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In this study we investigate the topotactical deuteration of LaFeSi using in-situ neutron pow-
der diffraction, yielding superconducting LaFeSi(H,D). The structural changes are linked to the
thermodynamic nature of the chemical process, investigated using thermogravimetric analysis, dif-
ferential thermal analysis, and mass spectroscopy. Pressure-composition-isotherm measurements
further show a remarkably low equilibrium pressure. The reaction is found to be binary with the
two phases LaFeSi and LaFeSiD coexisting during the reaction. The reaction enthalpy, determined
using differential thermal analysis is found to be ∆H = -54.5 kJ/mol. Furthermore the anisotropy
of the thermal expansion is observed to change significantly as αc/αa changes from 6.6 to 1.2. All
the LaFeSi(H,D) obtained samples were found superconducting with Tc ∼ 10 K, i.e. the value
corresponding to stoichiometric composition. We conclude that this gas-solid process is not suitable
for controlling the hydrogen x(H) content in LaFeSiHx and so to tune the related Tc.

I. INTRODUCTION

Since the discovery of superconductivity in the
LaFeAsOxF1−x system [1], iron based superconductors
(IBSC) have been rigorously researched due to the uncon-
ventional pairing mechanism and the promisingly high
Tcs which have been realized in this family of compounds.
It has been clear since the beginning that controlling the
doping of these compounds is key in tuning the supercon-
ducting properties. Such control can be achieved through
several different approaches, as was done in the in the
LaFeAs(O/H/F) system i.e. chemical substitution [2, 3]
or mechanical pressure [4–6]. It can be very challenging
to control the occupancy of light elements in a heavy ele-
ment based compound since no non-destructive technique
is available which can accurately assign the occupancy of
e.g. hydrogen in such materials without the use of large
scale facilities. Therefore it is important to understand
the chemistry of the reactions used in synthesis of these
kind of materials, as it sets the limits for the control of
the superconducting properties.
In 2018, superconductivity was discovered in LaFe-
SiH, below Tc ∼ 10 K, further expanded the range
of iron-based superconductors beyond the chalco-
genides/pnictides which traditionally form the family of
IBSCs [7]. In this system the synthesis route is quite dif-
ferent from that used in the arsenides where a lot of the s
called 1111-type compounds were synthesised using high
pressure techniques [8–10]. LaFeSiH was synthesised by
topotactical insertion of hydrogen into the La4 tetrahe-
dral site of the intermetallic compound LaFeSi, yielding
a ZrCuSiAs-type structure. In fact, it turns out that
several compounds can be realized using this method,
through the insertion of F [11] or O [12] in place of H,
with Tc in the 7-10 K range. This synthesis route al-
lows the investigation of thermodynamic properties and
chemical pathways using techniques commonly used in
the hydrogen storage materials community.
In this study we investigate the thermodynamic prop-

erties of the topotactical deuteration process of LaFeSi
by using thermogravimetric analysis coupled with
differential thermal analysis and mass spectroscopy
(TGA/DTA/MS). We also investigate the equilibrium
pressure of the deuteration using pressure-temperature-
isotherm (PCI) measurements. These properties are
linked to the structural transformation by in-situ neu-
tron powder diffraction (NPD).

II. EXPERIMENTAL

A. Synthesis of LaFeSi

Polycrystalline LaFeSi samples, of masses between 2 g
and 4 g, were synthesized by arc melting in a high-
purity argon atmosphere, from a stoichiometric mixture
of pure elements with a La excess of 2 % (Fe Alfa Aesar
99.95 %, Si Alfa Aesar 99.9995 %, La 99.9 % Alfa Aesar).
The boules were turned upside down and remelted sev-
eral times to ensure chemical homogeneity. Prior to this
step, pure La was pre-melted in an induction furnace for
several minutes to evaporate volatile oxides and impuri-
ties. These samples were subsequently ground and cold
pressed into pellets then annealed in evacuated quartz
tubes for 10 days at 950 °C.

