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Comprehensive studies of lattice dynamics in the ferromagnetic semiconductor EuO have been
performed by a combination of inelastic x-ray scattering, nuclear inelastic scattering and ab initio

calculations. A remarkably large broadening of the transverse acoustic phonons was discovered at
temperatures above and below the Curie temperature TC = 69 K. This result indicates a surprisingly
strong momentum-dependent spin-phonon coupling induced by the spin dynamics in EuO.

PACS numbers: 63.20.kk, 63.20.dd, 63.20.kd, 75.50.Pp

Discovered in the early sixties as the first rare earth
semiconducting oxide, EuO remains an archetypal sys-
tem for a Heisenberg ferromagnet (Curie temperature
TC = 69 K) until now. Initially known for its giant
magneto-optic Kerr [1] and Faraday [2] effects, this fas-
cinating oxide revealed a rich variety of other physi-
cal phenomena such as metal-insulator transition with
colossal magnetoresistance under doping [3], strain in-
duced manipulation of the TC [4] and anomalous Hall
effect [5]. Presently it is one of the favored candidates
for applications as a spin filter in future spintronic de-
vices due to the large exchange splitting of its conduc-
tion band [6]. Indeed, EuO-based tunnel junctions have
already demonstrated very high spin polarization effi-
ciency [7] that, along with the recent integration on Si [8–
10], classify EuO as a potential workhorse in the Si based
spintronics.

It is surprising that the lattice dynamics of EuO, that
is of fundamental importance for the proposed applica-
tions is much less known, with only few early Raman
studies [11, 12]. Spin waves (magnons) in EuO and
their linewidths (∝ lifetime−1) have been investigated
in a broad temperature and momentum range [13–17].
Inelastic neutron scattering (INS) studies reported an
anomaly in the spin-wave linewidth estimated from dy-
namical scaling arguments at TC [15] and at larger wave
vectors [16]. The spin-wave energy and linewidth depen-
dence on the wave vector and temperature were studied
within several theories [18–20], but the origin of the ex-
perimental linewidths and shapes remained to a certain
extent unexplained. Other physical phenomena related
to the lattice dynamics such as a reduction of both the
sound velocity [21] and thermal conductivity [22] at TC

have been observed and attributed to spin-phonon cou-

pling. Nevertheless, a direct experimental evidence for
this coupling and its magnitude is still missing.

In this Letter we report the lattice dynamics study
of EuO across its ferromagnetic transition employing
modern synchrotron x-ray scattering techniques and first
principles calculations. We observed a large broaden-
ing of the transverse acoustic (TA) phonon branch along
the Γ-X direction and a weak broadening of the longitu-
dinal acoustic (LA) branch along the Γ-K-X direction
slightly above and well below the Curie temperature.
The obtained results uncover a remarkably strong and
anisotropic spin-phonon interaction in EuO.

A 100 nm thick single crystalline EuO(001) film was
grown on epi-polished yttria stabilised zirconia YSZ(001)
by reactive molecular beam epitaxy. Details on the sam-
ple growth and characterization are given elsewhere [23].
Temperature dependent momentum resolved spectra of
inelastic x-ray scattering (IXS) were collected in grazing
incidence geometry along Γ-X and Γ-K-X directions of
the Brillouin zone at the beamline ID28 of the European
Synchrotron (ESRF) using photons with an incident en-
ergy of 17.794 keV and an energy resolution of 3 meV [28].
The sample was measured under vacuum (≈ 10−6 mbar)
in a helium flow cryostat equipped with kapton foil win-
dows for the x-ray beam. The phonon energies in Fig. 1
and linewidths were precisely determined by employing a
model function consisting of a superposition of damped
harmonic oscillator functions, convoluted with the pre-
determined resolution function and numerically fitted to
the IXS spectra [23]. Additionally, a temperature depen-
dent nuclear inelastic scattering (NIS) experiment on the
EuO(001) film was performed at the nuclear resonance
beamline ID18 [29] of the ESRF to obtain the Eu-partial
phonon DOS. The incident photon energy was tuned in



2

(b)

 295 K
 90 K
 40 K

0.0 0.2 0.4 0.6 0.8 1.0
(0,q,q) (0,0,q)   (0,q,0)

0.40.20DOS (a.u.)

