N

N

Magnetic and structural properties of the iron silicide
superconductor LaFeSiH
Mads Fonager Hansen, Samar Layek, Jean-Baptiste Vaney, Laura Chaix,
Matthew R. Suchomel, Mirko Mikolasek, Gastén Garbarino, Alexander I.
Chumakov, Rudolf Riiffer, V. Nassif, et al.

» To cite this version:

Mads Fonager Hansen, Samar Layek, Jean-Baptiste Vaney, Laura Chaix, Matthew R. Suchomel, et
al.. Magnetic and structural properties of the iron silicide superconductor LaFeSiH. Physical Review
B, 2024, 109 (17), pp.174523. 10.1103/PhysRevB.109.174523 . hal-04214168

HAL Id: hal-04214168
https://hal.science/hal-04214168

Submitted on 22 May 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04214168
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW B 109, 174523 (2024)

Magnetic and structural properties of the iron silicide superconductor LaFeSiH

M. F. Hansen®,"2 S. Layek ®,"* J.-B. Vaney ®,* L. Chaix®,' M. R. Suchomel ®,* M. Mikolasek ®,> G. Garbarino®,’
A. Chumakov ®,° R. Riiffer®,’ V. Nassif®,":® T. Hansen ®,° E. Elkaim®,” T. Pelletier ®,® H. Mayaffre,® F. Bernardini ©,°
A. Sulpice,1 M. Nliﬁez-Regueiro,1 P. Rodiere®,! A. Cano®,! S. Tencé®,* P. Toulemonde ®,! M.-H. Julien®,?
and M. d’ Astuto®!

LCNRS, Université Grenoble Alpes, Institut Néel, 38042 Grenoble, France
2Earth and Planets Laboratory, Carnegie Institution for Science, 5241 Broad Branch Road, NW, Washington, DC 20015, USA
3Department of Physics, School of Advanced Engineering, University of Petroleum and Energy Studies,

Dehradun, Uttarakhand 248007, India
4Université Bordeaux, CNRS, Bordeaux INP, ICMCB, UMR 5026, F-33600 Pessac, France
SESRF-The European Synchrotron, C§40220, 38043 Grenoble Cedex 9, France
S Institut Laue-Langevin, 71 Avenue des Martyrs, 38000 Grenoble, Cedex 9, France
7Synchrotron SOLEIL, L’Orme des Merisiers, 91190 Saint Aubin, France
8CNRS, LNCMI, Université Grenoble Alpes, INSA-T, UPS, EMFL, 38042 Grenoble, France
°Dipartimento di Fisica, Universita di Cagliari, Cittadella Universitaria, 1-09042 Monserrato (CA), Italy

® (Received 23 August 2023; revised 23 March 2024; accepted 25 March 2024; published 21 May 2024)

The magnetic and structural properties of the recently discovered pnictogen/chalcogen-free superconductor
LaFeSiH have been investigated by *’Fe synchrotron Mossbauer source spectroscopy, X-ray and neutron powder
diffraction, and 2°Si nuclear magnetic resonance spectroscopy. In contrast with earlier work suggesting the
presence of an orthorhombic and magnetic ground state as in underdoped Fe-based pnictides, our results
unambiguously establish that LaFeSiH is in fact similar to strongly overdoped Fe-based pnictides: there is no
magnetic order (including under hydrostatic pressure up to 18.8 GPa), nor even fluctuating local moments and
the system remains tetragonal down to 2 K. This raises the prospect of enhancing the 7, of LaFeSiH by reducing
its carrier concentration through appropriate chemical substitutions.

DOI: 10.1103/PhysRevB.109.174523

I. INTRODUCTION

Fe-based superconductors form a rich and complex fam-
ily of unconventional superconducting materials [1-3]. In
their parent phases, these systems generally display a dis-
tinctive structural transition from tetragonal to orthorhombic
symmetry triggered by electronic degrees of freedom (the
so-called nematic order). In many compounds such as the
arsenide LaFeAsO, this structural transition is manifestly tied
to the subsequent emergence of stripe-type antiferromagnetic
(AFM) order [4-6]. Furthermore, these orders appear to be in
competition with superconductivity in the sense that, in order
to promote the latter, they need to be suppressed by doping, for
example. Still, there are cases such as Ba(Fe;_,Co,),As; and
(Ba;_,K,)Fe,As, in which coexistence has been observed.
The global phase diagram of the Fe-based superconductors
thus reveals a generic interplay between magnetism and su-
perconductivity in these systems.

Here, we address whether this interplay emerges also in
the comparatively recent crystallogenide LaFeSiH [7]. This
system is the representative material of a new subfamily of
FeSi-based superconductors [8,9]. LaFeSiH itself is one of the
very few Fe-based materials that displays superconductivity
in its parent phase [7], which cannot be explained by the
conventional electron-phonon pairing mechanism [10]. Also,
magnetic penetration depth measurements suggest that the
superconducting gap has d-wave symmetry [11].
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Interestingly, the crystal structure of this system has
been reported to be tetragonal at room temperature and
orthorhombic at 15 K and ~0.1 GPa, with a peculiar reen-
trant behavior under further pressurization [7]. This would be
consistent with the AFM order obtained from first-principles
calculations [7,12], suggesting that LaFeSiH could be a
unique example of a Fe-based parent compound in which
superconductivity coexists with additional orders in contrast
with other systems in which this is realized upon doping
only. At the same time, it is known that similar calculations
tend to overestimate the tendency towards magnetic order
in previous Fe-based superconductors and that such order
may be suppressed by fluctuations in metals near quantum
critical points (see, e.g., Ref. [13]). Thus, it is important to
verify the actual experimental situation in the case of this new
crystallogenide.

