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Effect of pressure, temperature, fluorine doping, and rare earth elements on the phonon
density of states of LFeAsO studied by nuclear inelastic scattering
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We have performed systematic studies of the lattice dynamics in LFeAsO (L = La, Ce, Pr, Nd, Sm) in the
parent and in the ∼10% F-doped compounds as a function of pressure and temperature. We have found that
the modifications in the partial Fe density of phonon states are mainly governed by the Fe-As bond length. The
change of this bond length explains the change of the Fe density of phonon states above 25 meV. We further
observe anomalies in the behavior of the phonon mode near 16 meV. In the parent phase, this mode softens
anomalously upon cooling through the structural phase transition. Upon F doping, this mode hardens indicating
a strong electron-phonon coupling. This suggests that the corresponding phonons play an important role in the
competition between superconductivity and magnetism in these materials.
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I. INTRODUCTION

The discovery of high-temperature iron-based supercon-
ductors1 has attracted intensive theoretical and experimental
research efforts.2–4 All the recently discovered iron-based
superconductors have a layered structure with planes of iron
linked by tetrahedrally coordinating As or Se/Te. In the
compounds with a ZrCuSiAs type structure (1111 family) the
Fe-As layers are separated by layers of LO, with L denoting
a rare earth element. The parent compounds experience both
a magnetic and a structural phase transition between 130 and
180 K. Both transitions are suppressed with the subsequent
appearance of superconductivity by electron doping via either
partial substitution of oxygen by fluorine or oxygen deficiency
achieved via high pressure synthesis. The superconductive
temperature Tc for the optimally doped compounds of the
1111 family reaches 55 K, e.g., in SmFeAsO0.85 and in
SmFeAsO0.9F0.1, which is the highest Tc for iron based
superconductors. Application of high pressure is another
way to induce superconductivity in the iron pnictides of the
122 family, RFe2As2,5 where indications of bulk or filamentary
superconductivity have been observed under certain pressure
conditions for R = Ca, Sr, Ba, Eu. In contrast, the high
pressure induced superconductivity in the 1111 family depends
on the compound. It was observed6 for LaFeAsO, but was not
observed7 for CeFeAsO.

The complex phase diagram of the iron pnictides, which
includes magnetic, structural, and superconductive phase
transitions, is an indication of the complex coupling between
electronic, magnetic, and structural properties, which also
should affect the lattice dynamics. First-principle calculations
show that the magnitude of the electron-phonon coupling as
well as phonon properties crucially depend on the presence

and the magnitude of the magnetic moment at the iron
site.8 The correct theoretical description of the experimentally
observed phonon spectra requires artificial softening of the
force constants9 or spin-polarized (magnetic) calculations
even for doped compounds, where the magnetic phase is
suppressed.10,11 An experimental test of the magnetoelastic
and electron-phonon coupling can be obtained by the investi-
gation of the lattice-dynamics response to changes of external
parameters such as temperature and pressure. In particular,
the comparison of the doping and pressure effect is important
since both of them potentially can lead to superconductivity.

Experimental studies of the lattice dynamics in compounds
of the 1111 family are complicated because of the lack of
good quality single crystals. Most of the studies performed by
Raman scattering,12–17 inelastic x-ray,9,18–21 neutron,22–24 and
nuclear inelastic scattering25 (NIS) reported minor changes of
the lattice dynamics with temperature or doping. However,
investigations under high pressure are absent for the 1111
family of iron based superconductors.

In this paper, we report a systematic study of the lattice
dynamics in the 1111 family of iron based superconductors
(iron pnictides) carried out by nuclear inelastic scattering
with sub-meV energy resolution. The partial Fe density of
phonon states (DPS) has been obtained for several LFeAsO
compounds with the substitution of rare earth (L = La, Ce, Pr,
Nd, Sm). Three of these compounds (L = La, Nd, Sm) have
been investigated in the parent and optimally doped states as
a function of temperature, T < 300 K. The lattice dynamics
under high pressure, up to 5 GPa, has been investigated for
La and Nd parent compounds. In addition, the partial Sm DPS
has been studied in the parent and doped SmFeAsO.

