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Abstract

®

CrossMark

X-ray emission spectroscopy (XES) is a powerful probe of the electronic and chemical state of
elemental species embedded within complex compounds. X-ray sensors that combine high
resolving power and high collecting efficiency are desirable for photon-starved XES experiments
such as measurements of dilute, gaseous, and radiation-sensitive samples, time-resolved
measurements, and in-laboratory XES. To assess whether arrays of cryogenic microcalorimeters
will be useful in photon-starved XES scenarios, we demonstrate that these emerging energy-
dispersive sensors can detect the spin-state of 3d electrons of iron in two different compounds,
Fe,05 and FeS,. The measurements were conducted with a picosecond pulsed laser-driven
plasma as the exciting x-ray source. The use of this tabletop source suggests that time-resolved
in-laboratory XES will be possible in the future. We also present simulations of Ka and K@
spectra that reveal the spin-state sensitivity of different combinations of sensor resolution and
accumulated counts. These simulations predict that our current experimental apparatus can
perform time-resolved XES measurements on some samples with a measurement time of a few

10 s of hours per time delay.

Keywords: x-ray emission spectroscopy, transition edge sensor, ultrafast

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, x-ray emission spectroscopy (XES) has
emerged as an important technique for the study of chemi-
cally active elemental species within larger molecules or
complexes. In XES, an exciting x-ray flux is used to produce
core-hole vacancies that are filled by the relaxation of valence
or other core electrons with concomitant x-ray fluorescence.
XES provides information on the charge and spin state of the
absorbing atomic species as well as on its ligand environment
[1, 2]. Because the information in XES is contained in
fine structure within an x-ray-fluorescence feature, excellent
spectral resolving-power is required. At x-ray energies below
2keV, gratings are the preferred analyzer and at higher
energies, crystal analyzers are used. Bright exciting x-ray
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beams are often used to compensate for the limited collection
efficiency of these wavelength-dispersive technologies.
Recent advances in the collection efficiency and energy
resolution of crystal analyzers have increased the feasibility of
XES in laboratory settings when excitation fluxes are usually
lower [3, 4]. The use of cryogenic microcalorimeters has
recently been proposed for XES and their ability to provide
chemical specificity was demonstrated [5]. The primary
motivating attraction of these energy-dispersive detectors
is a large potential increase in photon-collection efficiency.
Deployed microcalorimeter spectrometers with 240 sensing
elements already provide a hundred-fold efficiency
improvement at the nitrogen and oxygen Ko lines over some
high-efficiency gratings. Further, large improvements in the
collecting efficiency and photon throughput are anticipated

© 2016 IOP Publishing Ltd  Printed in the UK
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for these microcalorimeter arrays [5, 6]. Increased collection
efficiency is desirable for a range of scenarios including
studies of dilute, gaseous, and radiation-sensitive samples,
time-resolved measurements, and laboratory XES where the
exciting x-ray fluxes available are much less intense than at
large facilities such as synchrotron and free electron laser. As
part of assessing the utility of cryogenic microcalorimeters for
XES, it is important to determine whether the resolving power
of this technology permits the detection of scientifically
relevant XES features on practical timescales. While the
resolving power of cryogenic microcalorimeters is generally
lower than that of gratings and crystals, Uhlig et al [5]
compared present and potential energy-resolution values to
line broadening due to finite core hole lifetimes. Over wide
energy ranges, the resolution of cryogenic microcalorimeters
was shown to be less than or comparable to core hole
broadening, a favorable condition for XES.

Here, we focus on demonstrating and assessing the
suitability of cryogenic microcalorimeters for a specific XES
measurement: the determination of the spin-state of molecular
iron. Iron is representative of the 3d-transition metals found in
many naturally occurring compounds. We use an array of
superconducting transition-edge sensors (TESs), currently the
most mature cryogenic-microcalorimeter technology, to show
that both the iron Ko and K3 emission features can be used to
distinguish between low-spin (LS) and high-spin (HS) iron
compounds. These measurements were performed with a
picosecond pulsed-laser-driven plasma as the exciting x-ray
source. While the results presented here do not show
time-resolved dynamics, the use of this tabletop source for
excitation demonstrates the potential of cryogenic micro-
calorimeter arrays to perform time-resolved, in-laboratory
XES. In addition, we present simulations of Ka and K3
spectra from LS and HS compounds at different sensor energy
resolutions and numbers of accumulated counts. These
simulations show the potential of cryogenic micro-
calorimeters to detect intermediate spin-states under a range
of experimental conditions.

