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Abstract

Nuclear inelastic scattering of synchrotron radiation is used to study the changes induced by external tensile strain on the 
phonon density of states (pDOS) of polycrystalline Fe samples. The data are interpreted with the help of dedicated atomistic 
simulations. The longitudinal phonon peak at around 37 meV and also the second transverse peak at 27 meV are decreased 
under strain. This is caused by the production of defects under strain. Also the thermodynamic properties of the pDOS dem-
onstrate a weakening of the force constants and of the mean phonon energy under strain. Remaining differences between 
experiment and simulation are discussed.
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1 Introduction

The phonon density of states (pDOS) constitutes a fun-
damental characteristics of a solid. Nowadays, for Fe the 
method of nuclear inelastic scattering (NIS) of synchrotron 
radiation can be used to measure this quantity [1]. This 
method also allows to study the changes of the pDOS in situ-
ations relevant for applications, such as in fatigue test used 
in materials science [2].

From the theoretical side, the pDOS of ideal crystals has 
been studied for long and is well understood [3]. However, 
real materials have defects, which render the calculation of 
the pDOS more complicated [4, 5]. For extended defects, 
such as dislocations or grain boundaries, atomistic simula-
tions based on molecular dynamics can be used to calculate 
the pDOS of materials [6, 7].

Physical phenomena involving phonons are very often 
investigated via inelastic neutron scattering. This technique 
however is restricted to large sample volumes. Synchrotron 
based NIS is able to deliver the pDOS not only of 57 Fe con-
taining samples but also of single micrometer-sized objects, 
thin films and even monolayers. This motivates the present 
study which paves the way for future investigations of defects 
and grain boundaries in micro- and possibly nano-objects.

In this study, we present experimental data of the pDOS 
of Fe obtained by NIS. The data focus on the changes of the 
pDOS induced by straining an Fe sample. To analyze the 
data, we use molecular dynamics data of the pDOS in homo-
geneously strained Fe, on the basis of previous theoretical 
analyses [8]. The comparison will allow us to interpret the 
changes induced by strain and to discuss the origin of the 
remaining differences between experiment and simulation.

2  Experimental method

The NIS experiments were carried out at PETRA III, DESY 
in Hamburg, Germany, more specifically, at the “High Reso-
lution Dynamics Beamline P01” [9]. The incoherent inelas-
tic signal was detected in-situ by using avalanche photodiode 
detectors mounted in close proximity, ca. 1 cm above the 
sample. By means of an appropriate monochromator setup 
[10], the incident synchrotron radiation energy was tuned 
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from −20 meV to 50 meV around the resonance energy of 
14.4 keV using a step size of 0.25 meV and 4 s per point. 
The energy resolution was ca. 1.1 meV. After subtraction of 
the elastic line and data normalization, the evaluation of the 
experimental density of phonon states was performed using 
the program ISDOS10, Version10, written by Sergeev [11].

In contrast to previous experiments [2], the external 
strain was applied using an in-situ tensile test module 
“Deben Microtest 300N” with a maximum force of 300 N, 
see Fig. 1. The displacement of the specimen was measured 
with an inductive measurement cell. The initial gauge length 
between the clamping sections was 10 mm. The traverses of 
the module were constantly moved with 0.1 mm/min until a 
displacement of 1 mm and 2 mm was achieved, which cor-
responds to a total strain of 10% and 20% respectively. The 
exact traverse position was held constant at the mentioned 
displacements during the whole measurement.

Using this method, we obtain the pDOS, g(E), for an 
unstrained sample and for strain values of 10% and 20%, 
see Fig. 2. In this study, the pDOS is always shown in a 
normalized form, ∫ g(E) dE = 1.