P
ho

no
n 

en
er

gy
 (m

eV
)

0.8 0.6 0.20.4
0

10

20

30

40

50 (a)
K LX

0

FIG. 1. (color online). (a) The ab initio calculated phonon
DOS of EuO. The shaded area corresponds to the Eu-partial
DOS. (b) Phonon dispersion relations from ab initio calcula-
tions (lines) and IXS experiment (points) at 295, 90 and 40 K.

the vicinity of the resonant transition energy (21.54 keV)
of the 151Eu nuclei with an energy resolution of 1.1 meV
[30]. The sample was measured under vacuum (≈ 10−6

mbar) in a helium flow cryostat equipped with kapton foil
windows for the x-ray beam. The grazing incidence NIS
data were collected with the wave vector of the incident
photons parallel to the [010] direction of the EuO(001)
film, corresponding to the Γ-X direction in the Brillouin
zone. A standard procedure [31] was used to obtain the
Eu-partial phonon DOS from the NIS spectra measured
at several temperatures in the range 30-295K.

Density functional theory was used to determine the
lattice dynamics of EuO. The electronic structure was
optimized within the projector augmented-wave method
[32] and the generalized-gradient approximation (GGA)
[33] implemented in the VASP software [34]. We have in-
cluded a strong local Hubbard interaction (Uf = 8.3 eV,
Up = 4.6 eV) and Hund’s exchange (Jf = 0.77 eV,
Jp = 1.2 eV) [35] for the Eu(4f) and O(2p) states us-
ing the GGA+U method [36]. The optimized lattice pa-
rameter a = 5.16 Å corresponds well to the measured
value 5.14 Å and the calculated 4f -5d band gap of 1.05 eV
agrees with the experimental value of 1.12 eV [37]. The
phonon density of states (DOS) and phonon dispersions
(Fig. 1) were calculated using the direct method [38]. The
Hellmann-Feynman forces were obtained by displacing
non-equivalent atoms from their equilibrium positions to
determine the force constants and dynamical matrices.
Phonon energies and polarization vectors at a given wave
vector follow from the exact diagonalization of the dy-
namical matrix.

Figure 1(b) reveals an excellent agreement between the
experimental points obtained at the indicated tempera-
tures and the ab initio calculated phonon dispersion rela-
tions. Compared to Eu metal [39], the energies of acous-
tic branches are increased by a few meV due to larger
force constants in EuO. The weak scattering cross-section

-10 -5 0 5 10 15 20 25 -10 -5 0 5 10 15 20 25

(f)

(e)

(d)

(c)

(b)

 

 

 

Lo
g 

no
rm

al
iz

ed
 in

te
ns

ity
 (a

.u
.)

295 K
   LA

(a)

90 K
 TA

  

 

90 K
 LA

40 K
 TA

        experiment      fit        elastic peak
 TA     LA   optical phonons    substrate

 

Energy transfer (meV)

40 K
 LA

  

 

 

 

295 K
  TA

  

Energy transfer (meV)

FIG. 2. (color online). Selected energy IXS scans for q = 0.8
along the Γ-X direction at the indicated temperatures. In
(a)-(c) both the LA and TA phonons were excited, while in
(d)-(f) mostly the TA excitations were probed. The complete
data set and a detailed description of the fitting procedure is
given in the Supplemental Material [23].

of the oxygen atoms deterred us from tracing the optical
branches at higher energies. The phonon energies remain
fairly temperature independent, except an evident soft-
ening of the TA mode at low temperatures near the X
point along the Γ-X direction (∆E ≈ 21%) that may
arise from spin-phonon coupling.

Selected energy scans of IXS measured at a momen-
tum transfer q = 0.8 along the Γ-X direction and at the
indicated temperatures are shown in Fig. 2. Since the
IXS intensity depends on the scattering vector and po-
larization of phonons, the scans plotted in Figs. 2(a)-(c)
and Figs. 2(d)-(f) were measured in two different scatter-
ing geometries favoring the excitation of the LA and TA
modes, respectively (for more details see Supplemental
Material [23]). At room temperature both the LA and
TA peaks are well pronounced exhibiting rather narrow
line widths. Reducing the temperature to 90 K leads to a
drastic broadening of the TA mode, Figs. 2(d) and 2(e),
while the width of the LA peak remains unaffected, see
Fig. 2(a) and 2(b). The same phenomenon is observed for
T = 40 K that is well below the TC , Figs. 2(c) and 2(f).

