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Single crystals of superconducting SmFeAsOHx: Structure and properties
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We report the synthesis, structure, and superconducting properties of single crystals of SmFeAsOHx . The
crystals were grown at high pressure and high temperature using a cubic anvil technique. 1H-NMR studies confirm
the presence of H atoms in the samples. Single crystal x-ray diffraction analyses demonstrate a remarkable disorder
in the Sm2O2 layers induced by hydrogen incorporation and reveal that the H positions are compatible with a
H2O-like geometry inside the crystals. We have measured the magnetotransport properties of SmFeAsOHx single
crystals with x = 0.07, 0.11, and 0.16 in magnetic field up to 16 T, oriented along the two main crystallographic
directions. The results show an increase of the critical temperature with hydrogen content. The zero-temperature
upper critical fields and the magnetic anisotropy are calculated as a function of the hydrogen content. SmFeAsOHx

crystals present significantly higher upper critical fields and magnetic anisotropies compared to SmFeAsO1−xFx

compounds.
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I. INTRODUCTION

High-temperature superconductivity in iron-based com-
pounds keeps puzzling the scientific community. Since the
discovery of superconductivity in LaFeAsO1−xFx [1] in 2008,
a lot of effort has been devoted to achieve superconducting
temperatures (Tc) above the nitrogen boiling point. However,
the record Tc = 58.1 K in SmFeAsO1−xFx seems to set the
upper limit in this class of materials [2]. Superconductivity
in LnFeAsO (Ln = lanthanide) compounds (also known as
1111) can be induced by external pressure or chemical doping
when the magnetic and the structural transitions in the parent
compound are suppressed. Carrier doping can be obtained
by atomic substitution in the FeAs conducting layer or in
the LnO spacing layer. In the latter case, fluorine has been
mainly used to replace oxygen in the form of an F− anion,
providing an extra electron to the structure. The disadvantage
of using fluorine as a doping agent is related to its low solubility
in LnFeAsO1−xFx materials (x < 0.2) that limits the study
of their phase diagram in the overdoped region. Hydrogen
can overcome this limit by expanding the solubility level up
to x = 0.53 [3,4]. Many resemblances have been observed
between F and H doping in LaFeAsO at low doping levels [5].
Hanna et al. [4] studied the effect of H doping in SmFeAsO
polycrystalline samples, revealing that hydrogen optimizes the
crystal structure and acts as an effective electron dopant. In
particular, they reported an increase of Tc in SmFeAsO1−xHx

for 0 < x � 0.2 with an optimal value of Tc = 55 K around
x = 0.2. For 0.2 < x < 0.4 the critical temperature decreases
with hydrogen content, indicating an electron overdoping
regime that cannot normally be achieved by fluorine doping.

Several possible scenarios have been suggested concerning
the form in which hydrogen is incorporated into the structure
of 1111 compounds. According to Miyazawa et al. [6],
hydrogen is intercalated as an H+ ion and attracts O2− or
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As3− ions, causing a comprehensive decrease of the lattice
parameters. However, neutron powder diffraction and first
principles calculations have shown that hydride ions (H−)
tend to replace oxygen according to O2− → H− + e− and
they stably locate close to the Fe atoms, attracting negatively
charged FeAs layers [4,7]. This causes a shrinkage of all the
lattice constants and induces more regular FeAs4 tetrahedrons
favoring an increase of Tc [7]. On the other hand, Muraba
et al. [8] have recently suggested that hydrogen coming from
H2O and H2 molecules could be introduced into the oxygen
vacancy site.

Here, we report the growth and the characterization of
single crystals of H-incorporated SmFeAsO. We show that,
according to our NMR results and the single crystal XRD
analysis, the right formula of our compounds is SmFeAsOHx

rather than SmFeAsO1−xHx . We measured the electrical
resistivity (ρ) and the upper critical field (Hc2) of SmFeAsOHx

single crystals with x = 0.07, 0.11, and 0.16 in magnetic
field up to 16 T oriented parallel and perpendicular to
the crystallographic c axis. The superconducting magnetic
anisotropy, γH = Hab

c2 /Hc
c2, and the coherence lengths (ξ ) are

calculated as functions of H content.