This systematic study reveals a universal relation between
structure and lattice dynamics, which describes the position of
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TABLE I. Refined lattice constants, As positional parameter, and unit cell volume from the Rietveld refinements of the x-ray powder
diffraction data. The P4/nmm space group was used for the refinement. ∗ denotes data from Ref. 30. VFeAs is calculated according to the
equation in Sec. IV C and shown in Fig. 1.

Composition a (Å) c (Å) zAs V (Å3) VFeAs (Å3)

LaFeAsO 4.0321(1) 8.7380(4) 0.6533(4) 142.06(1) 43.55(6)
LaFeAsO0.9F0.1 4.0318(2) 8.7235(4) 0.6547(6) 141.80(2) 43.87(9)
CeFeAsO 4.0025(3) 8.6441(4) 0.6544* 138.48(2) 42.76
PrFeAsO 3.9862(2) 8.6184(5) 0.6561* 136.94(2) 42.75
NdFeAsO 3.9665(2) 8.5761(5) 0.6569(4) 134.93(2) 42.34(6)
NdFeAsO0.9F0.1 3.9604(4) 8.5520(10) 134.14(3)
SmFeAsO 3.9391(1) 8.4995(3) 0.6615(3) 131.88(1) 42.60(5)
SmFeAsO0.88F0.12 3.9311(1) 8.4733(3) 130.94(1)

the peaks in the Fe DPS above 25 meV. In contrast, anomalies
in the temperature behavior of the phonon modes near 16 meV
were found for both parent and doped compounds. A 5%
relative hardening of the peak position is observed in the doped
compounds. The anharmonic phonon behavior at this energy
is likely a sign of the electron- or spin-phonon coupling. Thus,
the phonons at 16 meV can play an important role in the
competition between magnetism and superconductivity in iron
pnictides.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Polycrystalline samples of LaFeAsO, CeFeAsO, PrFeAsO,
NdFeAsO, and SmFeAsO were prepared by the procedure
described elsewhere.26–28 La, Nd, and Sm compounds were
prepared in the parent and the fluorine doped state. Rare-earth
fluorides were used as the fluorine source. The nominal fluorine
concentration was 0.1 for the La and Nd compounds and 0.12
for the Sm compound. The La, Nd, and Sm samples were
enriched by 57Fe to 90%. In addition, the Sm parent and doped
compounds were enriched by 149Sm to ∼50%.

FIG. 1. (Color online) Schematic diagram of the crystal structure
of LFeAsO. The shaded area depicts Fe-As subvolume of the unit
cell with volume VFeAs.

The structure and crystallographic purity of the samples
were characterized by powder x-ray diffraction using MoKα

radiation in a calibrated Huber G670 diffractometer. The
data were Rietveld refined using FULLPROF.29 Refined lattice
parameters and atomic positions of the As atom in the unit cell
(space group P4/nmm) at 295 K shown in Table I are consistent
with the results of other studies of similar compounds.30,31

The superconductive transition temperatures were identified in
the doped samples by magnetic susceptibility measurements
as Tc = 28, 48, and 51 K for La, Nd, and Sm compounds,
respectively.

The chemical purity of the compounds was further checked
using iron-57 Mössbauer spectroscopy measurements per-
formed at room temperature. The data reveals no impurities
for all samples except SmFeAsO0.88F0.12. In the latter, <10%
of an iron based impurity were identified.

III. EXPERIMENTAL SETUP AND PROCEDURE

The nuclear inelastic scattering experiments were per-
formed at the nuclear resonance beamlines32 ID18 and ID22N
of the European Synchrotron Radiation Facility operated
in 16-bunch mode of the storage ring. The measurements
utilizing the nuclear resonance of the 57Fe at 14.413 keV
were performed with an inline high resolution monochromator
providing an energy bandwidth of 0.7–0.8 meV FWHM (full
width at half maximum) depending on the current in the storage
ring. The measurements with the nuclear resonance of 149Sm
at 22.502 keV33 were performed using an inline channel-cut
high resolution monochromator34 with an energy bandwidth
of 1.1 meV.