B. Thermo graviometric analysis, differental
thermal analysis, and mass spectrometry

For the TGA/DTA/MS (Thermograviometry / Differ-
ential thermal analysis / Mass spectrometry) measure-
ments, a 70 µL alumina crucible was filled with 70.6 mg of
LaFeSi (estimated 93.5 (wt) % purity based on XRD, see
S.I.) and placed in a symmetrical TGA/DTA system (Se-
taram TAG 16) coupled with a mass spectrometer (Hiden
QGA). The sample and compensation chambers were in
the same and constant gas flow of Ar/H2 to avoid any
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mass drift due the Archimed force of the gas flow on the
sample. The gas flow consisted of 10 % H2 and 90 % Ar
from a bottle (Air Liquide HYD-105). The temperature
was increased using a ramp of 1 °C/min to a maximum
temperature of 500 °C. During the experiment, the rela-
tive abundance of a large range (m/z = 1-50) in the ex-
hausted gas were followed by the MS system. Here m/z
= 2 corresponds to dihydrogen, m/z = 40 and m/z = 20
correspond to Argon. After the experiment, the measure-
ment was repeated using the hydrogenated sample and
this second measurement was used a background subtrac-
tion. The DTA sensitivity in the temperature range was
calibrated using the melting of Zn (99,999 %) at 419.5 °C.

C. Pressure-Composition-Isotherm

To measure the PCI curves, a sample of LaFeSi
was placed in a HIDEN PCI system. Three different
isotherms were measured (T = 200°C, 300°C, 450°C),
recording the pressure evolution, as gas is systemati-
cally injected into the sample container. Between each
isotherm the sample was desorbed under a secondary vac-
uum for 24h at 500°C to recover LaFeSi. A typical XRD
pattern before and after a PCI run is shown in S.I.

D. Neutron powder diffraction

NPD was performed at the D1B instrument of the
ILL [13]. 1.6516 g of LaFeSi (95 %) powder was placed
in a vanadium tube connected to a cryo-furnace and a
HIDEN PCI setup. The sample was heated to 180 °C in
2 hours and 20 minutes, while kept under vacuum and
the temperature was stabilized. During heating, neutron
diffraction patterns were recorded with a counting time
of 1 min, the first 48 minutes where-after the counting
time was increased to 2 minutes. Deuterium was then
injected into the sample chamber with a maximum pres-
sure in the ante-chamber of 1 bar, leading to a maximum
pressure change in the sample chamber of 0.5 bar since
the sample chamber and ante-chamber are similar in size.
NPD patterns were continuously collected with a count-
ing time of 3 minutes pr pattern with a wavelength of 1.28
Å during the temperature plateau. Gas injections were
performed during the collection as the sample chamber
pressure decreased, to keep the reaction running. The
temperature plateau at 180 °C was 12.5 hours long. The
first NPD acquisition and initiation of the first gas injec-
tion cycle were synchronized such that the gas pressure
in the chamber and the recorded NPD patterns can be
correlated in time. The sample was then cooled down
in 72 minutes, while neutron diffraction patterns were
collected with a 3 minute counting time. The structural
parameters were extracted using the Rietveld method, in
the Fullprof software [14].

E. Resistivity

Resistivity measurements were carried out as four
point measurements on powders compressed to a pellet
using a cold press. A Keithley 6220 Precision current
source was used to provide the current for our measure-
ments. The voltage was measured using a Keithley 2182A
nanovoltmeter. The samples were placed in a "Precision
Cryogenic Systems, Inc." He-cryostat for low tempera-
ture measurements, down to T = 2.5 K.

III. RESULTS AND DISCUSSION

A. Pressure composition isotherm

Towards understanding the thermodynamics of the
LaFeSi hydrogenation process, three hydrogen absorp-
tion isotherms were measured at 200 °C, 300 °C and
450 °C, shown in figure 1. Looking at the isotherms we
mark the very low pressure range of the pressure plateaus,
showing that the equilibrium pressure of this reaction is
in the mbar range. An ideal and completely flat plateau
pressure is not reached and the exact determination of
the equilibrium pressure thus becomes difficult. Further-
more the error on the data points is very large compared
to the change in equilibrium pressure in the measured
temperature range.

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0 1

0 . 1

1

1 0  4 5 0 ° C
 3 0 0 ° C
 2 0 0 ° C

 

 

Pre
ssu

re 
(kP

a)

U p t a k e  ( H / M )

FIG. 1. The three different pressure composition isotherms
measured using a HIDEN PCI setup for the LaFeSi hydro-
genation process. The errors are based on the hardware spec-
ifications as 0.25 %.