II. EXPERIMENTAL DETAILS

Single crystals of SmFeAsOHx , with dimensions between
50 and 80 μm, were grown at 3 GPa in a cubic multianvil
system from a mixture of Fe, As, SmAs, FeO, and Sm(OH)3 ×
H2O (Sigma Aldrich) (in molar ratio 9:1:15.67:7.67:1, respec-
tively) thoroughly grounded with a flux in a agate mortar inside
a glovebox. Different time/temperature profiles and fluxes
were used for the crystal growth, as schematically shown in
Table I.

A single crystal structure study was performed on the basis
of the x-ray diffraction (XRD) data collected with a Bruker
diffractometer (Mo Kα radiation, λ = 0.710 73 Å) equipped
with a CCD detector. The data reduction was performed
with the APEX2 software package [9] and the structure was
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TABLE I. Summary of the different time/temperature profiles and different fluxes used for the growth of SmFeAsOHx single crystals with
different hydrogen contents.

Flux Flux/sample ratio (weight) Time/temperature profilea Estimated final composition

NaCl 0.93 SmFeAsOH0.07

KI 1.17 SmFeAsOH0.11

KCl 0.7 SmFeAsOH0.16

aTime in hours (h) or minutes (min); RT: room temperature.

refined and analyzed using the JANA2006 [10] software. The
position of hydrogen and the structural distortion caused by
its incorporation were revealed from the residual electron
density calculated after the main structure model refinements
on the basis of a Fourier analysis by applying (Fexperimental −
Fcalculated) structural amplitude for each hkl reflection.

The lattice constants of SmFeAsOHx were determined
by powder x-ray diffraction of each synthesis product. The
results were compared with those already available in the
literature for SmFeAsO1−xHx compounds [4]. Powder x-ray
diffraction profiles were measured with a Rigaku Miniflex
powder diffractometer (Cu Kα radiation λ = 1.5425 Å).

In order to confirm the presence of hydrogen inside the
samples, we performed wide-line 1H-NMR measurements
employing a Bruker AVANCE III NMR spectrometer at a
frequency of 82.4 MHz. The inhomogeneity of the magnetic
field was less than 2 ppm. The samples were placed in Teflon
capsules. Free induction decay (FID) signals were collected
using a 90◦ pulse length of 2.5 μs. The collected signals
were dead-time compensated and Fourier transformed. To
eliminate the background contribution, an empty capsule was
also measured and its spectrum was subtracted from the spectra
of the investigated samples.

The electrical resistivity (ρ) was measured in a standard
four-point configuration as a function of temperature from
300 K down to 1.7 K in different magnetic fields up to
16 T. Conducting leads were deposited on the surface of the
samples using ion-assisted platinum deposition by focused
ion beam (FIB) technology. The magnetic field was applied
both parallel and perpendicular to the Fe2As2 layers. In our
analysis of the upper critical field, we define the midpoint Tc

as the temperature at which the resistivity drops 50% of its
value just above the transition. The zero-point Tc is defined at
the zero-resistivity point [i.e., when the measured ρ(T ) drops
below our experimental sensitivity].

III. RESULTS AND DISCUSSION

A. Hydrogen content

Several single crystals of SmFeAsOHx were accurately
selected from each batch and the corresponding 1H-NMR
spectra were recorded (Fig. 1). Each spectrum has a Gaussian-

like peak characterized by a full width at half maximum
(FWHM) of around 1-1.5 mT (500-800 ppm) and confirms
the presence of hydrogen in all the investigated samples.
The observed peaks are one order of magnitude narrower
than those reported by Miyazawa et al. for LaFeAsO1−xHx

compounds [6]. This implicates that in our case there is no
wide distribution of transferred hyperfine field from the Fe
atoms, hence the H atoms are not located in proximity to
the Fe atoms. However, the linewidths that we obtained in
SmFeAsOHx compounds are slightly broader than what we
expect from the H atoms situated in a regular crystallographic
site (range of 100 ppm), suggesting some local disorder caused
by the H incorporation. Integration of the NMR spectra in
Fig. 1 gives H-content values that are in quite good agreement
with those reported in the legend. However, due to the very
small dimensions of the samples grown, we cannot exclude
that secondary phases containing hydrogen were measured by
NMR, together with the selected samples. This prevents an
exact determination of x from our NMR data.

