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Hard-x-ray spectroscopy relies on a suite of modern techniques for studies of vibrational, electronic, and
magnetic excitations in condensed matter. At present, the energy resolution of these techniques can be
improved only by decreasing the spectral window of the involved optics—monochromators and analyzers—
thereby sacrificing the intensity. Here, we demonstrate hard-x-ray spectroscopywith greatly improved energy
resolution without narrowing the spectral window by adapting principles of spectrographic imaging to
the hard-x-ray regime. Similar to Newton’s classical prism, the hard-x-ray spectrograph disperses different
“colors”—i.e., energies—of x-ray photons in space. Then, selecting eachenergy componentwith a slit ensures
high energy resolution, whereas measuring x-ray spectra with all components of a broad spectral window
keeps the intensity. We employ the principles of spectrographic imaging for phonon spectroscopy. Here the
new approach revealed anomalous soft atomic dynamics in α-iron, a phenomenon which was not previously
reported in the literature.We argue that hard-x-ray spectrographic imaging also could be a path to discovering
new physics in studies of electronic and magnetic excitations.
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X-ray spectroscopy exploits a powerful set of tools to
access new physics in studies of vibrational [1,2], electronic
[3,4], and magnetic [5,6] properties of solids. The best
performance of these techniques is achieved in a delicate
compromise between energy resolution and the count
rate. Improvements in each of these parameters are highly
desirable: Better energy resolution is highly demanded
[7–9] as it promises to open new physics, whereas higher
intensity would greatly facilitate measurements. At present,
however, the gain in quality—energy resolution—has been
achieved in the hard-x-ray domain only by narrowing the
spectral window of monochromators and analyzers and
thereby sacrificing intensity.
A breakthrough solution to this problem would be to

complement hard-x-ray spectroscopies by principles of
spectrographic imaging, widely used in a vast spectral range
from infrared radiation to soft x rays. While a monochro-
mator and analyzer work as narrow band filters, cutting all
radiation energies—i.e., “colors"—but the desired one, a
spectrograph keeps radiation components of all energies,
dispersing the colors spatially. Consequently, the energy
resolution is then provided by selecting distinct components
in space, whereas the availability of all these components
keeps the entire intensity.
For visible light, the concept of spectrographic imaging—

dispersion of radiation components with various energies in
space—has been known since Newton’s time [10]. For hard
x rays, optical prisms and conventional diffraction gratings
are not efficient. Nevertheless, the principles of angular
dispersion of hard x rays are known [11–15], and the optical

schemes of hard-x-ray spectrographs have been studied [13]
and demonstrated [12]. They rely on the angular dispersion
of x rays in Bragg diffraction by asymmetrically cut crystals
[12–15]. Combined with focusing optics, this results in
dispersing x rays of different energies in space [12,13,
16,17], localizing the narrowest energy bands in each spatial
coordinate, and using the entire beam in all spatial coor-
dinates in parallel, in order to preserve the total intensity.
In this study, we applied the principles of spectrographic

imaging to phonon spectroscopy. Similar to previous
suggestions [13,17], we show that it also can be efficiently
applied for studies of electronic and magnetic excitations.
The implemented optical scheme can be adapted to any
specific energy in a broad range of hard x rays, which is
crucial for resonance inelastic scattering spectroscopies.
Furthermore, it provides a large—many eV—scanning
range, which is indispensable for studies of vibrational,
electronic, and magnetic excitations. Applied to phonon
spectroscopy, the hard-x-ray spectrographic imaging
reveals in this study anomalous soft atomic dynamics in
α-iron, a phenomenon which was not previously reported in
the literature.
The study was performed at the Nuclear Resonance

beamline [18] ID18 of the European Synchrotron
Radiation Facility (ESRF). The principles of spectrographic
imaging were applied for measurements of the density of
phonon states (DOS) by nuclear inelastic scattering [19]
using 14.4125 keV photons corresponding to the energy
of the nuclear resonance transition of the 57Fe isotope.
Figure 1(a) illustrates an integration of the spectrograph into
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the beamline layout. Figure 1(b) shows the optical scheme of
the spectrograph. The dispersion is provided by the second
and the third silicon crystals in the highly asymmetric
(12 2 2) reflections. The second crystal provides negative
angular dispersion dθ=dE of −0.3 μrad=meV. The third
crystal inverts the sign of this contribution, increases it to
þ14 μrad=meV, and adds its own contribution of the same
value, boosting the total dispersion to þ28 μrad=meV. The
multilayer mirror inverts the dispersion to −28 μrad=meV,
proving finally higher energy photons at lower vertical
coordinate [Fig. 2(a)]. The first silicon crystal is used to
maintain the exit beam in the horizontal direction approx-
imately, and the multilayer assures this precisely. The
compound refractive lenses focus radiation components with
different energies to different vertical coordinates of the slit,
providing the spatial dispersion. More details of the optical
scheme are discussed in Supplemental Material (SM) [20].
The described development of the angular dispersion