Molecular systems with switchable electronic states are
desirable for complex functionalities. For example, transition-
metal complexes that undergo long-lived charge separation
are candidates for solar-energy harvesting. Metal-to-ligand-
charge-transfer (MLCT) states in these complexes can be
induced by excitation at visible wavelengths. The formation
of a MLCT is often accompanied by spin cross-over meaning
a change in the spin-state of the 3d orbital shell of the metal
center [7]. A spin change can occur in materials separately
from MLCT, for example as a result of changes in temper-
ature or pressure [8, 9]. XES is an effective probe of the spin
state because the local magnetic moment of the 3d shell
perturbs the 3p orbitals and hence the shape of the K3 x-ray
line produced by 3p-to-1s transitions [10]. The Ka x-ray
complex produced by the 2p-to-1s transitions is also affected.
An XES measurement combined with reference data can be
used to make quantitative determinations of spin-state, even
under challenging dynamical conditions [11, 12]. Figure 1
shows an energy-level schematic of Fe(Il) for spin zero and
spin two. Other spin values are possible depending on the
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Figure 1. Energy level schematic showing low-spin and high-spin
states of the 3d orbital shell of Fe(I). Electrons are denoted by
arrows that indicate spin direction.
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Figure 2. Schematic of the plasma source/cryogenic microcalori-
meter x-ray laboratory apparatus. Femtosecond laser pulses are
focused onto the edge of a water jet to produce a plasma and
Bremsstrahlung x-rays. The x-rays are focused via a polycapillary
optic onto the sample of interest. For absorption spectroscopy, the
transmitted x-rays are measured with the microcalorimeter array. For
emission spectroscopy, the microcalorimeter array is moved out of
the path of the exciting beam so that the observed x-ray flux is
dominated by sample fluorescence. Although not shown here, the
system is capable of optical pump/x-ray probe measurements by
splitting the laser beam and focusing part of it onto the sample prior
to the arrival of the x-ray probe pulse.

material and conditions. The ability to determine the spin state
during chemical or photoreactions is of great interest because
it can be used to identify reaction products as well as path-
ways and intermediate states.

2. Experiment setup

The XES measurements presented here were acquired with a
laboratory x-ray source capable of producing picosecond
x-ray pulses. A schematic of the experimental setup is shown
in figure 2 and a full description of the system is given in [18].
The source makes use of a commercial pulsed Ti:Sapphire
laser with a repetition rate of 1kHz. The laser produces
800 nm photons in intense, 40fs pulses. The pulsed-laser
beam is tightly focused onto the edge of a cylindrical water jet
enclosed in a chamber held at a weak vacuum of approxi-
mately 9 Torr. The high-intensity laser pulse creates a plasma
and thus generates a broadband Bremsstrahlung x-ray
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spectrum from approximately 1 to 14 keV. The x-ray flux at
the sample position depends on a range of experimental
conditions. For the measurements presented here, the flux was
approximately 4 x 10° photons per second with a spectral
distribution peaked at 7 keV. Because the plasma source emits
x-rays into 47 solid angle, a polycapillary x-ray optic is used
to collect and refocus the x-rays onto a 75 ym diameter cir-
cular spot. While the intrinsic duration of the x-ray pulses is
short, the optic introduces an estimated temporal broadening
of 1.6 ps. The sample of interest is placed at the output focus
of the optic which is located 25 mm from its exit face and
140 mm from the water jet.

This x-ray source is designed for ‘optical pump—x-ray
probe’ measurements. For pump-probe measurements, each
laser pulse is split prior to interaction with the water jet. The
‘pump’ beam is focused onto the sample after passing through
a delay stage, while the ‘probe’ beam is focused onto the
water jet. The sample is thus probed with the pulsed x-rays at
controlled time delays after the optical pump. The emission
measurements presented here did not make use of an optical
pump and thus could have been obtained with a more con-
ventional excitation source such as an x-ray tube. However,
use of the laser driven plasma source is an important step
towards demonstrating the feasibility of dynamic emission
measurements of materials that undergo optical excitations on
picosecond and longer timescales utilizing tabletop laboratory
instrumentation. More specifically, these measurements show
that the combination of a pulsed excitation source and a
microcalorimeter array can produce x-ray spectra with suffi-
cient energy resolution and statistics to reveal LS and HS
behavior.

