectrum of CeAl,, a c-ph cou-
pling model was proposed for a cubic system by Thalmeier
and Fulde some time ago [4]. This model features strong
magnetoelastic (MEL) coupling between orbital and lattice
degrees of freedom resulting in well-defined changes to
macroscopic observables as well as a new type of (hybrid)
magnetic-phonon mode [2-8].
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In this Letter, we report unambiguous experimental and
theoretical evidence of strong c-ph coupling in the tetra-
gonal heavy-fermion (HF) antiferromagnetic (AFM)
compound CeCuAl; [8-10]. CeCuAlj; crystallizes in a non-
centrosymmetric (NCS) tetragonal BaNiSn;-type structure,
space group I4 mm, see Fig. 1(a) [9], where magnetic
Ce" ions are arranged in a body-centered tetragonal sub-
lattice. BaNiSn;-type HF compounds have recently
attracted much attention concerning SC in a NCS lattice.
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FIG. 1 (color online). (a) Tetragonal unit cell for CeCuAls.
The arrows represent the active longitudinal optic (L-optic)
phonon modes at the H-point of the Brillouin zone (BZ) with
1H3 symmetry. The displacement vector u is the same for all
other Ce* ions in the unit cell. (b) The square BZ for the basal
plane, showing the location of the H point. (c) Heat capacity (left
y axis) of RCuAl; (R = Ce, black circles and R = La, red
squares) and magnetic entropy (right y axis) versus temperature.
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For example, CeRhSi; and CelrSi; exhibit pressure-
induced SC near the quantum critical point [10,11]. It has
been proposed that the underlying NCS symmetry leads to
the violation of parity conservation of the Cooper-pair state
and that an admixture of singlet and triplet spin states
serves to stabilize it [10,11]. Thus, the investigation of
BaNiSn;-type HF metals in connection with their strong
electron-electron and electron-phonon interactions consti-
tutes a topical and largely unexplored area. The present
work focuses on the properties of CeCuAl;. Below 15 K,
its heat capacity (C/T) increases with decreasing tempera-
ture and exhibits a A-type anomaly at 2.5 K due to the
ordering of Ce-centered magnetic moments [12,13]. The
associated Sommerfeld coefficient and Kondo temperature
are y, = 140 mJ/mole K> and Tx = 8 K, respectively
[12]. The temperature dependence of the single-crystal
magnetic susceptibility reveals a ground state (GS) | =
1/2), resulting in a CEF splitting between ground and first
excited states of 10 K, followed by a second CEF doublet at
180 K [13]. A type-1 AFM structure with magnetic moment
0.2 up/Ce parallel to the ¢ axis has been reported in single-
crystal neutron diffraction experiments [14].

Polycrystalline samples (mass ~30 g) of CeCuAl; and
its phonon reference LaCuAl; were prepared by the stan-
dard arc-melting method starting with a stoichiometric
mixture of high-purity elements (Ce, La: 99.9%; Cu:
99.99%; Al: 99.999%). The as-cast samples were annealed
for a week at 900 °C under vacuum to improve single-
phase formation. Phase purity was checked at 300 K on the
GEM diffractometer at the ISIS Facility, Rutherford
Appleton Laboratory, U.K. Analysis of these diffraction
data using the GSAS program confirmed the single-phase,
BaNiSn;-type tetragonal structure of the samples, in agree-
ment with previous reports [9]. Heat capacity measure-
ments were performed by the relaxation method using a
PPMS system (Quantum-Design). The INS measurements
were carried out between 4.7 and 150 K on the time-of-
flight spectrometer MARI, also at the ISIS Facility.
Measurements were performed at three incident neutron
energies, namely, E; = 6, §, and 40 meV.

The heat capacity data reported in Fig. 1(c) exhibit a
broad peak near 6 K and a A-type transition at 2.5 K. The
former is due to a Schottky anomaly arising from the low-
energy CEF doublet (at 10 K), as inferred from a suscep-
tibility analysis [13], whereas the latter arises from the
AFM ordering of the Ce moments. The temperature de-
pendence of the magnetic entropy has been estimated by
subtracting the phonon contribution using LaCuAl; data
and shows that the entropy is ~RIn(2) at 2.6 K and
~R1In(4) at 20 K. This result is also in agreement with
the predicted CEF energy-level structure derived from the
susceptibility measurements [13].

Figures 2(a) and 2(b) show the INS spectra for RCuAl;
(R = Ce, La) at a temperature 7 = 4.7 K at incident en-
ergy E; = 40 meV and (d)—(e) at 8 meV. It is clear from
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FIG. 2 (color online). Contour plots of the INS data as a
function of energy transfer (E) and momentum transfer (Q):
(a) CeCuAl; and (b) LaCuAl; at 4.7 K with an incident energy
E; = 40 meV; (d) CeCuAl; and (e) LaCuAl; at 4.7 K with
incident energy E; = 8 meV. Magnetic scattering in CeCuAly
at 4.7 K has been estimated by subtracting the data of LaCuAl;
as show in panels (c¢) and (f) for E; =40 meV and 8 meV,
respectively.