In this paper we investigate the magnetic properties of
LaFeSiH as a function of temperature, magnetic field, and
pressure using >’Fe synchrotron Mdssbauer source (SMS)
spectroscopy, neutron powder diffraction (NPD), and nuclear
magnetic resonance spectroscopy (NMR). In addition, we re-
visit the crystal structure of this compound by means of both
neutron and X-ray diffraction (XRD). Within the detection
limits of these techniques, we find no evidence of neither
lattice distortion down to 2 K, long-range magnetic order,
nor Fe local moments. The upper bound on the ordered mo-

©2024 American Physical Society
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ment is on the order of 1072 wB, which is well below the
calculated value m(Fe) = 1.16 ug [7]. Furthermore, we find
no evidence of pressure-induced magnetism up to 18.8 GPa
from SMS spectroscopy. The absence of magnetism together
with the temperature dependence of the NMR relaxation rate
1/T; suggest that the parent LaFeSiH should be regarded as a
(self-)overdoped compound.

II. METHODS

A. Samples

LaFeSi precursor powders were first prepared by arc melt-
ing of a stoichiometric mixture of pure elements (La, Fe,
and Si), subsequently ground, compacted, and subjected to
a thermal treatment of 7 days at 950 °C. The final LaFeSiH
powders were obtained from the hydrogenation of the pre-
cursors, treated at 250 °C for 4 h under a static pressure of
gaseous H, of 10 bars. The deuterated sample, LaFeSiD, for
the NPD experiment was obtained with a similar protocol,
hydrogen gas being replaced by deuterium gas in the last stage
(see also Ref. [14]). For the preparation of LaFeSiH single
crystals, small single crystals of LaFeSi were separated from
the bulk of an arc-melted Si-under-stoichiometric LaFeSi gq
composition. The 20-um-thick plate-like single crystals of
various sizes were then hydrogenated at 250 °C under a flow
of H, gas for 4 h. Both the LaFeSiH powders and single
crystals were checked by X-ray diffraction and refinement of
the unit-cell parameters were found to be in good agreement
with previously reported data [7]. For the SMS measurements,
additional samples were synthesized using 96% isotopic >’ Fe
instead of the naturally abundant isotope. Bulk superconduc-
tivity was confirmed by measuring the magnetization of all
samples showing 7. = 8.5-10 K, consistent with previous
reports [7], as described in Appendix C. Furthermore, the
superconducting state was verified using resistivity measure-
ments for the isotope enriched sample, showing 7. ~ 10K,
again, consistent with previous reports [7], as described in
Appendix B.

B. Synchrotron Mdéssbauer source spectroscopy
under pressure and magnetic field

To probe the magnetic phase diagram of LaFeSiH at
both ambient and high pressure, we used SMS spectroscopy.
Compared with standard laboratory-source Mdossbauer spec-
troscopy [15] or nuclear forward scattering [16], SMS
spectroscopy 1is relatively a new technique that has the ad-
vantage of having a very focused beam [17-19]. Thus, in
addition to low temperature and high magnetic field, this
feature enables high-pressure experiments [20]. Specifically,
we used the ’Fe SMS spectroscopy [20,21] at the Nuclear
Resonance beamline (ID18) [22] of the European Synchrotron
Radiation Facility (ESRF, Grenoble), where this technique
was developed. Data analysis was carried out with the MossA
procedure of Matlab© [23].

The 3"FeBOs crystal was set in the (111) reflection and si-
nusoidal acceleration configuration as described in Ref. [20].
Energy calibrations were performed for each velocity con-
figuration of the Doppler spectrometer, using a 25-um-thick

natural o-iron absorber standard. We used a maximum ve-
locity of 11.30(2) mm/s for the first set of measurements, at
low field and ambient pressure, and 5.64(1) mm/s for the re-
maining measurements. We measured two samples, one with
isotope-enriched iron and one with natural iron. This is further
detailed in Appendix A.

For all measurements the cryomagnet system of the beam-
line was used, providing temperatures between 2 and 300 K
and an external magnetic field between —8 and 48T in the
vertical direction. The system is equipped with aluminum
windows for the y-ray beam and quartz windows for the
ruby fluorescence calibration signal. Pressure calibration was
performed in situ after each change of pressure and/or temper-
ature conditions.

A membrane-driven diamond-anvil cell (DAC) with
500 um culet diamonds and stainless steel gasket was used.
The enriched and natural sample were loaded into the same
DAC used for the temperature and field measurements at am-
bient pressure (as can be seen in Fig. 8 in Appendix A), using
He as a pressure-transmitting medium. Using an optics system
with a very long working distance (f 21—8 50 cm) we measured
in situ the ruby fluorescence for pressure calibration.

C. Diffraction techniques

Neutron powder diffraction (NPD) was carried out at the
D2B powder diffraction instrument of the Institute Laue
Langevin (ILL) using a wavelength of A = 1.5944 A. The
deuterated sample, LaFeSiD, was inserted in a cylindrical
vanadium sample holder and measured at 10 fixed temperature
points in the 10-300 K range with an exposure time of ~2h
per point and ~4h at 2 K. The empty cryostat was also
measured, showing only one significant background peak at
151.2°. X-ray powder diffraction (XRD) was carried out at
the CRISTAL beamline of the synchrotron SOLEIL in the
temperature range 5-300 K. The sample was loaded in a
300-um-diameter borosilicate capillary. Two different detec-
tors were used in parallel for each: a fast photon counting strip
detector (Mythen2) for medium angular resolution but excel-
lent counting statistics acquisition and a multicrystal analyzer
for high angular resolution and medium counting statistics
acquisition. Precise lattice parameters were determined using
the multicrystal analyzer data and the accurate atomic posi-
tions were obtained from refinements of the Mythen2 data.
The wavelength used for the experiment was A = 0.51302 A.
The collected data were corrected for absorption using a
uR value of 1.23. XRD and NDP results are compared in
Appendix D.