The full widths at half maximum (FWHMs) derived
from the fit to the experimental data [23] are plot-
ted as functions of momentum transfer for the TA and
LA branches along the Γ-X and Γ-K-X directions in
Figs. 3(a,b) and 3(c,d), respectively. The FWHMs of the
TA and LA modes along all the measured directions at
room temperature remain weakly q-dependent through-
out the entire Brillouin zone. We emphasize the re-
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FIG. 3. (color online). (a,b) FWHMs as a function of mo-
mentum transfer for the TA and LA branches along the Γ-X
direction at 295, 90 and 40 K. (c,d) FWHMs for the TA and
LA branches along Γ-K-X direction at 295 and 40 K.

markable q-dependent broadening of the TA modes along
the Γ-X direction at T = 90 K and below, see Fig. 3(a).
In fact, the phonon linewidth at the zone boundary in-

creases by a factor of five from that measured at room
temperature. Additionally, a weakly q-dependent broad-
ening of the LA phonon modes along Γ-K-X is observed,
see Fig. 3(d). In contrast to the Γ-X direction, the in-
crease of the FWHMs for q ≤ 0.6 is only a factor of 1.6
with respect to that measured at room temperature with
a clear tendency to increase towards the X point. At
the same time the widths of the LA and TA branches
along Γ-X and Γ-K-X, respectively, remain temperature
independent within the error bars, see Fig 3(b,c).

Figure 4(a) shows the Eu-partial phonon DOS obtained
at the indicated temperatures and reveals a good agree-
ment with the ab initio calculated DOS convoluted with
the instrumental function. A noticeable broadening of
the TA peak at 11 meV with decreasing temperature is
clearly visible. In order to estimate the width of the
peaks at 11 meV and 17 meV, the DOS curves were ap-
proximated [dashed line in Fig. 4(a)] by a combination of
two Voigt profiles. Figure 4(b) reveals an increase of the
FWHMs of the TA modes with decreasing temperature,
reaching about 17% at 30 K. The width of the second
peak, which stems from the LA modes, however, is inde-
pendent of temperature, see Fig. 4(c). These observations
are in a qualitative agreement with the results from the
IXS experiment. However, a direct quantitative compar-
ison of the phonon linewidths obtained by IXS and NIS
will be erroneous since the latter gives the momentum
averaged and combined contributions from the LA and
TA branches.

The observed phenomenon by both IXS and NIS exper-
imental methods is surprising and in contrast to the usual
decrease of phonon linewidths with decreasing T [40] –

 fit

FIG. 4. (color online). (a) The Eu-partial phonon DOS in
EuO obtained from the NIS experiment at the indicated tem-
peratures. The spectra are up shifted by 0.05 meV−1 for clar-
ity. The ab initio calculated Eu-partial phonon DOS, convo-
luted with the instrumental resolution function, is depicted
as shaded area. The dashed line stands for the fit of the
experimental data with a combination of two Voigt profiles.
The FWHM for increasing temperature for phonons at: (b)
11 meV, and (c) 17 meV. The solid lines are guide to the eye.

it demonstrates that a new type of coupling is activated
by spin dynamics. The inverse temperature dependence
of the phonon broadening suggests that it is neither in-
duced by scattering from defects, nor by phonon-phonon
interactions. In order to exclude anharmonic effects, the
phonon energies were calculated assuming various atomic
displacements, similarly to the previous studies on mag-
netite [41] (see also Supplemental Material [23]). The
calculations show a negligible change in the phonon dis-
persions. The YSZ substrate with its matching crystal
structure and lattice constant provides a strain-free tem-
plate for the epitaxial growth of EuO films [23]. Conse-
quently, anharmonicity and substrate induced epitaxial
strain are ruled out as the origin of the observed enor-
mous increase of the TA phonon linewidths with decreas-
ing T .

INS investigations of the spin dynamics in EuO have
undoubtedly proven the presence of finite spin correla-
tions above TC up to 115 K [16, 17, 42]. Well defined
but heavily damped spin waves above TC at the zone
boundaries, mediated by exchange between nearest and
next nearest neighbor Eu ions, have been experimentally
observed [16, 17] and theoretically confirmed [20], simi-
lar to Fe [43], Ni [44], and double perovskites [45]. The
measured spin waves in EuO showed also an increasing
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linewidth towards the zone boundaries and were not ac-
curately described most likely because their scattering
from phonons was not considered. Following the Raman
scattering experiments that reported a coupling of optical
phonons to spin waves [11, 12], we attribute the observed
increase of phonon linewidths towards the zone bound-
ary at T > TC to an enhanced scattering of phonons
by short-range spin excitations. Figure 3 reveals that
phonon broadening is observed for the TA and LA modes
along the Γ-X and Γ-K-X directions, in the ferromag-
netic sample at 40 K. We recall the anomalous reduction
of the sound velocity below TC , which is believed to orig-
inate from strong coupling of spin fluctuations to acous-
tic phonons [21]. Thus also for T < TC , the spin-phonon
coupling can be regarded as the mechanism behind the
reduced phonon lifetimes obtained in our experiments.