The temperature-dependent measurements between 20 and
300 K were performed with the samples inserted into a closed
cycle cryostat. The measurements under high pressures were
performed at room temperature using polycrystalline samples
loaded into Be gaskets with a ∼100 μm hole together with
small ruby chips used as a pressure marker. The pressure
transmitting medium was a 4:1 methanol:ethanol mixture
providing hydrostatic conditions in the studied pressure range.
The gaskets were mounted into panoramic-type diamond anvil
cells.35 The beam after the high resolution monochromator
was focused to a spot of 10 × 20 μm2 using Kirkpatrick-Baez
mirrors.

Typical NIS spectra measured using the 57Fe and 149Sm
nuclear resonances are shown in Fig. 2 along with the
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FIG. 2. (Color online) 149Sm (top) and 57Fe (bottom) nuclear
inelastic scattering (NIS) spectra of SmFeAsO1−xFx . The blue open
circles represent the instrumental functions measured by nuclear
forward scattering (NFS) (right scale).

instrumental functions simultaneously measured by the time
integrated nuclear forward scattering. The typical duration of
the measurements was ∼1–2 hours for the 57Fe NIS spectra
at ambient pressure and ∼6 hours for the 57Fe NIS spectra at
high pressures and for the 149Sm NIS spectra.

The partial densities of phonon states were evaluated from
the NIS spectra using the procedure described in Ref. 36. No
deconvolution with the instrumental function was applied, so
that the statistical noise in the DPS reproduces that in the NIS
spectra. The area of all obtained DPSs deviates by less than
2% from unity as must be obtained in the ideal procedure.

For this work it was extremely important to find the energy
shift of specific peaks in the DPS due to changes of external
conditions. In order to define such shifts in a precise way we
have used the following procedure. The DPS with the best
statistics was used as a theoretical function D(E) via linear
interpolation of the data. All other DPSs were fitted in the re-
gions of the peak of interest by the function β · D[(1 + α) · E],
where α and β are fit parameters. The parameter α gives the
relative shift of the peak position α = �E/E. The parameter
β, which is equal to 1 + α for the ideal DPSs due to the
normalization of the DPS area to unity, is introduced in order
to account for possible statistical noise. The results were
checked for consistency using different DPSs as a reference
theoretical function. The advantage of this procedure, as
compared to the calculation of the center of mass of the peak,
is that it does not depend on the shape of the region of interest
chosen for the peak under consideration. The assumption
which defines the accuracy of this procedure is that the shape
of the peak does not vary with external conditions, which is
essentially verified in this study.

The main contribution to the experimental error of the
energy scale is due to the change of the thermal conditions
of the monochromator with a characteristic time scale of six
hours. This error is estimated as δ(�E/E) = 0.5% from a set
of independent measurements on the same sample. However,
this error is not taken into account when considering the
relative positions of the different peaks in the DPS which
is important for Fig. 9 in Sec. IV D and the related discussion.

IV. EXPERIMENTAL RESULTS

A. Parent compounds at ambient conditions

The partial Fe and Sm DPSs of SmFeAsO obtained at
295 K are shown in Fig. 3. The scales of the Fe and Sm DPSs
are presented with the atomic mass ratio mSm/mFe = 149/57
which leads to the same Debye level of both DPSs.37

The phonons in Fig. 3 can be separated into three parts.
The low energy part below 17 meV, where vibrations of
Fe and Sm are quite similar and correspond mainly to the
acoustical phonon branches, includes two peaks at 12 and
16 meV observed for both atoms. The intermediate energy part
between 20 and 27 meV includes a Sm peak at 23 meV and two
Fe peaks at 20 and 25 meV. Here, the Sm and Fe vibrations are
well decoupled. The high energy part above 29 meV consists
of the strong Fe peak at 32 meV and a pronounced shoulder of
this peak at 33–35 meV.