Extracting thermodynamic parameters such as the re-
action enthalpy or the entropy change with the ususal
Van’t Hoff analysis is difficult based on this PCI mea-
surement, given the very low equilibrium pressure range.
Considering trends among hydrogen storage materials,
the having a low equilibrium pressure means that the
metal-hydride has a high stability and we should thus
expect to find a rather high reaction enthalpy [15].
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B. Thermogravimetric analysis, differental thermal
analysis and mass spectrometry

Given the low equilibrium pressure, the thermodynam-
ics can be probed by other means, not relying on mea-
surements of pressure. One such method is the use of
DTA. In figure 2 we show an in-situ measurement of the
hydrogenation process of LaFeSi using TGA/DTA/MS.
First, at a temperature of Tonset = 272 °C we see a no-
table increase in the TG signal. This increase becomes
linear at temperatures above 350 °C. The expected mass
increase upon hydrogenation of LaFeSi, ∆m = 0.318 mg,
is consistent with the observed mass increase, if one con-
sidered the linear mass increase to be extrinsic. The na-
ture of such linear increase in the TG signal, however,
is not clear. Then, around the same temperature we
observe a drop in the relative abundance of hydrogen,
calculated here from the partial pressure, considering all
channels between m/z = 1 and m/z = 50 from the mass
spectrometer and having the total pressure normalized to
1 (see all channels in figure 3 in S.I.) The drop in the MS
signal is consistent with the uptake of hydrogen into the
intermetallic, LaFeSi, and further, the re-stabilization of
the partial pressure after this local minimum, further
supports an extrinsic nature of the linear mass increase.
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FIG. 2. The TG signal, heat flow and the relative abundance
of H2 as measured by mass spectroscopy during the hydro-
genation of LaFeSi

The DTA signal shows an exothermic peak around the
same temperature where the mass increase and the de-
crease in the relative abundance of hydrogen. By inte-
grating the signal gives a value of the phenomenon of
133.38 µV·s/mg which correspond to an enthalpy change
of ∆H = -54.5 kJ/mol, associated with the uptake of hy-
drogen in LaFeSi. The reaction enthalpy is thus rather
high for this reaction, indicating a high stability of the
hydride. This is also in line with the observation of a low
equilibrium pressure. Comparing this to the enthalpy of
formation of e.g. MgH2, ∆H = -74 kJ/mol, we see that
the value is in a similar range [16].

C. In-situ deuteration of LaFeSi using neutron
powder diffraction

Then, to link this reaction to the crystallographic
structure we performed in-situ deuteration of LaFeSi us-
ing NPD. In figure 3.a we show the diffraction patterns
recorded throughout the entire experiment. The ex-
periment is divided into three different sections: heat-
ing, deuteration, and cooling. First, we will discuss the
deuteration process. From the patterns, a strong de-
crease in the contributions from the LaFeSi phase is ob-
served simultaneously with the emergence of a new phase,
which can be indexed as tetragonal LaFeSiD. This transi-
tion happens around 1 hour after the first injection. The
delay in the reaction is due to the incubation time of
the reaction, which is common place for hydrogenation
reactions. In figure 3.b, we show a section of the diffrac-
tion pattern at three different times, where t0 = 0h is
set to be the start of the deuteration process, t1 = 1h15,
and t2 = 12h30, as indicated in 3.a. The expected posi-
tions of reflections corresponding to LaFeSi and LaFeSiD
are shown in blue and red, respectively. From the data,
we can see the lack of an intensity continuum between
e.g. the (112) reflections of the two phases. This indi-
cates that the formation of LaFeSiD from LaFeSi happens
as a binary process, in contrast to a continuous deuter-
ation [17–19]. The peak shape and unit cell parame-
ters of LaFeSi, LaFeSiD and LaFe2Si2 were refined using
the patterns collected before and after the deuteration.
These parameters were used in a sequential refinement
which varied only the scale factor. The atomic positions
were assumed the same as reported by Welter et al.[20]
and Bernardini et al.[7] for LaFeSi and LaFeSiH respec-
tively.

From the refinements, the volume fraction of the three
phases were calculated as a function of time during the
deuteration process. In figure 3.c we show the evolution
of the phase distribution, plotted together with the deu-
terium uptake calculated from the measurements of the
pressure above the sample. There is a very good agree-
ment between the weight fraction of LaFeSiD obtained
from diffraction and the calculated value from the pres-
sure change.