The low collecting efficiency of wavelength-dispersive
spectrometers is poorly matched to the modest x-ray fluor-
escence excited by our laser driven plasma source. Instead,
we collect and measure the fluorescence with an array of
superconducting TES detectors. TES detectors are micro-
calorimeters that measure the energy of individual photons
through the temperature change of a superconducting thin-
film. When a photon is absorbed, the film temperature
increases by an amount proportional to the photon energy.
The film is voltage-biased into the resistive transition so that
small changes in its temperature result in large changes in its
resistance. The resulting resistance increase results in a cur-
rent pulse, which is read out via an inductively coupled
SQUID ammeter. The height of this current pulse is a sen-
sitive measure of photon energy. Descriptions of TES spec-
trometers and their readout electronics are given in [13] and
[14]. In our experiment, we employed an array of 240 TES
detectors. Each detector consists of a 300 nm thick MoCu
bilayer with a 4 um thick Bi x-ray absorber patterned on top
of the device. After collimation, each detector has an active
area of 320 x 305 ym?. The energy resolution of a TES
detector is determined by thermodynamic power fluctuations
between the detector and the local heat bath, as well as
Johnson noise in the resistive sensing element [15]. Ultrahigh
resolving powers are achieved by operation of the sensors at
cryogenic temperatures near 0.1 K to minimize thermo-
dynamic-fluctuation noise. To maintain large solid-angle

coverage, the sensors were placed approximately 50 mm from
the sample, so that the array occupied a solid angle near
102 sr. At the energies of interest near 7 keV, the Bi absor-
bers have greater than 70% quantum efficiency and the
combined loss due to air and windows is less than 5%.

The pulsed laser/microcalorimeter array apparatus can
be configured to measure either x-ray emission or x-ray
absorption spectra. For x-ray absorption, the spectrometer
is placed in-line with the x-ray optic and sample. X-ray
absorption measurements from the same apparatus are shown
in [18]. To measure x-ray emission, the spectrometer is
rotated roughly 10° out of the path of the probing x-ray beam
so that the observed x-ray flux is dominated by sample
fluorescence (see figure 2). Here, we present the first x-ray
emission measurements from our apparatus.

3. Measurements

The ability to distinguish HS from LS iron compounds is a
good test of whether cryogenic microcalorimeters can per-
form XES. Using the apparatus described above, we mea-
sured emission spectra from two compounds, FeS, and
Fe,0;, that contain iron in different spin states. The sample
materials, purchased from a commercial vendor, were ground
with a mortar and pestle for many minutes. The typical par-
ticle size after grinding was estimated to be 5-10 pm based on
inspection with an optical microscope. The ground samples
were then spread onto the sticky side of a piece of 25 ym
thick polyimide tape with a rubber-tipped spatula. The tape
was folded over and the outside edge was sealed with addi-
tional tape. The masses per unit area of the FeS, and Fe,0;
samples were 4 and 3.3 mgcm 2 respectively. The samples
were excited with broadband x-rays produced by the laser-
driven plasma source. The measured Ko and KG emission
line complexes of these two compounds are shown in
figure 3. The broadband energy response of microcalorimeters
allows the Ko and K{ lines to be measured simultaneously.
The integration times for the FeS, and Fe,O; spectra were
248 and 190 min, respectively. This acquisition time was
determined by the intensity of the exciting x-ray flux. The
sensors were operating at less than one tenth of their count
rate capability. Hence, this spectrometer could acquire the
same spectra in 25 and 19 min given a 10 xbrighter exciting
source such as those described by Reich et al [19] and
Zamponi et al [20]. The energy resolution of the spectrometer
in this measurement was 5.5eV FWHM. While this resolu-
tion is more than twenty times better than the fundamental
limit of silicon-based energy-dispersive detectors, it is far
from the fundamental limit of microcalorimeter technology.
At 8keV, single microcalorimeter sensors have already
demonstrated energy resolution values of 2.0eV [21], and
2.5 eV energy resolution has been demonstrated in a 30 pixel
array at 6 keV [26].