Our data are consistent with a generalized DPS obtained
by inelastic x-ray scattering measurements21 on the same
compound with good coincidence of the peak positions as
seen from Fig. 3. Also, the shape of the Fe DPS is similar to
that measured by NIS in other iron based superconductors of
the 1111 and 122 families.25,38–40 Comparison of the Sm and
Fe DPSs with Raman data14,17 measured on SmFeAsO allows
us to identify the peak at 32 meV with a stretching A2u mode,
the shoulder at 34 meV, and the peak at 16 meV with Eg modes.

The Fe DPSs measured at 295 K in all studied compounds
are shown in the Fig. 4. The characteristic parameters cal-
culated from the DPS, namely the Lamb-Mössbauer factor

FIG. 3. (Color online) Partial Fe (black, left scale) and Sm (red,
right scale) DPS of SmFeAsO at 295 K. The left and right scales ratio
corresponds to the mass ratio of Sm and Fe atoms. In addition, the
generalized DPS (blue, right scale) of the same compound obtained by
inelastic x-ray scattering (IXS) is shown.21 The vertical lines denote
the positions of the Raman peaks on the same compound.14,17
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FIG. 4. (Color online) Fe DPS in several compounds of the 1111
family of iron based superconductors measured at 295 K.

fLM , the atomic displacement parameter Ueq , and the Debye
temperature ϑD calculated from fLM , the mean force constant
F , and the averaged Debye sound velocity 〈vD〉 calculated
from the acoustical part of the DPS, are presented in the
Table II.

The DPSs for all compounds are similar and include
the same set of peaks. However, the positions of the peaks
vary between compounds. The Fe DPSs of La, Nd, and Sm
compounds, measured with good statistics, are compared in
Fig. 5, where the energy is scaled for the Nd compound by
0.994 and for the La compound by 1.040 in order to match
the same position of the 32 meV peak of the Sm compound.
The inverse scaling coefficients are applied to the DPS scale
in order to keep the area equal to unity.

The same scaling coefficient describes the shift of the 20,
25, and 32 meV peaks in these compounds, which signifies
the same influence of the structural changes on these peaks.
However, the 12 meV peak does not follow the same trend,

TABLE II. The Lamb-Mössbauer factors fLM , atomic displace-
ment parameters Ueq obtained from fLM , Debye temperatures ϑD ,
mean force constants F , and mean sound velocities 〈vD〉 in LFeAsO
at 295 K.

LFeAsO Element fLM Ueq (pm2) ϑD (K) F (N/m) 〈vD〉 (km/s)

La Fe 0.68(1) 72(3) 365(5) 137(1) 2.75(7)
Ce Fe 0.69(1) 70(3) 377(5) 145(2) 2.80(10)
Pr Fe 0.69(1) 70(3) 376(5) 145(2) 2.80(10)
Nd Fe 0.70(1) 67(3) 381(5) 148(1) 2.77(7)
Sm Fe 0.70(1) 67(3) 382(5) 148(1) 2.73(7)
Sm Sm 0.48(1) 56(2) 237(3) 149(5) 2.58(10)

FIG. 5. (Color online) Comparison of Fe DPSs in LaFeAsO,
SmFeAsO, and NdFeAsO measured at 295 K. The energy for the
Nd compound is scaled by 0.994 and for the La compound by 1.040
in order to have the same position of the 32 meV peak for all DPSs.
The same scaling coefficients are applied to the DPS scale to keep
the area equal unity.

particularly for the La compound. This can be explained by
the coupling of the Fe and rare earth vibrations around 12 meV
and, therefore, by the dependence of the peak position on the
rare earth atomic mass and radius. The decrease of the rare
earth mass from Sm to La leads to a hardening of the peak.
The similar hardening of the low energy part of the generalized
DPS with the decrease of the rare earth mass was observed in
Ref. 24.

A deviation from the general scaling is observed for the
16 meV peak and 34 meV shoulder. Both these features
becomes softer for La as compared to Nd and Sm compounds.
The vibrations at these energies correspond to the Eg modes.
Note that such an effect is much more pronounced for the
34 meV shoulder.