dθ=dE (also called cumulative angular dispersion Dc)
through the optical scheme is elaborated in Refs. [12–15].
For the given sequence of reflections, it is given by

dθ
dE

≡Dc ¼ D3 þ b3D2 þ b3b2D1; ð1Þ

Di ¼ −
ð1þ biÞ tan θi

E
; ð2Þ

where Di, bi, and θi are the angular dispersion, asymmetry
factor, and Bragg angle of the ith crystal, respectively, and
E is the x-ray energy. The asymmetry factor is defined as
b ¼ − sin θin= sin θout, with θin and θout the angles of the
incident and exit beams, relative to the crystal surface,

respectively. Note that for the first symmetric reflection,
b1 ¼ −1 and D1 ¼ 0. The energy resolution of the spectro-
graph ΔE is given by [12,13,16]

ΔE ¼ ΔS
L

jbcj
Dc

; ð3Þ

bc ¼ b1b2b3; ð4Þ
where ΔS is the effective source size, L is the distance from
the source to the spectrograph, and bc is the cumulative
asymmetry coefficient. Using the parameters of the crystals
and of the source listed in SM[20], one obtains fromEqs. (1)–
(4) the expected dispersion rate dθ=dE ¼ −29.5 μrad=meV
and the expected energy resolution ΔE ¼ 40 μeV.
The key role in achieving the high dispersion and,

therefore, ultrahigh energy resolution belongs to the multi-
crystal optical scheme [12,13]. In comparison to a one-
crystal setup [16], the current scheme increases the
dispersion by a factor of 2 [Eq. (1)]. More importantly,
it keeps the cumulative asymmetry coefficient bc small
[Eq. (4)], improving altogether the energy resolution by
nearly 2 orders of magnitude [Eq. (3)].

FIG. 1. The experimental setup. (a) The beamline layout with
the indicated distances of the elements from the source. High-
heat-load monochromator (HHLM), compound refractive lenses
(CRL), multilayer mirror (ML). (b) Optical scheme of the
spectrograph with the parameters of the optical elements and
angular dispersion dθ=dE in various points of the scheme. Blue to
red colors correspond to photons of highest to lowest energies,
respectively.

(a) (c)

(b)

(d)

FIG. 2. The measurements of the energy resolution and of
the angular dispersion. (a) The optical scheme. The 57Fe foil
and avalanche photodiode (APD) [51] function as a resonance
detector with a bandwidth of ∼0.50 μeV (see SM [20]). (b) The
x-ray intensity recorded by the resonance detector as the function
of the mean energy of the spectrograph (see text) without the slit,
and for five indicated vertical positions of a 20-μm-wide slit. (c),
(d) The energies (c) and the energy bandwidths (d) of the x-ray
components selected by the slit at various vertical positions for
the mean energy of the spectrograph at resonance. The values are
obtained by fitting Lorentz curves to the data displayed in (b).
The error bars are obtained from the fits. For (c), they are within
the symbol size. The value and error bar of the angular dispersion
are obtained by a linear fit (solid line) to the data displayed in (c).
The dashed line in (d) shows the energy resolution averaged over
five slit positions. Blue to red colors correspond to photons of
highest to lowest energies, respectively.
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Equation (3) shows that the energy resolution of the
spectrograph is inversely proportional to the source-
spectrograph distance L. In this study, this distance was
limited to 42 m [Fig. 1(a)]. At the upgraded Nuclear
Resonance beamline ID18 of the ESRF, it could be
increased to ∼160 m, which should result in an energy
resolution of ∼10 μeV.
The angular dispersion and the energy resolution of the

spectrograph were measured using the setup shown in
Fig. 2(a). The energy of x rays from the spectrograph was
varied by simultaneous rotation of all three (Fig. 1) silicon
crystals [20]. The energies of the radiation components
selected by the slit at five various vertical positions
(successively, one after another) were determined using
the resonance detector [20]. The detector and the slit act
here as a position sensitive detector, and they are to be
substituted by such a detector in future experiments [20].
Figure 2(b) shows the intensity of x rays recorded by the

resonance detector as a function of the mean energy of the
spectrograph, i.e., the energy of x rays on the optical axis, at
zero vertical position of the slit. Without the slit, these
measurements give the spectral window of the spectro-
graph. With a sufficiently small slit (in our case 20 μm, see
SM [20]), the measurements give the energy resolution
of the spectrograph. Figure 2(b) shows that the spectral
window of the spectrograph is 550 μeV, and the energy
resolution is about 100 μeV.
The energy and the bandwidth of the x-ray components