A theoretical study of magnon-phonon coupling in a
Heisenberg ferromagnet unveiled that the force constants
acting between the nearest-neighbor (NN) and next-
nearest-neighbor (NNN) play a decisive role in the spin-
phonon coupling process [46]. Namely, for the TA modes
the coupling is stronger towards the X point along Γ-X,
while the LA modes couple more tightly to spin waves
along Γ-K-X, provided that the force constants between
the NNN are comparable to those acting between the NN.
Our ab initio calculations indeed revealed that this con-
dition is fulfilled for EuO (for details see Supplemental
Material [23]). In addition, the energies of the TA modes
are closer to those of the spin waves (up to 6 meV [13])
compared to the LA modes. Even though the energies
do not match exactly, they span a comparable range such
that the momentum and energy conservation of the spin-
phonon coupling process could be fulfilled. This explains
the linewidth broadening observed in the TA modes along
the Γ-X direction (Fig 3(a)). On the contrary to the TA
modes, the LA phonons show a pronounced broadening
along the Γ-K-X direction (Fig. 3(d)). We attribute this
observation to the fact that these LA modes modulate
the shortest Eu-Eu distance, thus affecting the magnetic
exchange interaction between the localized 4f electrons.
This effect is particularly strong at the zone boundary,
where the NN atoms vibrate with opposite phases, which
explains the increase of the phonon widths towards the
X point.

Studies performed within the s-f model [47] revealed a
large contribution of spin-phonon coupling to the phonon
damping below and above TC [48]. In order to esti-
mate the spin-phonon coupling constant α, we use Γ ≈

~ω(zJ ′2/K)χ′′
s (~ω) [40], where Γ is the phonon width in-

duced by spin fluctuations, ~ω is the phonon energy, z is
the coordination number, J is the exchange coupling con-
stant, K is the normalized force constant, and J ′ = αJ/Å
is the change of the exchange coupling constant J due
to atomic displacement. We use χ′′

s (~ω) ≈ ~ω(S/zJ)2

valid for a paramagnet. With Γ ≈ 8 meV, S = 7/2,
z = 6, ~ω = 10 meV, and K = 2.5 eV/Å2, we obtain

α ≈ 10. This value is among the largest spin-phonon
coupling constants observed [49, 50]. Considering that
the spin-phonon coupling in EuO arises from the Heisen-
berg and s-f exchange interactions and assuming a value
of αH ≈ 4 for the Heisenberg term [51], we deduce that
αs−f ≈ 6.

Furthermore, we have found an overall very good
agreement in the temperature dependence of the Eu-
projected vibrational entropy Svib. and lattice specific
heat CV of EuO, derived from the NIS experiment and
the ab initio theory, see Supplemental Material [23].
However, we have neither detected an anomalous in-
crease, nor a critical behavior of the CV at TC . This
is in agreement with the weak critical phonon scattering
deduced from the thermal conductivity [52] and implies
that the anomaly observed by calorimetric experiments
[53, 54] is not connected with the lattice excitations but it
arises from the magnetic contribution to the specific heat
[55]. The normalized mean force constant K remains un-
changed within the error bars for the entire temperature
range that is consistent with the weak anharmonicity in
EuO.

In conclusion, we have determined the lattice dynam-
ics of EuO in a broad temperature range across the TC

by IXS, NIS and first principles calculations. The exper-
iments unambiguously reveal a remarkable broadening of
the phonons at low temperatures, especially pronounced
for the TA modes along the Γ-X direction. This is un-
expected and implies a surprisingly strong spin-phonon
coupling activated by spin fluctuations, which influences
the electronic states and the lattice dynamics. The large
spin-phonon coupling reported here seems to be the miss-
ing component for the accurate interpretation of the spin-
wave linewidth dependence on temperature and momen-
tum obtained by INS experiments [15, 16, 20]. Moreover,
such noticeable anisotropic coupling is of relevance for the
proposed application of EuO in spintronics. Our results
show that the magnitude of the spin-phonon coupling in
EuO is smaller along the Γ-K-X than along the Γ-X di-
rection, implying that the choice of crystal orientation
could be crucial for reducing the undesired spin-flips.
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