B. High pressure study

Additional information about the correlations between the
lattice dynamics and the structure was obtained from the high-
pressure studies. The measurements were performed at room
temperature at 2.3 and 5.5 GPa for LaFeAsO and at 2.5 and
4.9 GPa for NdFeAsO.

The Fe DPSs of LaFeAsO at 5.5 GPa and NdFeAsO at
4.9 GPa are shown in Fig. 6 together with DPSs measured at
ambient pressure, where scales are adjusted to have the same
position of the 32 meV peak. The application of pressure leads
to the expected hardening. This hardening, however, does not
change the overall shape of the DPS, and is described by
a unique scaling coefficient for the entire DPS. The relative
hardening with pressure is described by �E/E = 0.017(1) ·
P/GPa for LaFeAsO and by �E/E = 0.011 · P/GPa for Nd-
FeAsO, where P denotes the pressure in GPa. The response of
the La compound to the applied pressure is larger by 50% than
the one in the Nd compound. This effect correlates with the
difference in the pressure driven volume contraction for these
compounds: �V/V = −P/B0 where B0 is the bulk modulus
which is equal to 70 GPa for LaFeAsO0.95F0.05 and 102 GPa for
NdFeAsO0.88F0.12 as follows from high-pressure diffraction

064302-4



EFFECT OF PRESSURE, TEMPERATURE, FLUORINE . . . PHYSICAL REVIEW B 87, 064302 (2013)

FIG. 6. (Color online) Fe DPS of LaFeAsO (top) and NdFeAsO
(bottom) measured at ambient and high pressures at 295 K. The left
and bottom scales correspond to the ambient pressure, the right and
top scales corresponds to the high pressure measurement.

studies.41,42 The doping has a minor effect on B0 (less than
6%),41,43 therefore these values of B0 we use to characterize the
parent compounds. The hardening of the lattice vibrations with
pressure is typically characterized by the Grüneisen parameter
γ = −(�E/E)/(�V/V ). Using bulk moduli from diffraction
studies one obtains γ = 1.2 and 1.1 for La and Nd compounds.
These values of γ are somewhat smaller than the expected
γ � 2 for metallic solids. At the same time, the Grüneisen
parameters observed in our study are between the values of
1.4–1.8 obtained for BaFe2As2

38 and 0.9–1.0 obtained for
FeSe44 observed in similar pressure ranges.

C. General scaling of the DPS

The application of pressure as well as the substitution with
heavier rare earth elements leads to the contraction of the unit
cell and to the corresponding hardening of the Fe DPS. Thus,
it is possible to compare the influence of chemical and real
pressures on the DPSs by the comparison of the position of
the 32 meV peak for different conditions. The other peaks
of the DPS follows the similar tendency as shown in the
previous sections. The relative shift �E/E of this peak as
compared with that in SmFeAsO at ambient conditions is
shown in Fig. 7(a) as a function of the unit-cell volume.
The data does not follow one curve. In particular, the position
of the peak is almost the same for the Sm and Nd compounds
at ambient conditions and for the La compound at 2.3 GPa.
However, the unit cell volumes for these samples are different.
This nonscaling can be accounted for by assuming that the
position of the peaks in the Fe DPS depends only on the
volume of the Fe-As part of the unit cell which can be defined

FIG. 7. (Color online) Dependence of the relative 32 meV peak
position on the unit cell volume (top) and on the FeAs part of the
unit cell volume (bottom) at 295 K. The red lines show the linear fits
for the data on the same compounds measured at different pressures
(top) and for all data points (bottom).