We estimated the hydrogen content of our samples from the
measurement of the a and c lattice parameters. Figure 2 shows

FIG. 1. Wide-line 1H-NMR spectra of SmFeAsOHx (x = 0.07,
0.11, 0.16) samples at ambient temperature in Href = 1.935 T.

024525-2



SINGLE CRYSTALS OF SUPERCONDUCTING SmFeAsOH . . . PHYSICAL REVIEW B 94, 024525 (2016)

FIG. 2. Dependence of the c (black symbols) and a (red symbols)
lattice parameters on the hydrogen content (x). The solid dots
correspond to the results obtained by x-ray powder diffraction for
the samples investigated in this work. The open triangles are the
results for polycrystalline H-doped SmFeAsO reported by Hanna
et al. [4]. The dashed lines are linear fits to the results extracted from
the literature [4].

the a and c lattice parameter dependences on the hydrogen
content (x) for polycrystalline SmFeAsO1−xHx as reported
by Hanna et al. [4] (open triangles). The dashed lines are
linear fits to the data [4]. The measured a and c lattice
parameters of SmFeAsOHx are included in the same plot
(solid dots). Assuming that the lattice constants of the two
compounds are the same, we can extract the corresponding x

value for SmFeAsOHx samples. As it will be shown below, the
estimated values of x for SmFeAsOHx agree with the behavior
of Tc vs x observed for SmFeAsO1−xHx [Fig. 6(d)] and the
structural analysis confirms x = 0.16 as the highest doping
level we obtained. The estimated final compositions of our
SmFeAsOHx single crystals are reported in Table I.

B. Structure analysis

The grown SmFeAsOH0.16 sample revealed a high crystal-
lographic quality with a mosaic spread of ∼1° (Fig. 3). Resid-
ual electron density maps, obtained by the single crystal x-ray
diffraction data structure refinements, were used to compare
the structure of SmFeAsOH0.16 with that of SmFeAsO. Both
structures were refined within the harmonic approximation
of the atomic displacements and are presented in Fig. 4.
In both compounds, the residual electron density, calculated
after subtraction of the Sm, Fe, As, and O contributions,
shows some significant maxima located along the fourfold
axis close to Sm. For the undoped crystal [Fig. 4(a)] these
maxima have been successfully fitted by an anharmonic
approximation of atomic displacements, which essentially
improved the reliability index R from 4.02% to 2.69%. In
order to exclude the possibility that the residual electron
density near the Sm atoms could arise from truncation effects,
we adopted difference Fourier maps employing a weighting
scheme of Fourier map calculations as described in Ref. [11].
The standard uncertainties of the experimental and calculated
Fourier maps were identical for every reflection and the whole

FIG. 3. The reconstructed (0kl) and (hk0) reciprocal space
sections for SmFeAsOH0.16 single crystal. Well-resolved reflections
confirm the high quality of the single crystal used for the structural
study.

sphere of reciprocal space was taken into account during the
calculation. Similar to many other works dedicated to the
H-atom localization from x-ray experiments, we assume by
H a center of the electron cloud. Correspondingly, the O-H
distance of 1.09(5) Å is a distance between the center of
the O-related electron cloud and the center of a maximum
in the residual electron density. This value is similar to all
the O-H distances reported for H2O on the basis of the x-ray
experiments.