selected by the slit at various vertical positions for a fixed
mean energy of the spectrograph (see SM [20] for details)
are shown in Figs. 2(c) and 2(d), respectively. The angular
dispersion rate dθ=dE ¼ −28.4ð2Þ μrad=meV is calculated
from the slope of the photon energy plotted as a function of
the vertical angle in Fig. 2(c). The slight deviation from the
expected value of −29.5 μrad=meV can be attributed to a
small (0.02 deg) miscut of the crystal surface.
The energy resolution of the spectrograph given by the

bandwidth of the spectral components measured with the
20 μm slit is shown in Fig. 2(d). It slightly varies over
the vertical coordinates of the beam, from 101(3) to
113ð3Þ μeV, with a mean value of 108ð4Þ μeV. This is
larger than the expected value of 40 μeV. The deviation
could be caused by a small (2 mK) temperature inhomo-
geneity of the crystal surface, a slight (Δd=d ¼ 6 × 10−9)
inhomogeneity of the lattice constant, and/or a small
(∼30 nrad) bending of the atomic planes [20].
Figure 2 demonstrates that our approachmay enable hard-

x-ray spectroscopy with an energy resolution of ∼100 μeV
using all radiation components within the spectral window of
∼550 μeV. The resolution of ∼100 μeV (∼0.8 cm−1) com-
pares with the best resolution of Raman spectroscopy.
Furthermore, it is about an order of magnitude better than
the typical resolution of presently employed hard-x-ray
inelastic scattering spectrometers [1,2,7]. For nuclear inelas-
tic scattering, improving energy resolution is certainly easier,

as the method does not require energy analyzes and momen-
tum resolution.
Figure 3 presents the application of the spectrograph for

measurements of the density of phonon states of α-iron.
The measurements were performed in parallel with four
identical foils of α-57Fe, separated in the vertical coordinate
with an increment of ∼70 μm (see SM [20]). For a fixed
mean energy of the spectrograph, they are illuminated by
x rays of different energies [Fig. 2(c)]. Accordingly, the
measured spectra are shifted relative to each other,
with the corresponding energy increment of ∼160 μeV
[Figs. 3(a)–3(c)]. In data treatment, before adding the
spectra, this relative shift is eliminated by centering all
elastic peaks at zero energy. Figure 3(d) shows the obtained
net spectrum of nuclear inelastic scattering in α-iron. It is
measured with the high energy resolution while using
the photons of the nearly entire spectral window of the
spectrograph. The excellent ∼1% statistical accuracy of the
data has been reached in ∼15 h of measurements.
The noticeable tails of the elastic peak in the spectrum

[Fig. 3(d)] suggest the presence of soft modes in α-57Fe, a
phenomenon which was not previously reported in the
literature. The existence of such modes was indicated in
our earlier measurements with lower energy resolution
(∼0.7 meV), but we were not able to confirm the effect
unambiguously:with the lower resolution, the effect could be
eliminated by slightly “enforced” subtraction of an elastic
peak [20].
Revealing fine spectral features at small phonon energies

requires precise comparison of the measured spectrum to the
instrumental function of the spectrograph. Formeasurements
with several samples, this would require a position-sensitive
detector for nuclear forward scattering [20]. Because this
instrumentation is not yet available, we repeated the mea-
surements with a single foil of α-57Fe, recording simulta-
neously the spectrum of nuclear inelastic scattering and the
instrumental function [20]. The presence of the additional
vibrational modes, noticeably more pronounced than the
tails of the instrumental function, is seen already in the raw
experimental data [Fig. 3(e)]. Figures 3(f)–3(g) show the
derived reduced density of the phonon state gðEÞ=E2.
The presence of the anomalous soft modes above the level
of acousticmodes, indicated by the straight horizontal line, is
unambiguous.
Additional experimental data presented and discussed in