D. Nuclear magnetic resonance

2Si NMR experiments were performed as a function of
temperature down to 2.85 K in an external field of = 15 T (the
exact field value is calibrated from the ®*Cu NMR resonance
frequency in metallic Cu). At this field, the superconducting
transition is not detected in our measurements so only the
normal state is probed here. We measured three NMR observ-
ables:

(1) We measured the magnetic hyperfine shift K, also
called the Knight shift, which is calculated from the frequency
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FIG. 1. Synchrotron *’Fe Mossbauer of LaFeSiH natural iron
sample at 3 K (superconducting state) and 12 K (normal state) at
ambient pressure. Empty circles represent experimental data points.
The Mossbauer spectra are fitted with single line (cyan fill) plus an
additional contribution, also modeled with a single line (orange fill)
coming from iron impurities in the Beryllium window and collimat-
ing lenses of the beamline. The blue solid line through the data points
represents the overall fit convoluted with the instrumental resolution.

difference between the measured >°Si resonance and the cal-
culated resonance of the bare nucleus. K is usually written
as the sum of a T independent orbital part and a temperature
dependent spin part: K = Ky + Kgpin, Where Ky, is propor-
tional to the local uniform (¢ = 0) and static (w = 0) spin
susceptibility Yspin.

(2) We measured the linewidth, providing a measure of
the spatial distribution of hyperfine shifts that may result
from chemical, lattice and electronic inhomogeneity on all
length scales. In a random powder, the Knight shift anisotropy
also contributes to the linewidth but since the lineshape does
not show any shoulder or splitting here [Fig. 6(a)], the line
broadening turns out to be rather dominated by spatial in-
homogeneity. The lineshape has been fit by a Voigt profile;
that is, a convolution of Gaussian and Lorentzian functions
of widths wg and wy, respectively, giving a full width at half
maximum FWHM = 0.5346 w; + (0.2166 w% + w%)l/z.

(3) We measured the spin-lattice relaxation rate, Tl’l,
providing information on low-energy spin dynamics through
the imaginary part of the dynamic spin susceptibility:
(T ' Zq Af_(q)xji(q, wy,), where w, is the nuclear
Larmor frequency (2 108 Hz here) and A(q) is a site-specific
hyperfine form factor. 7} values were determined from single-
exponential fits of the time dependence of the nuclear
magnetization following a saturating pulse. Excellent fits were
obtained at all temperatures, without introducing any stretch-
ing exponent.
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FIG. 2. (a) Empty black circles represent SMS spectra of
LaFeSiH natural iron sample at ambient pressure and 12 K at dif-
ferent applied magnetic field from poH = 0 to 7 T whereas the blue
solid line through the data points represents the overall fit convoluted
with the instrumental resolution. Mossbauer spectra were fitted with
a magnetic splitting (green) plus a single line, orange filled, coming
from iron impurities in Beryllium window and collimating lenses
of the beamline. (b) The extracted hyperfine field By (T) (green
squares), compared with a linear fit (red dot-dashed line).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Synchrotron Mossbauer source spectroscopy

In Fig. 1, we show SMS spectra of >’Fe isotope in LaFeSiH
taken at low temperature, at 12 and 3 K, at ambient pressure
and without any applied magnetic field (raw data are shown in
Fig. 7, see Appendix A). The spectra was well fit by a single
line, with possible quadrupolar splitting, at best of the same
order of the resolution, of about 0.1 mm/s, also indicating
a very weak electric field gradient on the iron site. A single
lineshape does not necessarily mean that the corresponding
magnetic moment is zero. Taking into account the instrumen-
tal linewidth as well as the broadening due to distributions
such as isomer shift and quadrupole splitting, the data may be
compatible with a very small value. Within the experimental

174523-3



M. F. HANSEN et al.

PHYSICAL REVIEW B 109, 174523 (2024)

LaFeSiH
0.8¢ ® Be Window
1 Total Fit

1.0 8

o
©

-
o

o
©

-
o

Transmission (arb. units)
o
©

o
®

-
o

0.9}

08 18.8 GPa: 6K

- -2 0 2
Velocity (mm/s)

FIG. 3. Synchrotron 3’Fe Massbauer spectra of LaFeSiH natural
iron sample as a function of pressure up to 18.8 GPa, in zero field
and at the lowest temperature for each pressure point. Exact values
of pressure and temperature are written in the respective plots. For
each pressure, the temperature of the data shown is always above the
superconducting one. Note that the data at ambient pressure are taken

outside the DAC cell. The same symbols and color code are used as
in Fig. 1.

resolution, then the measured magnetic hyperfine field can be
estimated to be just lower than ~0.6T.

Without any assumption about the magnetic state of the
system, it is difficult to estimate the Fe magnetic mo-
ment that would correspond to that hyperfine field. We note
that the measured signal is similar to what is reported for
LaFeAsOg g9 Fo.11 [24] and in FeSe [25], which both display
no magnetic order. In the case of LaFeAsO with single-
stripe AFM order, the hyperfine magnetic field B,y has been
reported to be 4.86 T at 13 K [26] and 525 T at 4.2 K
[24,27]. These values correspond to a Fe magnetic moment
mpe = 0.25(5) uz—0.35 . According to our data, the upper
bound of the hyperfine field in LaFeSiH is much lower so that,
assuming the same type of AFM order as in LaFeAsO, the Fe
magnetic moment then should be <0.04 . This difference
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FIG. 4. Neutron powder diffraction patterns at 300 K (in red)
and 2 K (in blue) recorded at the D2B instrument at the ILL. No
additional peaks are observed between the two temperatures, con-
sistent with the lack of long-range magnetic ordering with k # 0.
Peaks indicated by a star originate form a small La(OH); impurity.
Inset shows neutron powder diffraction pattern measured at 2 K.
Simulations of the single stripe AFM structure contribution is plotted
on top of the data, with different magnetic moment values ranging
from m(Fe) = 1.2 ug (blue) to m(Fe) = 0.1 u, (green).

is striking since the calculated moment is 2 1.2 ug in both
LaFeAsO and LaFeSiH [7,13].