The structure of SmFeAsO is shown in Fig. 5(a), together
with the atomic displacements. SmFeAsOH0.16 also shows
some maxima near the O positions and more distant maxima
near Sm [Fig. 4(b)]. Only a partial splitting of the Sm and O
positions in addition to an anharmonic approximation of their
atomic displacement can fit those maxima. A combination
of the partial atomic splitting and the anharmonic atomic
displacements improves the reliability index R from 2.18%
to 1.96% in this case. It is important to note that the sum of the
main and the split O position occupancies, 0.92(2) and 0.08(2),
respectively, is equal to 1, i.e., the O deficiency seems to be
a quasideficiency indeed. The structure of SmFeAsOH0.16 is
shown in Fig. 5(b), with the atomic displacements indicated
by ellipsoids. The residual electron density map also contains
some maxima [indicated as H1, H2, and H3 in Fig. 4(b)],
which can be assumed to be associated with H atoms, as they
are located at 1.09(5) Å from the O positions with a H-O-H
angle equal to 104 ± 1°, a typical value for the H2O molecule.
The main and split positions of O, Sm, and H are only partially
and alternatively occupied, so that the statistical distribution of
H2O molecules can be represented with acceptable interatomic
distances. One of the many possible local atomic distributions
is shown in Fig. 5(c) as an example. The occupation of the
proposed H positions can be estimated from the obtained
structural data in the following way. If each split O atom with
refined occupation 0.08(2) is connected by two H atoms, then
0.16(4) H atoms are present near the O. The number of H
atoms connected by the main O position is limited by the
number of split Sm atoms, which is equal to 0.02(1). Hence,
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FIG. 4. Comparative analysis of the undoped and H-incorporated SmFeAsO using residual electron density mapping. The x0z sections
containing all essential maxima are shown for the (a) undoped and (b) H-doped crystal structures. The sections have been calculated within
the harmonic approximation after subtracting the contributions from Sm, Fe, As, and O atoms. Light blue and light red background regions

indicate the negative and positive areas. The highest maxima are underlined by isocurves, which are drawn with steps of 2 and 0.5 e Å
−3

in (a)
and (b), respectively. In (b), the H1, H2, and H3 maxima are very probably associated with the position of the H atoms.

about 0.04(2) H can be expected near the main O position.
Therefore, the estimation leads to x = 0.20(6) H atoms per
SmFeAsO unit formula, and it well agrees with the value of
x = 0.16 obtained from the dependence of the lattice constants
on hydrogen content [4] (Fig. 2) [12,13].

C. Electrical resistivity

The temperature-dependent electrical resistivity of
SmFeAsOHx crystals for x = 0.07, 0.11, and 0.16 is shown
in Figs. 6(a)–6(c), respectively. The lower-right-hand inset in
each panel is a detailed view around the superconducting tran-
sition region. The upper-left-hand inset represents a scanning
electron microscope (SEM) image of each sample contacted by
FIB: The samples are highlighted in violet and the conducting
leads in green. The value of ρ(300 K) ∼ 0.8 m� cm, observed
for all three samples, does not appear to show any dependence
on the different hydrogen contents. However, the residual

resistance ratio (RRR) shows a nonmonotonous behavior with
x, first increasing from 2.8 at x = 0.07 to 4 at x = 0.11, and
then decreasing to 3.2 at x = 0.16. The residual resistivity
values of the SmFeAsOHx single crystals studied seem to
be larger than those reported by Muraba et al. [8] for
polycrystalline SmFeAsO1−xHx compounds. However, we
explain such an apparently incoherent result as a consequence
of errors in the exact measurement of the geometrical factor,
necessary to convert resistance into resistivity, due to the very
small dimensions of the samples. The temperature dependence
of ρ in the normal state shows an increasing nonlinear behavior
with hydrogen content, approaching a ∼T 0.3 dependence at
x = 0.16. Figure 6(d) displays the midpoint Tc of the single
crystals studied in this work (red point) as a function of
H content in comparison to the results obtained by Hanna
et al. [4] for the polycrystalline samples (black triangle). The
results appear in very good agreement with each other. The
critical temperature of the single crystals increases from 33
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FIG. 5. Atomic distribution in a unit cell of (a) undoped and (b), (c) H-doped SmFeAsO samples. Atoms are represented with 100%
probability ellipsoids. The red and the violet ellipsoids indicate the calculated positions of the O and Sm atoms, with an occupation of 0.92 and
0.98, respectively. The pink and the light violet ellipsoids represent alternative atomic positions. The estimated positions of the H atoms, H1,
H2, and H3, are shown in (c), which illustrates a possible local distribution of the atoms compatible with the interatomic distances. Solid and
dashed lines represent two alternative H2O molecules for each O position.