3  Results and discussion

To analyze and interpret the changes of the pDOS under 
strain, we calculate data for the pDOS of Fe using molecular 
dynamics simulation.These data were obtained in a way as 
described in [8] for a polycrystalline (pc) Fe sample with 
a grain size of around 10 nm; the sample contains around 
N = 250,000 atoms. The strained sample was produced with 
a strain rate of 10

10 s −1 . The pDOS was evaluated from the 
velocity autocorrelation of the Fe atom vibrations at a tem-
perature of 300 K. The velocity autocorrelation function is 
calculated for times up to 50 ps, corresponding to an energy 
resolution of 0.08 meV. It was convoluted with a gaussian 
of width 0.632 ps in order to reduce noise within the signal. 
Meyer et al. [8] also studied the influence of the interatomic 
interaction potential on the pDOS, which was found to be 
surprisingly large. The potential by Ackland et al. [12] was 
found to show the closest agreement with experimental 
data and was therefore used in the present study. For the 
present evaluation, the crystal relaxation after straining was 
increased from 10 to 50 ps; as a result, an improved resolu-
tion in particular for low-frequencies was obtained as com-
pared to the data published recently.

Figure 3 shows the results, which we will discuss and 
compare to the experimental data. While the simulational 
results were obtained also for strains of 5% and 15%, for better 

Fig. 1  Experimental setup for in-situ synchrotron radiation measure-
ments during tensile loading

Fig. 2  Change of the pDOS of Fe under strain obtained by in-situ NIS experiments. The inset shows experimental error bars in the peak region 
of the pDOS
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visibility only the data for 0%, 10%, and 20% are shown. The 
most important changes induced by strain are localized in the 
peak region. The pDOS is characterized by three peaks. The 
two lower-frequency peaks, at around 22.5 and 27 meV, are 
mainly due to transverse phonon modes and will therefore be 
denoted as the transverse peaks. The high-frequency peak, 
at 36 meV, lies above the frequencies of transverse phonon 
modes and is hence due to longitudinal modes; it will be 
denoted as the longitudinal peak. The peak heights will be 
denoted by P 

T1
 and P 

T2
 and P 

L
 , respectively. In order to char-

acterize the changes induced by strain on the pDOS, these 
heights will all be normalized to their values at zero strain.

Analogously, the minima between the peaks will be 
denoted as the first minimum (at around 24 meV) and the 
second minimum (at around 32 meV).

Quite generally, the peak heights decrease under the 
strain, both in experiment (Fig. 2) and in the simulation 
(Fig. 3). Since error bars in the experimental data are quite 
large, we base our discussion mainly on the evolution of 
the simulational data under strain. The most pronounced 
changes occur in the longitudinal peak. They are quanti-
fied in Fig. 4a. The change in P 

L
 is considerably more 

pronounced in the simulated sample than in experiment; 
we consider that this is due to the larger grain size of the 
experimental sample. In previous work [8], it was shown 
that the P 

L
 decrease correlates linearly with an increase in 

dislocation density in the material.
The first transverse peak P 

T1
 is only slightly affected by 

strain, see Fig. 4b. Here, both in experiment and in simula-
tion, the maximum changes in P 

T1
 peak height amount to 

only around 2%. The second transverse peak P 
T2

 shows more 
pronounced changes and the evolution of the simulated peak 
height closely resembles that of the experimental height. In 
experiment, in particular the broadening of P 

T2
 under strain 

is clearly visible.
The physical reason for the decrease of the peak heights lies 

in a depopulation of mid-frequency modes in the strained sam-
ples due to defect formation [8]. The modes are redistributed 
from the mid-frequency region to the high- and low-frequency 
tails. This effect is particularly clearly seen in the simulated 
spectra which feature the increase in the tails of the pDOS well, 
since the changes in the peak heights are more pronounced.

The changes in the minima between the peaks are quan-
tified in Fig. 5. Changes here are smaller than in the peak 
heights. This is due to the near cancellation of two effects: 
(1) phonon modes are redistributed away from the mid-fre-
quency region, depleting also the minima; (2) the broaden-
ing of the transverse and longitudinal peaks visible in Figs. 2 
and 3 re-populates the minima. Overall, the experimental 
data—and for P 

T2
 also the simulational data—is uncertain 

even of the sign of the change in the minima height. Hence 
an analysis of the minima does not appear to be useful for 
analyzing the strain-induced changes in the pDOS.