To further investigate the local Fe moment, we applied a
magnetic field, uoH, up to 7 T. In Fig. 2(a) we show the
results ramping up from zero to 7 T for the natural iron
sample at 12 K and ambient pressure. Similar results where
obtained for the field downstroke on the enriched iron sample.
At the maximum field, 7 T, an additional measurement on a
second enriched sample gave the same B, within error bars.
In Fig. 2(b) we show the fitted B;,; as a function of the applied
field poH, fitted by linear regression. The small deviation
from the applied field is constant on all the data points for
the field upstroke, resulting in an intercept of 0.038 £ 0.03 T.
Our fit gives a slope of 0.97 & 0.06, consistent with unity
within the error bars (30’), pointing to an effect coming ex-
clusively from the applied field without any contribution from
a molecular field acting on the >’Fe nuclei. A similar observa-
tion was made for LaFeAsOy g9 Fo 11 [24], which also shows a
hyperfine field at 4.2 K corresponding within error bars to the
applied external field at 7 T.

We note that measurements performed during applied field
downstroke on enriched iron sample with 96% °'Fe, give
results that are perfectly superposed to the upstroke between
5and 7T, i.e., as long as a magnetic splitting is larger than the
intrinsic linewidth, which is larger for the enriched iron sam-
ple because of its broadened signal compared with a natural
iron sample.

We then applied a similar procedure on the same sample,
loaded in the high-pressure diamond-anvil cells as described
in Sec. IIB. We investigated the Mdssbauer signal up to
18.8 GPa and down to 6 K, where we only performed
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FIG. 5. The refined structural parameters as a function of temperature, obtained from synchrotron X-ray diffraction (at the CRISTAL
beamline at SOLEIL). (a) The unit-cell parameters a and c. (b) The unit-cell parameter ratio ¢/a. (c) The fractional z coordinates of Si and
La. (d) The FeSi, tetrahedra angles « and B. (e) The Fe-Si height and bond length. (f) In red, the La-Si height. In black, c/2. This displays the

contraction mechanism upon cooling.

zero-field measurements, before breaking the diamonds while
attempting to reach higher pressure. A summary of the results
is shown in Fig. 3. In LaFeAsO, pressure monotonically de-
creases both Ty and By, while initially increasing T, from
zero up to ~20K at about 10 GPa [28]. The results shown
here in LaFeSiH are similar to those at ambient pressure,
although a broadening is now observed, that can be fitted with
a residual hyperfine field at zero applied field. However, we
found that all measurements in the cell give a large broadening
of the lineshape, possibly due to vibration of the high-pressure
membrane DAC as well as a distribution of the pressure
inside the sample. In particular, for the highest pressure at
zero field, we estimate a maximum possible hyperfine field
of 1.3 + 0.3 T, larger than the value found in samples outside
the DAC cell, but with a lineshape that can be perfectly inter-
preted as coming from a single line.

In summary, the Mdssbauer data shows no clear splitting
of the nuclear resonance that could be associated with the hy-
perfine magnetic field which would result from the magnetic
polarization of the electronic cloud on the iron sites. This rules
out standard magnetic states (either ordered or disordered) in
which the Fe magnetic moment is 2> 0.25 wg, although lower
values cannot be excluded. Also, the present results cannot
rule out complex orders whose symmetry could reduce the
hyperfine field. In this respect, we note that a very small
moment, below mg, ~ 0.05u,, in a disordered state, could
possibly be probed using X-ray emission spectroscopy, look-
ing at the Ky line satellite, a very sensitive probe to partially
filled 3d electronic band, as recently shown in € iron [29] and
FeSe [30]. Another possibility would be to use synchrotron
radiation perturbed angular-correlation spectroscopy, another
approach recently applied to € iron [31].

B. Neutron powder diffraction

Figure 4 shows the NPD patterns obtained from
LaFeSiH at 300 K and 2 K (see also Appendix D). As we

see, the difference between these two patterns is simply the
shift of the peaks with neither additional Bragg peaks nor
peak splitting appearing at low temperatures. Thus, the ob-
served change can be fully ascribed to the thermal contraction
of the lattice with no indication of either structural symme-
try breaking or development of long-range magnetic order
(apart from relative changes due to the thermal contraction
and/or small changes of the relative atomic positions, no
extra intensity is observed on top of the nuclear diffraction
peaks).

To estimate the detection limit of the Fe magnetic mo-
ment mp, of potential long-range magnetic order in this NPD
experiment, we performed several simulations assuming the
single-stripe-type AFM order, as suggested from first prin-
ciples calculations [7,12], and usually encountered in the
“l1111-type” arsenides [32]. In these simulations, different
values of mp. from 1.2z to 0.1y, were considered. The
accompanying orthorhombic distortion was also considered,
assuming the value § = (b — a)/(b + a) ~ 2x 1073 suggested
in Ref. [7] (i.e., from measurements carried out in a diamond-
anvil cell at 15 K and ~0.1 GPa). The red curve in the
inset of Fig. 4 shows the nuclear signal of the calculated
diffraction pattern from the Rietveld fit of the observed pat-
tern collected at 2 K. By comparing our simulations to the
noise level of the data, we conclude that single-stripe AFM
order with mg, <0.15(5)u; would not be detected in our
experiment.