as VFeAs = 2 · hAs · a2, where hAs is the height of the As atom
above the Fe plane as depicted in Fig. 1, hAs = (zAs − 0.5)c.
The a and c lattice parameters and As atomic position zAs are
presented in Table I. The relative shift of the 32 meV peak
as a function of VFeAs is shown in Fig. 7(b). With this choice
of the effective volume the data for compounds with different
rare earths obey the same linear dependence, with a Grüneisen
parameter γ = 1.9, using VFeAs as the volume parameter. The
calculation of the VFeAs for the high pressure data is more
difficult since there is no published data on the zAs as a function
of pressure for NdFeAsO and LaFeAsO. However, several
studies45,46 show that the As-Fe-As bond angles stays almost
constant in the pressure range below 10 GPa. Therefore, we
assume that the VFeAs decreases proportionally to the cube
of the a-lattice parameter reported in Refs. 41, 42, and 45.
Obtained in this way the relative shift of the 32 meV peak as
a function of VFeAs is shown in Fig. 7(b) and follows the same
linear dependence as the ambient pressure data.

The linear dependence of the Fe DPS hardening on the
Fe-As volume is, in fact, equivalent to the linear depen-
dence on the Fe-As bond length. The Fe-As volume can
be represented as VFeAs = 8 · d3

FeAs · sin2 α/2 · cos α/2, where
dFeAs is the Fe-As bond length and α is the Fe-As-Fe bond
angle as shown in Fig. 1. In 1111 compounds, α is very
close to the regular tetrahedron angle value 109.47◦, where
dVFeAs/dα = 0. Thus, around this angle the relative change of
the volume is �VFeAs/VFeAs � 3�dFeAs/dFeAs − 3�α2/4 �
3�dFeAs/dFeAs. Consequently, the hardening of the Fe DPS
is proportional to the change of the Fe-As bond length
�E/E = −5.7�dFeAs/dFeAs.
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FIG. 8. (Color online) Fe DPS of parent (black, filled circles) and fluorine doped (red, open circles) La-, Nd-, and SmFeAsO measured at
295 K (left side) and at low temperatures (right side). For each graph the bottom and left scales correspond to the parent, and the top and right
scales correspond to the doped compound.

D. Temperature and doping dependence

The Fe DPSs in the parent and fluorine doped LaFeAsO,
NdFeAsO, and SmFeAsO measured at room temperature
and at low temperature are compared in Fig. 8. The doping
does not produce significant changes in the Fe DPS at
room temperature. The small hardening of the entire DPS
by �E/E ∼ 0.005−0.01 observed for the doped compounds
corresponds to the small contraction of the lattice as seen from
Table I. In contrast, the comparison of the Fe DPS measured at
low temperatures clearly shows the difference in the phonon
peak at ∼16 meV between doped and parent compounds. For
all three compounds this peak is harder by ∼0.7 meV in the
doped samples.

The temperature dependence of the Fe DPS was investi-
gated at several temperatures below 295 K for the parent and
doped Nd and Sm compounds. No big difference in the DPS
shape was observed. In particular, there is no difference in
the DPSs of the doped compounds across superconductive
transition. The relative shift �E/E of the phonon peak at
∼32 meV is shown in Fig. 9(a) as compared with the position of
this peak in the parent compound at 295 K. For all samples this
peak softens continuously with increasing temperature without
pronounced features at the superconductive or structural phase
transition temperatures. Between lowest and room temperature
the peak softens by �E/E � 0.03 or �E � 1 meV. A
similar softening was observed in Ref. 38 for BaFe2As2 with,
however, a jump of the peak position at the structural phase
transition.

(b)

(a)

(c)

(d)

FIG. 9. (Color online) (a) Temperature dependence of the posi-
tion of the peak at 32 meV for La (blue), Nd (black), and Sm (red)
parent (filled symbols) and doped (open symbols) compounds. (b)–(d)
Temperature dependence of the peaks at ∼25, ∼16, and ∼12 meV as
compared with the position of the ∼32 meV peak.
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The relative shift �E/E − �E32/E32 of the ∼12, ∼16,
and ∼25 meV peaks is shown in Figs. 9(b)–9(d). The error
of such shift is almost independent of systematic errors and
is thus defined only by the statistics of the experiment. If the
entire DPS changes proportionally with the same �E/E, as
it occurs for the measurements under high pressure, then such
a relative shift has to be equal to zero. Figure 9(b) shows that
the ∼25 meV peak behaves similar to the ∼32 meV peak.
Neither doping nor temperature change the relative position of
the peak in the Fe DPS. The same tendency is observed for the
∼12 meV peak as seen in Fig. 9(d). The position of the peak is
not affected by the doping. A slight increase is observed with
the temperature increase which means that the softening of this
peak with temperature is less than that of the ∼32 meV peak.