these data that CeCuAl; exhibits three magnetic excita-
tions near 1.3, 9.8, and 20.5 meV at low momentum
transfers Q, while there is no discernibly strong phonon
scattering in LaCuAl; at these energies. These stark dif-
ferences in spectral response are evident in the low-Q
(04 A"y and high-Q (5-10 A~!) 1D cuts shown in
Fig. 3. At 47 and 150 K, the phonon contributions at
high-Q are similar in both compounds after taking into
account differences in neutron scattering cross sections. At
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FIG. 3 (color online). Q-integrated 1D cuts of the total scat-
tering from CeCuAl; (black circles) and LaCuAl; (red squares)
at low Q=0 to 4(2.43) A" (a, ¢) and at high Q=5 to
10(6.39) A™! (b, d) at 4.7 and 150 K (right side). The inset

shows the data from CeCuAl; and LaCuAl; with E; = 8 meV
(0 =01t03.6(2.00 A™") at 47 K.
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low-Q’s, the magnetic scattering is strong in CeCuAls,
with a small phonon contribution. An approximate
magnetic-scattering law has been deduced by subtracting
the observed scattering for LaCuAl; from that of CeCuAls,
ie, Sy(Q w)=S(0, w;CeCuAl;) — aS(Q, w;LaCuAly),
where a = 0.693 is the ratio of total-scattering cross sec-
tions for CeCuAl; and LaCuAls. The results of this sub-
traction procedure are shown in Figs. 2(c) and 2(f). As a
further check on the physical origin of these spectral
features, Fig. 4 shows their energy-integrated intensities
as a function of Q. The intensity of all three excitations
decreases with increasing Q, following the square of the
magnetic form factor, F2(Q), for a Ce3™" ion.

As CeCuAl; contains Ce®" ions in a 4f! electronic
configuration (J = 5/2), Kramers’ theorem dictates that
all CEF levels should be doubly degenerate. Therefore, the
observed three CEF excitations from the ground state in
CeCuAl; (above Ty) cannot be explained on the basis of a
pure CEF model involving tetragonal point-group symme-
try. In such a case, the associated CEF Hamiltonian is of
the form Hege = B,°0,° + B,°0,° + B,*0,*, where O,
are Stevens operators [15] and B, are CEF parameters.
We attempted to fit the INS data based on the pure CEF
model and found a good fit for the observed spectral
features at 1.3 meV and 20.5 meV, but the peak at
9.8 meV could not be accounted for. This result indicates
that this peak cannot arise from pure CEF excitations, but
from a new kind of excitation. This is a similar situation to
that found in cubic CeAl,, which reveals two CEF excita-
tions, yet one expects only one originating from the ground
state [2—4]. The case of CeAl, was explained by the c-ph
coupling model of Thalmeier and Fulde [4]. In this phe-
nomenological model, the two key ingredients to achieve a
stronger coupling between CEF and phonon excitations are
(1) the phonon frequency (Zw) should be close to the CEF
level; and (2) the phonon and CEF eigenfunctions should
have similar symmetry. In addition to these necessary
ingredients, the strength of MEL coupling must be sizeable
and we have no control on this. The high phonon density of
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FIG. 4 (color online). Energy-integrated Q-dependent mag-
netic scattering from CeCuAl; at 4.7 K. The solid line (red)
represents the square of the Ce®" magnetic form factor and the
dotted line (blue) represents the vibron structure factor (see text).

states (PDOS) close to CEF levels favors MEL coupling.
To explain the present results on CeCuAl;, we have gen-
eralized the cubic c-ph (MEL) coupling model to tetrago-
nal point-group symmetry (first used by Chapon et al. [6])
with the proper vibron form factor. The total Hamiltonian
(H,y) contains three terms of the form [4]:

H = Hcpr + hog(afa, +1/2) — M"?(a, + a,;))0,,
(n

where the first term is the tetragonal CEF Hamiltonian
mentioned above, the second term is the phonon
Hamiltonian (Hy), and the third term is the MEL (c-ph)-
coupling term (H,.,). Here hw, denotes the phonon en-
ergy, and a,* or a, are phonon creation or annihilation
operators. In this second-quantization picture, ion dis-
placements are given by the operator U = (a, " + ay),
where u is the phonon displacement [4,16]. M?? is a
magnetoelastic parameter proportional to the coupling be-
tween CEF and phonon excitations. O,, is the CEF-phonon
operator and its symmetry was determined using a double-
valued (d.v.) representation for the direct products of the
I', ® I'y; irreducible representations (IRs) where o=
6,7, 6' correspond to pure CEF doublets. With these con-
siderations in mind, one can explore which regions of the
Brillouin zone (BZ) should display strong CEF-phonon
couplings. Such a region should have a high PDOS and,
therefore, the associated phonon dispersion relation should
have zero slope. Figure 1(b) shows the BZ associated with
the basal plane where Ce3* ions display square symmetry.
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FIG. 5 (color online). Low-Q (2.43 A™hH magnetic scattering
in CeCuAl; at 4.7 K (a) and 150 K (b) at an incident energy
E; = 40 meV. The green circles in (a) correspond to E; =
8 meV (right y axis). The inset in (b) shows the data with E; =
6 meV at 20 Kand Q = 1.7. A~!. The thick solid lines represent
the fit using the Hamiltonian given by Eq. (1). The dotted lines
show the individual components to the fit (see text for details).
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At the BZ H point, there are five phonon IRs, namely:
one volume («), one tetragonal (), two pseudo-trigonal
(&1, &) and one orthorhombic (& or lH3) mode [16]. Of
these five, symmetry arguments dictate that only the
orthorhombic 'H; phonon mode couples to the CEF dou-
blets. Since 'H; transforms as x2-y?, the CEF-phonon (or
MEL) operator must be of the form O, =03=J,2—J,?=
1/2(J,%+J_?) in the angular-momentum representation.
Using this result, magnetic INS spectra were calculated via
recourse to the following dipolar spectral function con-
necting two energy levels E, and Eg:

ap
Sap(Q ©) = padiiF(Q)8(E, — Eg — ho), (2)

where the oscillator strength is given by dij =
|CTulJ llzI‘gu’ 2. F%, is the vibron form-factor
F%,(0Q) = C[sin(Qd/2)/(Qd/2) where C ~0.95 and
d=0.7A have been obtained from a fit of the
Q-dependent intensities shown in Fig. 4. |*T'", u) corre-
spond to the vibron eigenfunctions obtained from Eq. (1)
where n is the CEF doublet index. p, is the thermal
occupation number of the vibronic multiplet and J is the
component of the total angular momentum perpendicular
to the scattering vector. d;; describes the magnetic dipole
transition. The starting point of our analysis was to search
for suitable CEF parameters that can result in a high-lying
CEF peak in the vicinity of a correspondingly high PDOS
close to 13.5 meV, as well as a low-energy peak near
1.3 meV. To explore the effects of MEL interactions,
CEF parameters were kept fixed and INS spectra were
simulated by varying M?? from 0 to 0.5 in 0.1 meV steps
while keeping hw, fixed at a value of 13.5 meV. When
M?2 was close to 0.2 meV, we observed the splitting of the
15 meV peak and such a splitting increased with increasing
M2, yet no strong energy renormalization effects were
found for the position of the low-energy feature at 1.3 meV.
These simulations revealed that M?»2 lies between 0.4
and 0.5 meV. A final refinement of this protocol was carried
out via a simultaneous fit of the INS data at 4.7 K for all
three incident energies, namely, E; = 6 meV (also 20 K
data set), 8, and 40 meV (also 150 K data set). In the
final fit (cf. Fig. 5), we allowed changes to the CEF
parameters, hw,, and M”? yielding the following values
in meV: B,”=0.611(0.017), B,°= —0.015(0.001),
|B,*l = 0.317(0.004), hw,=11.3(0.5), and M”?=
0.40(0.03) meV/Ce3*. Please note that from the INS
data one cannot determine the sign of B,*. These parame-
ters give rise to a pure CEF G.S. with wave function | =
1/2) in agreement with previous susceptibility analyses
[14]. Moreover, the estimated ordered-state Ce moment
is (u,) = 1l.4ug and (u.) = 0.4 g, in line with high-field
magnetization studies [17]. On the contrary, the estimated
easy-axis direction corresponds to the crystallographic a
axis and not the c¢ axis, as previously reported in the
neutron diffraction study of Ref. [14]. This apparent

disagreement could evidence the presence of anisotropic
two-ion magnetic exchange in CeCuAl; [18]. The value of
M2 estimated from our analysis of the INS data is also in
good agreement with perturbative calculations yielding
M7? = 0.4 meV/Ce3* [19].

In summary, we have carried out INS measurements on
the tetragonal CeCuAl; compound and found the presence
of three magnetic excitations in the paramagnetic regime.
These excitations cannot arise from pure CEF effects but
rather originate from a vibron quasibound state, as also
observed in the cubic compound CeAl,. We used a vibron
model with tetragonal point-group symmetry that satisfac-
torily explains the observed magnetic spectra for CeCuAls.
We have calculated the vibron form factor and find it to be
surprisingly similar to that corresponding to the 4f! Ce3*
ion [19]. Such a vibron form factor agrees very well with
the observed Q-dependent intensities of all three spectral
features centered at 1.3, 9.8, and 20.5 meV. In this context,
we have also investigated the magnetic INS excitations of
RCuAl; compounds (R = Pr and Nd) and found that all
observed CEF excitations can be explained on the basis of
the pure CEF model [20]. It should be noted that despite
the presence of strong MEL interactions, pressure studies
up to 80 kbar do not show SC down to 2 K in CeCuAly
[21], a result which is to be contrasted with the emergence
of pressure-induced SC in the NCS compounds CeRhSij
and CelrSiz [10,11]. This observation may suggest that
asymmetric spin-orbit coupling is more important than
MEL coupling for this family of compounds in the SC
state. All in all, the present INS study of the CEF-phonon-
coupled CeCuAlj system highlights the increasing impor-
tance of detailed studies of the interplay between the
magnetic and vibrational dynamics of strongly correlated
electron systems in condensed matter physics.
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