C. X-ray powder diffraction

To confirm the absence of structural distortion, we per-
formed XRD experiments with higher angular resolution, as
a function of temperature (see Fig. 16 in Appendix D). No
splitting or additional peaks related to lowering of symmetry
were found at low temperature.

Thus, we find no evidence of tetragonal to orthorhombic
distortion of the LaFeSiH crystal structure. The absence of
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hyperfine coupling of *Si is negative. (d) Spin-lattice relaxation rate T, divided by T'. The solid trace is a fit to an activated dependence with
a gap value Ay, = 101 £ 38 K &~ Ag. For comparison purpose, the dashed trace shows (T:T)~" data in LaFeSiO [9]. While the values are
similar, the 7 dependence is very different, which is attributed to magnetic fluctuations in LaFeSiO.

such a distortion is confirmed in a complementary Raman
spectroscopy study [33]. In Ref. [7], an orthorhombic distor-
tion was concluded from (i) the equation of state (normalized
stress as a function of Eulerian strain) and (ii) the asymmetric
broadening of e.g., the (220) peak measured under pressure,
which were observed to display the same re-entrant behavior
as the magnetically induced distortion obtained from first-
principles calculations (see Appendix E for additional details).
That behavior, however, may be the result of chemical inho-
mogeneity of the LaFeSiH phase (i.e., with a small range of
nonstoichiometry) or the presence of secondary phases in the
previous samples, which at the time were not optimized to the
sample quality presented in the present study.

Thus, we assume the tetragonal P4/nmm model to further
analyze the temperature dependence of the crystal structure.
Figure 5(a) shows the refined lattice parameters a and ¢ ob-
tained from Rietveld fits of the corresponding XRD data. As
we see, the thermal contraction of the lattice is clear from
the behavior of the ¢ parameter. The a parameter, however,
remains essentially constant except for a minute broad dip at
175 K [see inset in 5(a)]. This dip, which is also observed in
the NPD data (see Appendix D), cannot be readily explained
although it may be related to the coupling between structural
and electronic degrees of freedom. The anisotropy of the ther-
mal contraction is further illustrated in Fig. 5(b). Figure 5(c)
shows the parameters z(Si) and z(La) that determine the Si and
La positions within the unit cell as a function of temperature.
The resulting Fe-Si height and Fe-Si bond length are shown in
Fig. 5(e). As we see, these latter quantities remain essentially
constant. Furthermore, Figs. 5(d) and 5(f) show the angles
associated with the FeSiy tetrahedra and the La-Si height,
respectively. The latter essentially tracks the decrease in ¢ [see
right axis in Fig. 5(f)]. When it comes to local environment of
the Fe atoms, it remains virtually unchanged as a function of
temperature.

D. Nuclear magnetic resonance

In general, magnetic order has two main effects on NMR
observables: (1) It shifts, splits or broadens the NMR lines
(except in those exceptional cases where the hyperfine field
vanishes at the nucleus position for symmetry reasons, which
should not be the case for 2°Si here). (2) It produces a
sharp change in the spin-lattice relaxation rate Tl’l, either an
abrupt drop upon entering the ordered state if the transition
is first order or a peak at the transition temperature if the
transition is second order (and also a peak for a continuous
freezing).

None of these features are observed in our 2°Si NMR data
in LaFeSiH: all observables show weak and smooth tempera-
ture dependence (Fig. 6), which thus rules out the presence of
magnetic order.

Both the Knight shift K [Fig. 6(c)] and (TT)™! [Fig. 6(d)]
decrease smoothly upon cooling and saturate to a constant
value below ~20K. Notably, there is no enhancement of
(T;T)~! upon cooling. In fact, the T dependence of both K
and (T;T)~! is consistent with a thermal-activation form and a
fitto a + bexp(—A/kpT) yields virtually identical gap values
in K (Ax =106 £24K) and in 77 (Ay = 101 38 K), re-
spectively. Notice that a fit with Az, fixed to 2Ag, as observed
in LaNiAsO;_.F, [34], degrades the fit goodness (reduced
chi-squared of 1.3 instead of 0.6).

At the qualitative level, the exponential dependence of
both K and (7;T)~' over the whole T range is typical of
strongly overdoped Fe-based superconductors [34-36]. At
the quantitative level, our data strikingly resemble results in
strongly overdoped Ba(Fe;_,Co,),;As, for which the acti-
vated (T;T)~1(T) with A7, =~ Ak has been ascribed to spin
fluctuations involving small momentum transfers (so-called
“intraband” scattering) [37]. This contribution is also present
in the underdoped regime but it becomes increasingly masked
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upon cooling as the growth of (s, 0) spin fluctuations (“inter-
band” scattering) leads to a large upturn in (7;7)~"' [38,39].
Such stripe-type spin fluctuations are manifestly absent in
LaFeSiH. The similarity with overdoped Fe pnictides gains
further support from the observation that the change in T
(in both magnitude and 7 dependence) from LaFeSiH to
LaFeSiO [Fig. 6(d)] is very similar to the change observed
in LaFeAsO;_,F, when F doping increases from x = 0.08 to
x = 0.10 [40].

Moreover, the constant linewidth from room temperature
down to 2.8 K [Fig. 6(b)] and the absence of stretched-
exponential behavior of the magnetization recovery in T
measurements are both typical of spatially homogeneous sys-
tems with negligible electronic correlations (the conjunction
of electron correlations and unavoidable disorder tends to
broaden the NMR lines upon cooling). In the sister compound
LaFeSiO, even moderate antiferromagnetic correlations in-
duce line broadening and stretched-exponential behavior [9].
The constant linewidth here is also consistent with the absence
of an orthorhombic transition inferred from XRD (orthorom-
bicity differentiates K values along a and b axes, which splits
the NMR lines, see Ref. [41] and references therein). How-
ever, the relatively large width in the powder sample obviously
makes NMR a much less sensitive probe than XRD in the
present case, and our data cannot exclude small and/or short-
range distortions due to pinned nematic fluctuations [42].