In contrast to the above, a pronounced effect of doping and
temperature is well visible for the ∼16 meV peak in Fig. 9(c).
The doping leads to a hardening of the ∼16 meV peak at low
temperatures by ∼0.7 meV. Upon increasing the temperature
the peak in the doped compounds shows enhanced softening
as compared to the softening of the 32 meV peak. On the
other hand, the position of this peak in the parent compound
shows slight hardening at the phase transitions. The different
temperature behavior of the ∼16 meV peak in the parent and
doped compounds results in a shift less than 0.3 meV of this
peak due to the doping at room temperature.

In addition to the modification of the 16 meV peak position,
the doping leads to a change of the peak heights. The 20 meV
peak is enhanced whereas the magnitude of the 25 and 32 meV
peaks decreases. This effect is strong for the Sm compound,
weak for the Nd compound, and almost absent for the La
compound. This effect does not change with temperature. The
increase of the ∼20 meV peak corresponds to the increase
of the Fe vibration amplitude at this energy. However, the
presence of this effect mainly in the doped Sm compound
could be related to the presence of the impurity in the
sample.

The effect of the doping on the rare earth vibrations was
studied for the Sm atom in SmFeAsO1−xFx . The Sm DPSs
measured in the parent and doped compounds at 295 K are
shown in Fig. 10. Because the doping modifies the SmO

FIG. 10. (Color online) Sm DPS of the parent and doped
SmFeAsO measured at 295 K.

layer, one would expect a pronounced modification of the Sm
vibrations. However, the difference in the DPS is quite small,
as is seen in Fig. 10 and in the raw data in Fig. 2. The peak at
22.7 meV with FWHM of 2.2 meV upon doping becomes 30%
broader and softens by 0.15 meV. A more pronounced effect
is observed for the 15 meV peak, which upon doping softens
by 1 meV. Taking into account that the peak at 16 meV in Fe
DPS becomes harder upon doping, the gap between Sm and Fe
phonon peaks at ∼16 meV (see Fig. 3) increases from 0.5 meV
in the parent compound to 1.4 meV in the doped compound.

V. DISCUSSION

This systematic study of the Fe DPS as a function of the
rare earth replacement, doping, and pressure and temperature
variations allows us to draw several conclusions. The total
shape of the DPS changes only slightly with all studied
modifications. The main effect is the scaling of the entire
DPS in energy proportional to the characteristic structure
changes.

The most pronounced peaks in the Fe DPS (see Fig. 3) are at
25 and 32 meV. The relative positions of these peaks are always
the same, which leads to the conclusion that the positions
of these peaks is defined by the same structure parameter,
which is the Fe-As bond length or, equivalently, the volume
of the Fe-As layer. The variation of the relative positions of
these peaks with pressure and with rare earth replacement
can be described by a simple relation, �E/E = −1.9�VFeAs/

VFeAs = −5.7�dFeAs/dFeAs. A possible coupling10,47 of
phonons at these energies with electrons or with spin fluc-
tuations is only indirect and occurs via change of the distance
between atoms in the Fe-As layer. Note that the variation
of the Fe-As part of the unit cell volume is not always
proportional to the variation of the entire volume of the unit
cell. Therefore, using the unit cell volume instead of the
Fe-As layer volume in the analysis of the lattice dynamics
via a Grüneisen parameter might lead to wrong conclusions
about the mechanisms describing the behavior of the 25 and
32 meV peaks. As such, the difference of the isobaric and
isothermal Grüneisen parameter observed38 for BaFe2As2 that
was treated as a direct effect of the electron-phonon coupling,
could disappear by taking the Fe-As volume instead of the total
unit cell volume in the definition of the Grüneisen parameter,
as shown in our work.