FIG. 6. Temperature dependence of resistivity of SmFeAsOHx single crystals for (a) x = 0.07, (b) x = 0.11, and (c) x = 0.16. The
lower-right-hand inset in each panel is a detailed view around the superconducting transition. The upper-left-hand inset presents a SEM image
of the samples contacted by FIB: The samples are highlighted in violet and the platinum leads in green. (d) displays the midpoint critical
temperature of the single crystals studied in this work (red points) compared to the results for polycrystalline samples reported in Ref. [4]
(black triangles) as a function of hydrogen doping.

024525-5



A. PISONI et al. PHYSICAL REVIEW B 94, 024525 (2016)

FIG. 7. Temperature and magnetic field dependence of the resistivity of SmFeAsOHx single crystals measured with fields applied parallel
to the FeAs layers (H ||ab) and perpendicular to them (H‖c). The values of the magnetic field are 0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, and 16 T following the arrow in the panels. Each row of panels represents the results obtained for the doping level reported on
the left-hand side of the figures.

to 48.3 and 49.1 K, passing from x = 0.07 to 0.11 and 0.16,
respectively.

D. Upper critical field

The upper critical field (Hc2) of the different SmFeAsOHx

crystals was evaluated by ρ(T ) measurements at different
constant magnetic fields up to 16 T. The results for mag-
netic field oriented perpendicular to the crystallographic c

axis (H ||ab) and parallel to it (H ||c) at different doping
levels are reported in Fig. 7. With increasing magnetic
field, Tc monotonously decreases, showing the expected

suppression of superconductivity. In analogy to other layered
high-temperature superconductors, the shift of Tc to lower
temperatures is more pronounced when H ||c than when H ||ab,
and the width of the superconducting transition monotonically
increases with the magnetic field [14–18].

Figures 8(a)–8(c) present the temperature dependence of
Hc2 for H ||ab (blue dots) and H ||c (red dots) with x =
0.07, 0.11, and 0.16, respectively. The upper critical field is
defined at the midpoint Tc and it is presented with solid dots.
The open dots correspond to the values of Hzero defined at
the zero-resistivity point. The temperature dependence of the
in-plane (Hab

c2 ) and out-of-plane (Hc
c2) upper critical field
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FIG. 8. Upper critical magnetic field as a function of temperature
extracted from resistivity measurements with H ||ab (blue points) and
H ||c (red points) for (a) x = 0.07, (b) x = 0.11, and (c) x = 0.16.
Solid dots correspond to values of Hc2 estimated from the midpoint of
the resistive transitions while open dots represent the fields evaluated
at the zero-resistivity point.

shows the same behavior already observed in other 1111
superconducting compounds [14]: a nonlinear trend with a
concave curvature that is more pronounced for H ||c than
for H ||ab. This dependence was interpreted as an intrinsic
feature of pnictide superconductors due to their multiband
superconducting nature [17].

An analysis of the upper critical field can provide informa-
tion about the dominant pair-breaking mechanism. In type-II

TABLE II. Superconducting parameters of SmFeAsOHx single
crystals obtained from the analysis of temperature-dependent upper
critical fields shown in Fig. 8.

T mid
c μ0H

ab
c2 μ0H

c
c2 μ0H

P
c2 ξab ξc

x (K) (T) (T) (T) (Å) (Å) γH

0.07 33 120 39 61 29 9.4 2.4
0.11 48.3 379 66 89 22.3 4 4
0.16 49.1 418 77 90 20.6 3.8 12

superconductors, pair breaking can be achieved, by application
of a magnetic field, through an orbital or paramagnetic effect.
The orbital effect is due to the Lorentz force that acts on the
charges and the opposite momenta of the paired electrons while
the paramagnetic (or spin) effect is due to Zeeman splitting
of the spin singlet Cooper pairs. An approximate estimation
of the zero-temperature orbital limiting field is provided
by the Werthamer-Helfand-Hohenberg (WHH) theory [19]
as Hc2(0) = −0.69Tc(dHc2/dT )Tc . In order to decide which
pair-breaking effect is dominating in SmFeAsO1−xHx , we
compare the value of Ho