At low frequencies, below around 20 meV, the pDOS fea-
tures a quadratic increase, which can be characterized as [13]

where V is the atomic volume and v
D
 is the Debye velocity 

of sound, see Fig. 6. The data allow us to extract a value of 

(1)g(E) =
V
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Fig. 3  Change of the pDOS under strain, simulation results
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Fig. 4  Change of the peak heights in experiment and simulation under strain: a longitudinal peak, b first and c second transverse peak
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v
D
= 3.49 km/s. This region of long-wavelength vibrations is 

thus determined by the elastic constants of the material. The 
experimental spectra show no change in this region under 
strain. The simulation data, however, show an increase of 
the spectra in this region which originates from an elastic 
stiffening of the material under strain.

The pDOS allows to evaluate basic thermodynamic 
parameters (per atom) [1, 14, 15], such as the internal 

vibrational energy, U, the specific heat at constant vol-
ume, c

V
 , and the vibrational entropy, S. The data are 

listed in Table 1 and feature a considerable decrease of 
force constant and energy with strain. Such a decrease 
has already been seen previously [2] where, however, no 
in-situ experiments could be performed. The mean pho-
non energy, G, is proportional to the Debye temperature, 
T

D
 , via k

B
T

D
= (4∕3)G , where k

B
 is Boltzmann’s con-

stant. The experimental data obtained for 0% strain are 
in good agreement with previous measurements on �-Fe 
[2, 16]. For increased tensile strain, we observe a small 
decrease of the mean phonon energy, the total vibrational 
energy, and—consistently—an increase in the vibrational 
entropy. This lowering of the mean vibrational frequencies 
is accompanied by a decrease of the force constant; this 
latter aspect is the only feature that is clearly outside the 
error bars in the experimental data. We conclude that the 
integral changes in the pDOS under strain can be charac-
terized as a mode redistribution towards lower frequen-
cies. This aspect coincides with our previous analysis of 
the changes induced by mechanical fatigue in an ARMCO 
iron sample [2]. 
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Fig. 5  Change of the minima 
in experiment and simulation 
under strain: a first and b sec-
ond minimum
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Fig. 6  Extraction of velocity of sound from the pDOS according to 
Refs. [13, 18]. Data taken from the in-situ NIS experiment at 0% 
strain

Table 1  Thermodynamic parameters extracted from a the experimen-
tal and b the calculated pDOS. In the experimental data, the value in 
brackets indicates the uncertainty of the last digit

f
L
 : Lamb–Mössbauer factor

√

x
2 : root mean-square displacement

U
vib

 : vibrational energy
c

v
 : specific heat at constant volume

S
vib

 : vibrational entropy
G: mean phonon energy

D: mean force constant
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In simulation—and less pronouncedly also in experi-
ment—an increase of the high-frequency tail of the pDOS 
with strain can be observed. It is caused by the production 
of extended defects, which also populate high-frequency 
modes [8]; this is in contrast to the well-understood action 
of vacancies, which lead to a decrease of the pDOS at high 
frequencies [17].

The effects of tensile strain are more clearly seen in the 
simulation than in the experiment, primarily because the 
error bars in the experiment are unavoidably quite large. 
Thus, differences between experiment and simulation can-
not be clearly identified. These could however exist, caused 
by the different grain size (10 nm in simulation vs around 
10 μ m in experiment) and strain rate ( 10

10 s −1 vs 1.7 × 10
−4 

s −1 ). The values used in simulation are typical of molecu-
lar dynamics simulation, and cannot be changed by the 
many orders of magnitude necessary to reach experimental 
conditions.

4  Conclusions

We conclude that simulation shows qualitatively the same 
features as experiment, but in a more pronounced manner. 
The depopulation of the modes are most clearly observed 
in the changes in peak height, where the effect is most 
pronounced for the longitudinal and the second transverse 
peaks.

Under strain, the pDOS of pc Fe samples changes in a 
characteristic way by a decrease in the peak heights of the 
spectra. These feature a redistribution of phonon modes 
away from the mid-frequency region towards the tails of 
the distribution and are caused by defect production under 
the high strain levels. The changes of the thermodynamic 
parameters in the sample are characterized by a decrease in 
the mean phonon frequency and a concomitant decrease in 
the force constant.