The shift of the 25 meV peak upon doping was observed
in Refs. 18 and 21 and explained therein by electron-phonon
coupling. In our study we also observe a small shift of this
peak upon doping. However, a proportional shift is seen for the
32 meV peak as well. We therefore associate such a shift with
the small change of the Fe-As bond length. No anomalies upon
doping are seen also for the Sm peak at 22.6 meV. The doping
leads to a broadening of this peak, which can be explained
by the disorder induced in the SmO layer. However, the peak
position shows almost no change.

The low-energy part of the Fe DPS extends up to the 12 meV
peak. This acoustic part of the DPS depends on the vibrations
in both FeAs and SmO layers, so that the response to the
change of the external conditions is different from that for
the high energy phonons. In particular, the increase of the rare
earth atomic mass from La to Sm leads to the shift of the
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12 meV peak even down while Fe-As bond lengths decrease.
However, there is no effect of the doping on the position and
on the shape of this peak for Fe nor for Sm DPS.

The most interesting behavior of the DPS is observed
for the 16 meV peak of the Fe DPS. It shows anomalies
in the temperature dependence for both doped and parent
compounds. This peak, which has Eg symmetry, corresponds
to the vibrations of the Fe atoms in the Fe plane. The anomalies
in the behavior across structural phase transition is expected
as a splitting into two modes due to the differentiation of the
in-plane lattice parameters.10 Such a splitting was observed
by Raman scattering48 in BaFe2As2. Therefore, the observed
jump of the peak position by ∼0.2 meV across the structural
transition can be related to the structural change in the Fe
plane.

The doping also leads to the hardening of the 16 meV
peak which is mainly seen at low temperature. The enhanced
softening of this peak upon heating makes the difference in
the position quite small at room temperature. Such softening,
in principle, could be explained by the temperature driven
structure change. However, such effect was not observed due to
volume contraction in the high pressure studies of the parent
compounds. The parent and doped compounds here are in
the same tetragonal phase and can be compared. The absence
of the anomalous behavior of the 16 meV peak in the high
pressure studies prove that the observed enhanced softening
is not due to the structure changes but has pure temperature
origin. It can be related to the renormalization of the force
constants due to the adiabatic electron-phonon coupling.49

The doping also leads to the increase of the Fe vibrations
at ∼20 meV mainly in the Sm compound. This result has to
be taken with care, because the reason of such enhancement
in the Sm compound could be impurities existing in the doped
sample. On the other hand, the presence of this effect also
in the Nd compound, where impurities were not observed,
suggests the universality of such an effect. Similar increase
of the DPS at ∼20 meV upon doping was also observed by
inelastic x-ray scattering19,21 in Nd and Sm compounds. The
effect was explained by the shift of the peak position due to
the doping.50 However, according to our measurements the
position of the 20 meV peak does not change. The increase

of the peak height could be related to the modification of the
force constants leading to the enhancing of the amplitude of
Fe vibrations near 20 meV.

VI. CONCLUSION

We have performed a systematic study of the density of
phonon states in the 1111 family of iron-based supercon-
ductors upon rare-earth substitution, doping, application of
high pressure, and changing temperature. We found that the
positions of most phonon peaks change proportionally to
the change of the Fe-As bond length. The change of this
parameter explains the change of the Fe density of phonon
states above 25 meV. In contrast, anomalies in the behavior
of the phonon modes near 16–20 meV were observed upon
doping and change in temperature. The F doping leads to a
modification of the force constants in the Fe-As layer resulting
in the hardening of the 16 meV peak and enhancement
of the vibration amplitude of the 20 meV peak of the Fe
DPS. In addition, an enhanced softening of the 16 meV
peak is observed for the doped compounds indicating strong
electron-phonon coupling. This suggests that phonons near
this energy play an important role in the competition between
superconductivity and magnetism in these materials. Whereas
there are several theoretical investigations of the influence of
such a coupling to the 20 meV phonon modes, the study of
such effect at 16 meV is missing and would be of importance.
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