c2(0) to the Pauli limiting field (Hp

c2),
defined as the critical field at which the Zeeman energy equals
the superconducting condensation energy [15,20]. The Pauli
or Clogston-Chandrasekhar theory [21,22] gives an approxi-
mate estimation of HP

c2(0) = 1.84Tc. From Ho
c2(0) we extract

the in-plane and out-of-plane coherence lengths according
to μ0H

ab
c2 (0) = �0/(2πξabξc) and μ0H

c
c2(0) = �0/(2πξ 2

ab),
where ξab is the in-plane coherence length, ξc the out-of-
plane coherence length, and �0 the magnetic flux quan-
tum. The magnetic field anisotropy was calculated near Tc

from the measured midpoint Hc2 (solid dots in Fig. 8) as
γH = Hab

c2 /Hc
c2, as a function of hydrogen content. The

results for each doping level and for different magnetic field
orientations are summarized in Table II.

As it can be seen, the value of HP
c2 for every sample

is much higher than Ho
c2(0) for fields oriented along the

c-axis direction while it is much smaller than Ho
c2(0) for

fields parallel to the ab planes. This indicates that the upper

FIG. 9. In-plane (blue dots) and out-of-plane (red dots) zero-
temperature upper critical field as a function of hydrogen doping.
The values are extracted using the WHH formalism as described in
the text. The black points correspond to the values of the magnetic
field anisotropy (right axis). The dashed lines are guides to the eyes.
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critical field appears to be limited by an orbital effect along
the c axis and by a paramagnetic effect in the perpendicular
direction. This observation is in perfect agreement with what
has been reported for SmFeAsO0.8F0.2 single crystals [23].
Hydrogen doping in SmFeAsO, therefore, does not affect
the physics of the limiting magnetic field compared to the
F-doped compound. However, SmFeAsOHx samples show
significantly higher values of zero-temperature upper critical
fields (e.g., up to four times higher along the ab direction [22])
and of magnetic anisotropy [14] than the fluorine-doped
counterpart. Figure 9 shows the evaluated Hc

c2(0) (red points)
and Hab

c2 (0) (blue points) as a function of hydrogen content.
The magnetic field anisotropy is also presented in the same
figure (right axis) in black points as a function of x. The
zero-temperature upper critical field increases with hydrogen
doping along both directions and starts to saturate as x

approaches the optimum value of 0.2, while γH appears to
increase more than linearly with x, in contrast to the results
for polycrystalline SmFeAsO1−xFx , where γH tends to saturate
to 3.5 for 0.15 < x < 0.2 [14].

IV. CONCLUSIONS

In conclusion, we have reported the growth, structure, and
superconducting properties of single crystals of SmFeAsOHx .
Three different compositions, namely, x = 0.07, 0.11, and
0.16, were obtained. The presence of H inside the crystals
was confirmed by wide-line 1H-NMR measurements, which
also revealed some structural disorder caused by hydrogen
incorporation. The a and c lattice parameters decrease with

increasing hydrogen content, in very good agreement with
the results reported for polycrystalline H-doped samples.
The midpoint critical temperature increases with x passing
from Tc = 33 K at x = 0.07 to Tc = 49.1 K at x = 0.16.
To further investigate the effect of hydrogen incorporation,
we performed a detailed comparative analysis between the
undoped SmFeAsO and the SmFeAsOH0.16 crystal structures.
The results display a remarkable disorder in the Sm2O2 layer
caused by H inclusion and reveal the very probable H positions
which are found to be associated with the formation of
H2O molecules within the SmFeAsOHx crystals. Resistivity
measurements in magnetic fields up to 16 T, oriented parallel
and perpendicular to the FeAs planes, show values of the
zero-temperature upper critical field that are significantly
higher than those reported in fluorine-doped samples of the
same compound. From the magnetotransport analysis we were
able to extract some superconducting parameters such as the
coherence lengths and the magnetic field anisotropy. The
magnetic anisotropy of SmFeAsOHx is much higher than
that of SmFeAsO1−xFx and it does not appear to saturate for
0.15 < x < 0.2, as observed in the F-doped compounds.
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