In the future, it appears interesting to use samples pre-
pared with various initial microstructures (such as grain 
sizes) and to measure the changes induced in these samples 
by tension. Also, the effect of temperature on the results 
might be studied, since, e.g., the occurrence of various dis-
location types will be affected.

Acknowledgements Funded by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation)—TRR 173—project number 
268565370 (projects A04, A06 and B08). Simulations were performed 
at the High Performance Cluster Elwetritsch (Regionales Hochschul-
rechenzentrum, TU Kaiserslautern, Germany). We acknowledge the 
support of Hans-Christian Wille, Olaf Leupold and Ilya Sergeev during 
the data acquisition at beamline P01, PETRA III, DESY Hamburg.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. A.I. Chumakov, W. Sturhahn, Hyperfine Interact. 123, 781 (1999)
 2. L. Scherthan, H. Auerbach, S. Deldar, K. Jenni, J.A. Wolny, M. 

Herlitschke, H.C. Wille, A. Mutter, J. Meiser, P. Umstätter et al., 
Hyperfine Interact. 238, 103 (2017)

 3. N.W. Ashcroft, N.D. Mermin, Solid State Physics (Saunders, 
Philadelphia, 1976)

 4. P.L. Land, B. Goodman, J. Phys. Chem. Solids 28, 113 (1967)
 5. G. Leibfried, N. Breuer, Point Defects in Metals I: Introduc-

tion to the Theory, No. 81 in Springer Tracts in Modern Physics 
(Springer, Berlin, 1978)

 6. P.M. Derlet, R. Meyer, L.J. Lewis, U. Stuhr, H. Van Swygenhoven, 
Phys. Rev. Lett. 87, 205501 (2001)

 7. R. Meyer, L.J. Lewis, S. Prakash, P. Entel, Phys. Rev. B 88, 
104303 (2003)

 8. R. Meyer, A. Mutter, P. Umstätter, V. Schünemann, T. Beck, M. 
Smaga, H.M. Urbassek, Eur. Phys. J. B 93, 116 (2020)

 9. Photon Science DESY. P01 Dynamics—Nuclear Resonant Scat-

tering Station—Detectors. http://photo n-scien ce.desy.de/facil ities 
/petra _iii/beaml ines/p01_dynam ics/nucle ar_reson ant_scatt ering 
_stati on/detec tors/apds/index _eng.html. Accessed 27 July 2019

 10. Photon Science DESY. P01 Dynamics—Nuclear Resonant Scat-

tering Station—High/Medium Resolution Monochromators. http://
photo n-scien ce.desy.de/facil ities /petra _iii/beaml ines/p01_dynam 
ics/nucle ar_reson ant_scatt ering _stati on/high___mediu m_resol 
ution _monoc hroma tors/index _eng.html. Accessed 27 July 2019

 11. I. Sergeev, isdos10\_manual

 12. G.J. Ackland, D.J. Bacon, A.F. Calder, T. Harry, Philos. Mag. A 
75, 713 (1997)

 13. A.I. Chumakov, R. Rüffer, O. Leupold, I. Sergueev, Struct. Chem. 
14, 109 (2003)

 14. V.G. Kohn, A.I. Chumakov, Hyperfine Interact. 125, 205 (2000)
 15. N. Dauphas, M.Y. Hu, E.M. Baker, J. Hu, F.L.H. Tissot, E.E. Alp, 

M. Roskosz, J. Zhao, W. Bi, J. Liu et al., J. Synchrotron Radiat. 
25, 1581 (2018)

 16. R. Lübbers, H.F. Grünsteudel, A.I. Chumakov, G. Wortmann, Sci-
ence 287, 1250 (2000)

 17. V. Gairola, P.D. Semalty, P.N. Ram, Pramana 80, 1041 (2013)
 18. M.Y. Hu, W. Sturhahn, T.S. Toellner, P.D. Mannheim, D.E. 

Brown, J. Zhao, E.E. Alp, Phys. Rev. B 67, 094304 (2003)

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