SM [20] show that these modes cannot be attributed to
possible imperfections as impurities, grain boundaries,
dislocations, texture, and magnetic domain walls. They
also are not an experimental artifact, because measurements
of other systems do not show this feature [20].
In Supplemental Material [20], we analyze several

possible origins of the observed anomaly: (i) nanostructured
inclusions, (ii) force-constant disorder [52], (iii) positive
dispersion of acoustic modes, (iv) anharmonic effects [53],
and (v) magnetoelastic waves [54]. The first two options
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seem to be not compatible with our experimental data
and material properties. The model of positive dispersion
appears to be not in agreement with the results of neutron
studies [55]. Attributing the effect to anharmonicity is
compatible with its temperature dependence [20].
The above example of the spectroscopy with several

identical samples measured simultaneously demonstrates
the key advantage of the approach: achieving ultrahigh
energy resolution while utilizing full intensity of a broad
spectral window. Alternatively, one may also consider
simultaneous measurements of different samples. In this
case, the availability of ultrahigh energy resolution and
several beams enables precise studies of several systems
simultaneously, eliminating systematic errors in the relative
energies of their vibrational modes by measurements of
several samples in parallel.
Figure 4 shows the spectra of nuclear inelastic scattering

in K2 Mg57FeðCNÞ6 and ðNH4Þ2Mg57FeðCNÞ6 hexacyano-
ferrates measured simultaneously. The samples reveal

rather different acoustic modes, fairly identical optical
modes at 37 meV, and slightly different optical modes at
55, 57, and 74 meV. The high energy resolution enables the
precise determination of these tiniest differences, whereas
the simultaneous measurements exclude systematic errors.
For example, the relative shift of 254 μeV between the
∼74 meV optical modes of two hexacyanoferrates is
determined with an accuracy of 19 μeV (∼0.15 cm−1).
This approach would be especially beneficial for studies of
protein dynamics [56].
Figure 4 also demonstrates that the energy widths of the

optical phonons in the density of states are no longer
limited by the energy resolution: they are much larger than
the width of the instrumental function. This can be
attributed to a noticeable dispersion of the optical modes
in the space of momentum transfer and/or a measurable
lifetime of the phonons.
Finally, we note that the extension of the principles of

spectrographic imaging to the hard-x-ray regime may have

(a)

(e) (f) (g)

(b) (c) (d)

FIG. 3. (a)–(d) An example of phonon spectroscopy with the gain in quality (energy resolution) but without sacrificing quantity
(intensity) from a broad spectral window. (a)–(c) Various parts of the energy spectra of nuclear inelastic scattering measured in parallel
with four identical foils of α-iron located at different vertical positions. The data are scaled to the same peak values to facilitate
comparison. (d) The net spectrum obtained after the elimination of the relative shift between the spectra shown in (a)–(c) and adding
them together (see text). (e) The inelastic spectrum and instrumental function measured for a single foil of α-iron. The data are scaled to
the same peak value. The dashed line in (d) and (e) emphasizes the presence of the soft modes. (f) The reduced DOS gðEÞ=E2, with the
central part enlarged in (g). The data at positive and negative energies are derived from the corresponding parts of the inelastic spectrum
shown in (e). The black horizontal line in (f) and (g) shows the Debye level—the expected contribution to the reduced DOS from the
acoustic modes [20]. The error bars indicate the statistical uncertainty. Only those points are shown where the systematic uncertainty
related to the subtraction of the elastic peak is less than the symbol size.
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a very wide range of applications. For phonon studies, we
demonstrated the improvement in the energy resolution
while using radiation in a broad spectral window. For other
applications, one can also target the opposite goal: to boost
the intensity without sacrificing the energy resolution.
Here, using nearly the same scheme, one may keep an
energy resolution of ∼0.6 meV while increasing a spectral
window to ∼2 meV (see SM [20]).
Furthermore, the same approach can also be extended

to studies of electronic and magnetic excitations, e.g., in
topical scientific cases tackled by resonance inelastic x-ray
scattering at Ir-L3 and Os-L3 absorption edges [57,58].
For studies of magnetic excitations, higher energy reso-
lution is in real need [8,9], and here our approach may
ensure a ∼1–2 meV resolution and a ∼10 meV spectral
window [20]. For studies of electronic excitations, where
the energy resolution is normally not an issue, it may offer
a ∼11 meV resolution and a ∼160 meV spectral window
[20]. For the Cu-K edge, a similar approach may offer
1 meV resolution and a 85 meV spectral window [13]. The
discussed schemes can be used for both monochromator
and/or analyzer branches of inelastic spectrometers [17].
In summary, we applied the principles of spectrographic

imaging to the hard-x-ray regime and demonstrated phonon
spectroscopy with the tremendously improved energy
resolution while preserving intensity from the broad spec-
tral window. For nuclear inelastic scattering, this approach
provided an energy resolution of ∼100 μeV, which is about
an order of magnitude better than the typical resolution
of presently employed hard-x-ray inelastic scattering spec-
trometers [1,2,7]. Certainly, here it is easier to achieve, as
the method does not require energy analyzers and momen-
tum resolution.
Applied to studies of phonons, this approach revealed

anomalous soft atomic dynamics in α-iron, a phenomenon
which was not previously reported in the literature. We
expect that it may also reveal new phenomena in the
physics of electronic and magnetic excitations.
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