The 3d electrons in the Fe atoms in Fe,O5; and FeS, are
known to occupy HS and LS states, respectively. These spin
states can be confirmed from the data of figure 3. The Ka
spectra show a statistically significant change in the ratio of
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Figure 3. XES data from Fe,O5; and FeS, acquired using a laser driven x-ray plasma source to produce core hole vacancies and an energy
dispersive cryogenic microcalorimeter spectrometer to measure the resulting x-ray fluorescence. The Fe 3d electrons of Fe,O5; and FeS,
occupy HS and LS states respectively. * The vertical scale is for Fe,O5 spectra, and FeS, spectra are scaled as described in the text.

the Koy and Kay, intensities with respect to achievable SNR.
The K3 spectrum of HS Fe,O5 clearly shows a satellite K3’
peak below the main Kg, 5 feature. Further, the high energy
K, 5 feature is enhanced in the LS material FeS,. All these
signatures are in excellent agreement with published spectra
of HS and LS iron compounds acquired with a crystal
spectrometer [8]. The Ko spectra in figure 3 were normalized
to the Ko, peak amplitude. The main Kf, 3 spectra were
normalized to the spectral area and the K3, s spectra shared
this normalization.

XES spectra can reveal more than the spin-state of a
material. The centroid of the Kf3, s feature is correlated with
the oxidation state of the metal. The centroid and intensity of
a faint K3 feature can be used to identify the bond lengths
and type of the elements bonded to the metal center [22].
While the spectra shown in figure 3 are not of sufficient
quality for this level of analysis, reasonable improvements in
energy resolution and counting statistics may provide this
information in the future.

4. Simulation

In the static XES measurements presented in the previous
section, the spin state of the 3d electrons is either entirely HS
or entirely LS. However, in dynamic measurements, the SNR
is lower because the material under study contains an evol-
ving mix of LS and HS states in response to the optical pump.
The XES spectra of the sample will therefore contain con-
tributions from high, low, and sometimes intermediate spin
states of Fe atoms. To assess the ability of cryogenic micro-
calorimeters to detect these complex spin-state variations, we
have performed numerical simulations based on published
reference data. It is common to describe an evolving material
in terms of an excitation fraction, meaning the fraction of
atoms that have transitioned from one state to another.

Experimentally realizable excitation fractions in response to
an optical-pump pulse depend on many factors including the
concentration of the sample, the wavelength, duration, and
fluence of the pump; hence a simple characterization would
not be possible. However, for intense sub-picosecond pulses,
spin-state excitation fractions of 20% are realistic [16]. As a
result, we have simulated the accuracy with which excitation
fractions between 0% and 20% can be determined with XES.
The integral of the absolute value of the difference (IAD)
between two K spectra is a widely used indicator of the local
spin state of the 3d orbital in Fe atoms [8, 10]. In order to
assess the feasibility of detecting 3d local spin dynamics with
a time-resolved laboratory XES apparatus, Fe K3 spectra of
pumped and unpumped samples were simulated at different
excitation fractions, numbers of K3 emission photons, and
detector energy resolutions. At a given excitation fraction, the
underlying Fe K( spectral distribution is constructed as a
linear combination of the LS and HS spectra reported by Lin
et al [17]. After the unpumped and pumped spectra were
convolved with a detector-response function, the effects of
photon statistics were incorporated by setting the overall
number of counts in the spectra and assuming Poisson
fluctuations in the number of photons in each energy bin.
Subsequently, the TAD value was calculated from the two
histograms that describe the pumped and unpumped spectra.
We performed 100 independent simulations at each combi-
nation of parameters in order to determine the mean IAD
value and its statistical error. Figure 4 shows the simulated
IAD values for four different combinations of parameters. As
the number of K3 x-ray emission photons increases and the
energy resolution of the detectors improves, the IAD yields a
more accurate spin state estimation and the detection thresh-
old of changes in the excitation fraction decreases. The
number of emission photons has an especially significant
impact on spin-state determination. Taking figure 4(c) as an
example (10° K3 photons and 6eV resolution), the TAD
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Figure 4. Simulated IAD value at different excitation fractions. (a) 10° K/3 photons and 6 eV detector resolution. (b) 10° K/3 photons and 2 eV
detector resolution. (c) 10° K3 photons and 6 eV detector resolution. (d) 10° K8 photons and 2 eV detector resolution. Error bars

indicate + one standard deviation.

values for excitation fractions that differ by 2% (i.e. 18% and
20%) are separated by about two standard deviations. These
results strongly suggest that accurate spin-state measurements
are possible given sufficient numbers of measured photons,
even with no further improvement in energy resolution.