It is noteworthy that K values are negative and increasingly
so at high T [Fig. 6(c)], which is consistent with a nega-
tive hyperfine coupling °A for 2°Si. This contrasts with the
positive coupling found in the sister compound LaFeSiO [9].
Deferring the calculation of hyperfine fields to a subsequent
work, we still remark that absolute values of 24 must be
similar in LaFeSiH and LaFeSiO since |K| values are similar
(varying between 0.01 and 0.02% in LaFeSiO). It is then
reasonable to assume that | A | ~ |3'A| = 0.61 T/up for 3'p
in BaFe;(As;_,Py), [43], so that we can compare NMR re-
sults in the two systems. For x >~ 0.3 in the latter compound,
ordered moments as small as 0.05 w, lead to 7 results for 3'P
[43,44] that are very different from those reported here for
29Si. This indicates that there is no ordered moment greater
than a small fraction of ~0.05 p; in LaFeSiH. In fact, with a
detection limit set by our spectral linewidth of 45 kHz, we
derive an upper bound of ~0.01p, for a putative ordered
moment.

The NMR data thus unambiguously show that LaFeSiH has
neither spin order nor even local moments with stripe-type
AFM fluctuations. The Fermi surface of LaFeSiH is very
likely similar to that of strongly overdoped iron pnictides. This
raises the prospect of enhancing the 7. of LaFeSiH by ap-
propriate chemical substitutions. These results also contribute
to establishing a solid, quantitative phenomenology of NMR
data in overdoped Fe-based superconductors that could be
confronted with theoretical predictions based on realistic band
structures.

IV. CONCLUSIONS

We have carried out a detailed investigation of the mag-
netic and structural properties of the Fe-based crystallogenide

superconductor LaFeSiH by means of synchrotron Méssbauer
spectroscopy, nuclear magnetic resonance spectroscopy, and
neutron and X-ray powder diffraction experiments as a func-
tion of temperature and pressure. The data reveals no sign of
either long-range magnetic order or local magnetic moments,
with an upper bound of 0.01 uz—0.04 u, for the Fe moment
according to the detection limit. Besides, the crystal structure
is found to remain tetragonal down to 2-5 K at ambient
pressure on the basis of neutron and X-ray diffraction. In this
respect, the parent LaFeSiH superconductor can be regarded
as analogous to previous Fe-based superconductors in their
overdoped regimes.
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APPENDIX A: SYNCHROTRON MOSSBAUER SOURCE
SPECTROSCOPY: ADDITIONAL INFORMATION

We measured seven crystals at ambient pressure, two with
natural iron, and the remaining five highly enriched in 3Fe.
Based on these measurements we selected two of them, one
with 96% 37Fe substitution and the one with natural iron. The
central shift and linewidth of the SMS radiation was measured
using a single-line K,Mg>"Fe(CN)4 absorber, typically before
and after each measurement point. From those measurements
the actual center shift and energy resolution of the SMS was
derived for the data evaluation of the spectra. Typically, values
are 0.395 £ 0.10 mm/s for the center shift with respect to «-
Fe and 0.25 4 0.05 mm/s for the energy resolution. The beam
from the SMS was focused using a Kirkpatrick-Baez mirror
to the spot size of 16 ym x 18 um (vertical x horizontal,
FWHM). After a first measurement made on all samples at
the lowest temperature (about 3 K), ambient pressure and
zero magnetic field, for comparison and reproducibility check,
we selected two of them, one with 96% >'Fe substitution
(hereafter named “enriched iron sample”) and the one with
natural iron (hereafter named “natural iron sample”), for the
remaining experiments in temperature and field. The choice
was made on the basis of the smallest width of the line,
corresponding to the best quality (e.g., lower disorder) of
the crystal. Samples with 96% >’Fe substitution experienced
mainly line broadening due to their high effective thickness,
while the natural sample gave a resolution limited broadening,
although requiring longer accumulation times.
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TABLE 1. The refined structure of LaFeSiH at 7 = 300K and 7 = 5 K as measured using XRD.

P4 /nmm, setting 2

T =300K

a=4.02557(1)A, c = 8.0227(5) A

T=5K

a = 4.025702) A, ¢ = 7.9756(6) A

Atom X y z X y z

La 0 0.5 0.6709(4) 0 0.5 0.6722(4)
Fe 0.5 0.5 0.5 0.5 0.5 0.5

Si 0.5 0 0.1495(7) 0.5 0 0.1502(6)
H 0 0 0 0 0 0

In Fig. 7 we show the raw data of Fig. 1, taken with an
acquisition time of about 103 s.

In Fig. 8 we show a picture of the enriched (S #4) and
natural (S #7) samples loaded in a DAC with 500 um culet
diamonds and a stainless-steel gasket. The diameter of the
gasket hole is 250 wm, with 70 um thickness chosen to
avoid bridging of the single crystal at the highest applied
pressure.

Finally, in Fig. 9 we show the measurements obtained at the
highest applied field and pressure at low temperature. Similar
to the measurements at ambient pressure we do not observe
any possible magnetic contribution, as the fitted hyperfine
field 7.14(6) T matches the applied one within error bar with
a very small residual one.

APPENDIX B: ELECTRICAL RESISTIVITY
MEASUREMENTS

Resistance of enriched sample as a function of temperature
was measured in the four contact geometry down to 4.2 K
with an excitation current of 100 pA using a custom build
He* cryostat. Resistance was measured using several other
excitation currents in order to check the effect of current
on the superconducting transition and normal-state resistance
behavior.