The Fe Ka line complex also exhibits spin-state-depen-
dent features, which include the Koy /Ke, intensity ratio, the
peak width of Koy, and the energy separation between Koy
and Ko, [8]. Even though Ko spectra are not as widely used
for spin-state determination as K3 spectra, the intensity of the
Ka complex is approximately 10 times stronger so its future
use is attractive. We therefore performed simulations of
pumped and unpumped Fe Ko spectra in order to estimate the
excitation fraction detection limits that can be achieved from
this spectral region. Simulated Ko emission spectra were
constructed from linear combinations of the LS (§ = 0) and
HS (S = 2) Ka emission lines reported by Vanké er al [8].

There is not an accepted metric for the comparison of Ko
spectra analogous to the IAD developed for the K3 line. To
assess Ka spectra, we propose a slightly modified excitation
fraction indicator:

Indicator(s) = de (s(E) — I(E))(h(E) — I(E)),

where A(E) and I(E) are reference spectra of HS and LS states
and s(E) is a spectrum of mixed state. Figure 5 shows the
simulated indicator values and error bars for different
excitation fractions assuming 10° Ko photons and 6eV
resolution. Excitation fractions that differ by 2% (i.e. 18% and
20%) are separated by slightly less than two standard
deviations.

The results of figure 5 suggests that Ko spectra can give
more accurate excitation-fraction measurements in the same
integration time. For the same detector resolution and the
same integration time, the Ko features yield excitation
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fractions between 0% and 20%. The simulations assume 10° Ko
photons and 6 eV detector resolution. Simulated IAD values for 10°
K/3 photons and 6 eV detector resolution are reproduced for
comparison. Error bars indicate 4 one standard deviation.

fraction indicators that provide about 1o of separation per 1%
absolute excitation difference. By contrast, K features yield
only about o/3 of separation per 1% absolute excitation
difference. Experimental studies are warranted to explore
whether this idea can be realized in practice.

It is valuable to estimate the integration times required to
accumulate spectra with 10° Ka photons. (The same spectra
will also include roughly 10° K3 photons because of the
broadband response of microcalorimeter arrays.) The 248 and
190 min of data acquisition for FeS, and Fe,O; powders
described in section 3 provide useful scaling points. Samples
for dynamic pump-probe measurements must satisfy a range
of constraints. In particular, due to the shorter interaction
lengths in Fe compounds for optical photons than x-rays, the
Fe concentrations for pump-probe measurements must be
much lower than in the solid samples of section 3 if reason-
able optical excitation fractions are to be achieved. Two
representative compounds for pump-probe measurements are
ferrioxalate [23, 24] and iron tris-bipyridine [7, 11, 12] in
aqueous solutions. For sample geometries and concentrations
compatible with excitation fractions of 20%, we estimate that
the fluorescence x-ray production rates in ferrioxalate and iron
tris-bipyridine will be about 2 and 10 times smaller, respec-
tively, than from the solid powders of section 3. With our
current experimental set up, the predicted integration time to
obtain 10° Ko x-rays is 16 hr for ferrioxalate and 80 hr for
iron tris-bipyridine. Stable operation for 16hr is already
routine in our apparatus and 80 hr of integration is realistic.

Substantially shorter integration times are anticipated in
the future based on multiple reasonable improvements. As
noted earlier, laser-driven plasma sources that are brighter
than the one used here already exist and could produce a

10x reduction in our count times [19, 20]. Microcalorimeter
arrays of several thousand elements instead of 240 are under
development and improvements in readout technology [25]
are anticipated to allow substantially faster count rates per
pixel. Further, the distance between the sample and spectro-
meter could be reduced by a factor of two. These improve-
ments have the potential to provide at least an additional 10 x
reduction in count times.

5. Conclusion

We have demonstrated that XES with arrays of cryogenic
microcalorimeters can determine the spin-state of 3d electrons
in iron compounds, even with sensors whose resolution
(5.5eV) for iron K x-rays is appreciably worse than the best
examples of this technology (slightly better than 2 eV). This
result and the high collecting efficiency of cryogenic micro-
calorimeters highlights their attraction for XES in photon-
starved scenarios.

The use of a tabletop plasma source as the source of
the exciting x-rays strongly suggests that in-laboratory, time-
resolved XES measurements of spin-state will be possible in
the future. This conclusion is supported by sensitivity simu-
lations that include the impact of excitation fractions sub-
stantially below unity. The same simulations predict that iron
spin-states can be determined with considerable precision
from both Ko and K3 spectral features and that the same level
of spin-state sensitivity can be obtained from the Ko line
complex as from the more commonly used Kj feature but
with shorter integration times.
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