Figure 10(a) shows the measured resistance of LaFeSiH
single crystal as a function of temperature, which shows a
residual ratio resistivity R(300 K)/R(11 K) of ~25. Except
the superconducting transition, no anomaly, in particular no
change of slope which could suggest the onset of an an-
tiferromagnetic state above the superconducting transition
temperature is visible.

To further highlight a possible small change of slope, in
Fig. 10(b), we plot the derivative of the resistance data as a
function of temperature. The very sharp superconducting tran-
sition (7.)°% — T19% = 0.6 K) is shown in inset. The 7™t ~
10.5 K is slightly above the average of the whole batch used in
Mbossbauer experiments. However, no other signal is detected,
contrary to, e.g., LaFeAsO, where a clear maximum in the
derivative of the resistance is detected at the antiferromagnetic
transition, as shown in Ref. [26]. No significant differences
were found in the normal-state resistivity with different ap-
plied current.

APPENDIX C: MAGNETIZATION MEASUREMENTS

The magnetic properties of the three different samples were
probed in a Metronique Ingenierie SQUID magnetometer us-
ing the standard extraction method: the deuterated LaFeSiD
sample (analyzed by neutron powder diffraction and X-ray
diffraction) and both LaFeSiH samples made of natural Fe
(for NMR and Mossbauer experiments) and enriched with
S7Fe (for Méssbauer spectroscopy). Magnetization as a func-
tion of applied field [M(H) curves] was measured at fixed
temperature (2 and 150 K). Magnetization versus temperature
[M(T) curves] was also acquired at different applied fields
(10 Oe, 100 Oe, and 1 kOe) after cooling the samples down to
2 K in zero field, measuring during heating [zero-field cooled
(ZFC) process] and cooling [field cooled (FC) mode] of the
sample.

The superconducting state is clearly identified in both
M(T) and M(H) curves for the different samples, either
made from natural Fe or enriched with >'Fe. The M(H)
curve (Fig. 11 for LaFeSiD) shows the expected initial
negative slope related to the diamagnetic shielding (at low
field, see the linear dependence in the inset of Fig. 11). From
this slope we conclude that superconductivity is bulk in the
sample, with a superconducting volume fraction above 80% at
2 K for LaFeSiD. Similar or slightly higher values are found
for the LaFeSiH samples. The onset of superconductivity (at
10 Oe) is found in the M (T ) curve at the critical temperature
T. ~ 10K for LaFeSiD (see inset of Fig. 12), at T, ~ 8.8 K
for the enriched 3’Fe LaFeSiH batch (see inset of Fig. 13
for the powder and Fig. 14 for the single crystal), and at
T. ~ 8.5K for LaFeSiH based on natural Fe [M(T) curve
not shown]. All these values are very close to the previously
reported 7. values for LaFeSiH powder and single-crystal
samples [7].

In the normal state, no significant anomaly is detected,
except the ferromagnetic transition associated with the minor
deuterated La(Fe;_,Si,);3D, phase, which presents a Curie
temperature near the maximal reached temperature, 320 K
[46,47] (Fig. 12). From the saturated magnetization of this
impurity, one can estimate that our sample contains a weight
fraction less than ~2% of such phase, which is not detected
in our diffraction experiments. The presence of such ferro-
magnetic background could maybe hide a less-pronounced
transition (like an antiferromagnetic transition) associated
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FIG. 7. Synchrotron ’Fe Mossbauer raw data of LaFeSiH nat-
ural iron sample at 11.80(5) K (normal state) and 2.96(5) K
(superconducting state) at ambient pressure as in Fig. 1. The spectra
accumulation times were 1061 s at 3 K and 852 s at 12 K. Same
symbols and color code as in Fig. 1.

FIG. 8. Single crystals S #4 with 96% >’ Fe substitution and S #7
with natural iron loaded in the high-pressure cell, together with the
ruby pressure gauge.
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FIG. 9. SMS spectra of LaFeSiH enriched (top panel) and natural

(bottom panel) sample at H = —7T, T = 6K and P = 11.4GPa.
Same symbols and color code as in Fig. 2(a).
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FIG. 10. (a) Resistance of LaFeSiH single crystal as a function

of temperature. (b) Derivative of the resistance as a function of
temperature. (Inset) Zoom for temperature range 5-15 K showing
superconducting transition around 10 K.
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FIG. 11. Magnetic field dependence of LaFeSiD magnetization
atT = 2K up to 1 kOe. Inset shows magnetization at 7 = 2 K up to
10 Oe.

with the LaFeSiD main phase. In the >’Fe-based LaFeSiH,
this magnetic background is much smaller [see M(T") curves
at 1 kOe, Figs. 12 and 13) and the signature of potential
La(Fe;_,Si,)3H, impurity is not detected or its Curie tem-
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FIG. 12. Temperature dependence of LaFeSiD magnetization
at 10 Oe up to 320 K. Inset shows enlarged view around
T. =10+ 0.2K.
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FIG. 13. Temperature dependence of isotopic > Fe-based
LaFeSiH (powder) magnetization at 1 kOe up to 315 K. Inset shows
enlarged view of M (T ) measured at 10 Oe around 7, ~ 8.8 K.

perature is pushed largely above 315 K. Thanks to this smaller
background, the Curie-Weiss behavior of the main phase
becomes visible and a modelization by x = xo + C/(T —
Ow) gives Oy ~ —69 K, highlighting the antiferromagnetic
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FIG. 14. Temperature dependence of isotopic >’Fe-based
LaFeSiH (single crystal) magnetization at 10 Oe in the 2-12 K
range. Inset shows enlarged view of M (T') measured at 10 Oe around
T..
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FIG. 15. XRD patterns of LaFeSiD collected at SOLEIL at different temperatures using a Mythen 2 detector, showing no splitting of peaks
down to 5 K. The insets shows a zoom of the (220) peak at 300 and 5 K, clearly showing no splitting nor asymmetric broadening, and the
FWHM of three peaks as a function of temperature. Here the (220) and (112) peaks are expected to split upon a symmetry lowering structural
transition into an orthorhombic setting, whereas the (101) peak would not exhibit any such splitting. Comparing the temperature dependence
of the three peaks it is evident that none of them show any anomalous behavior and indeed they have very similar temperature dependence,
suggesting that the symmetry is robust with temperature.

character of the main magnetic interactions in LaFeSiH. We
notice also that, except superconductivity, no other anomaly
associated with potential structural, electronic, or long-range
magnetic order is directly detectable in the 2-315 K range.
Other complementary techniques sensitive to magnetism have
been used in this work to probe such potential local or
long-range magnetic order: NPD, Mdssbauer, and NMR spec-
troscopies.

Normalized intensities (arb. units)

APPENDIX D: X-RAY AND NEUTRON DIFFRACTION:
COMPARISON

The deuterated sample LaFeSiD was measured using both
neutron- and X-ray diffraction (see XRD patterns in Fig. 15).
The comparison of diffraction patterns in Fig. 16 (at 2-5 K as
an example) shows the higher resolution power of our XRD
experiment compared with NPD.

QA"

FIG. 16. Comparison of the neutron and X-ray powder diffrac-
tion data at large Q range for LaFeSiD powder collected at base
temperature at ILL and SOLEIL, respectively.
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FIG. 17. Refined and calculated structural parameters for LaFeSiD as a function of temperature, measured using XRD and NPD. (a) The
unit-cell parameter a. (b) The unit cell parameter b. (c) The unit-cell volume. (d) The atomic position parameter z(Si). (¢) The atomic-position
parameter z(La). (f) The thermal vibration parameters B. For deuterium, the values are in the range of 1.3 A2 for the NPD data and they were
not refined for the XRD data. (g) The Fe-Si height, along the ¢ axis. (h) The La-H(D) height along the ¢ axis. (i) The La-Si height along the
c axis. (j) The Fe-Si bond length. (k) o angle of the Fe-Si tetrahedron. (1) The 8 angle of the Fe-Si tetrahedron.
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FIG. 18. (top) Equation of state for LaFeSiH at 15 K accord-
ing to the XRD data measured for Ref. [7]. The Eulerian strain
is defined as f = [(Vy/V)*® — 1]/2 while the normalized stress is
F = P/[3f(1 +2f)*?], where (V/V,) and P are the relative volume
and the pressure respectively (V = 129.8 A%). The rest of the plots
show the (220) Bragg peak measured at 15 K at different pressures
for Ref. [7]. This peak is slightly asymmetric at 5 and 14 GPa, but
not at 11.9 GPa. The best-fit curve then requires two main Gaussians
for 5 and 14 GPa, while it is obtained with only one Gaussian (plus a
tail) for 11.9 GPa. These two Gaussians could be interpreted as (400)
and (040) Bragg peaks if the structure becomes orthorhombic. These
observations were interpreted as due to (reentrant) orthorombicity in
Ref. [7].

In Fig. 15, we show the XRD patterns collected at various
temperatures, showing no splitting of peaks down to 5 K.
In Fig. 17 we summarize the refined structural parameters
and the structural parameters calculated from XRD and NPD.
Looking first at Figs. 17(a)-7(c), we show the parameters
associated with the unit cell. Here we see a good agreement
between the XRD and NPD data, although there is a slight
offset. We ascribe this offset to the lack of precision of the
neutron wavelength. Then, turning to the atomic position
parameters shown in Figs. 17(d)-7(f), we see that the z(Si)
parameter is not excellently matched between the two exper-
iments. This can be explained by the rather low scattering
cross-section of Si with neutrons, and we thus find it suitable
to trust the parameters obtained from XRD. For the z(La)
parameter we find a decent match between the two experi-
ments. The thermal parameters B all show low positive values,
decreasing as temperature decreases, indicative of a reliable
fit The B values for H were not refined for the XRD data,
while the neutron data yielded values around 1.3 A2 for D.
In Figs. 17(g)-7(1) we show various geometric parameters,
calculated from the refined parameters. We see that the values
associated with Si, show some deviation between the XRD
and NPD data, as we could expect given the above argument,
however, the general trends are well matched. Table I summa-
rizes the refined structure at 300 and 5 K.

APPENDIX E: PREVIOUS CONCLUSION
OF ORTHOROMBICITY

In this Appendix, we illustrate the structural analysis
performed in Ref. [7] that led to the conclusion of low-
temperature orthorombicity in LaFeSiH. For this, we use
XRD data associated with that publication provided by the
authors, which is therefore independent of the data reported
in the present paper. The normalized stress F is plotted as a
function of the Eulerian strain f deduced from the XRD data
at 15 Kin Fig. 18 (top panel). This plot reveals three regions in
which the slope of the F(f) function is different as indicated
by the straight lines. The boundaries between these regions
correspond to 9 and 13 GPa. Furthermore, the inspection of
the (220) Bragg peak reveals that the shape of this peak is
slightly different in these regions, as illustrated by the rest of
the plots in Fig. 18. Specifically, the peak is slightly asymmet-
ric at 5 and 14 GPa, while it is symmetric at 11.9 GPa. This
seeming asymmetry was observed together a nonmonotonic
change in the width of the peak, and therefore interpreted as
due to the splitting of this peak as illustrated in the figure.
This situation would be possible in the case of an orthorhom-
bic crystal structure (which was refined accordingly). These
observations, however, are most likely due to small chemical
inhomogeneities (i.e., partial off-stoichiometry) and/or to the
presence of secondary phases such as La(Fe;_,Si,)3H, or
LaFe,Si,, whose diffraction peaks may overlap with those of
LaFeSiH.
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