Turning now to the two other parts of the experiment,
the heating and the cooling. The unit cell parameters
were followed during the heating and cooling of the sam-
ple, i.e. before and after the deuteration process. From
the refined models we obtain the temperature depen-
dence of the unit cell parameters, shown in figure 4. In
the 20 - 180 °C range, their behaviors are linear in tem-
perature, without any anomaly.

The Deuteration of LaFeSi results in a significant ex-
pansion of the c-axis, ∼ 1 %, as shown in figure 4.a.
The a-axis, however, shows a slight contraction upon
Deuteration,∼ 1 %, as seen in figure 4.b. This behav-
ior was also reported by Bernardini et al. [7]. Despite
the contraction in the a-axis the volume of the unit-cell,
shown in figure 4.c is expanded by approximately 10%,
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FIG. 3. Data and results of in-situ neutron diffraction study (with λ = 1.28 Å) of the deuteration process of LaFeSi. a: The
neutron diffraction patterns recorded during heating, deuteration, and cooling. b: The neutron diffraction patterns at three
different times during the deuteration process with t = t0 = 0 corresponding to the time of the first gas injection. The star
indicates that the LaFeSiD phase is also expected to produce intensity at this angle, corresponding to the (111) and (005)
reflections. c: The weight fraction of the main phases, LaFeSi and LaFeSiD during the deuteration process as well as the
secondary phase LaFe2Si2, obtained by the Rietveld method.

though this expansion is obviously highly anisotropic.

TABLE I. The thermal expansion coefficients for the a-axis,
c-axis and volume of LaFeSi and LaFeSiD, as calculated from
the slope of the curves shown in figure 4 and initial 300 K
values, obtained from neutron diffraction.

10−5 K−1 LaFeSi LaFeSiD
αa,300K 0.4(1) 2.5(5)
αc,300K 2.9(3) 3.0(1)
αV,300K 2.6(2) 3.9(2)

From the slope of the unit cell parameters we obtain
the thermal expansion coefficients at 300 K for a, c and
the volume, these are given in table I. Interestingly the
largest change in thermal expansion coefficient is for the
a-axis. This also means that the anisotropy of the ther-
mal expansion which can be described as αc/αa changes
from 6.6 to 1.2 making it significantly more isotropic in

LaFeSiD as opposed to LaFeSi, despite LaFeSiD having
a more anisotropic unit cell.

D. Superconductivity of the deuterated recovered
samples

In figure 5 we show the resistance as a function of tem-
perature measured for a cold pressed pellet of LaFeSiD,
as obtained after the NPD experiment described above.
We observe a drop in the resistance at 10 K which moves
to lower temperature as the external magnetic field is
increased, consistent with a superconducting transition.
The transition is in the same temperature range as previ-
ously reported for LaFeSiH [7]. The transition is not com-
plete and constitutes around 36% of the normal state re-
sistance. We attribute this to resistive grain boundaries,
an effect which has also been observed in e.g. LaFeSiO1−δ
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upon insertion of Deuterium.

[12]. Measurements of the sample which was hydro-
genated as a part of the TGA/DTA/MS experiment show
similar behaviour (see fig. 4 in S.I.).

IV. CONCLUSIONS

Considering the results of the NPD experiment, the
deuteration of LaFeSi can be described with the binary
reaction scheme, as shown in equation 1.

2LaFeSi(s) +H2(g) −⇀↽− 2LaFeSiH(s) (1)

The phases LaFeSiD and LaFeSi coexist during the
deuteration and no partially hydrogenated LaFeSiHx
with 0 ≤ x(H) ≤ 1 (or intermediate phase) is formed.
This is clearly evidenced by the lack of a continuum be-
tween the Bragg peaks belonging to LaFeSi and LaFeSiD.
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FIG. 5. Resistance of a poly-crystalline as a function of tem-
perature as a function of temperature, measured after deuter-
ation at the ILL.

The deuteration of LaFeSi is an exothermic, enthalpy
driven, reaction with a reaction enthalpy of ∆H = -
54.5 kJ/mol. Remarkably, the equilibrium pressure is
very low, on the order of 1 mbar in the investigated tem-
perature regime. Furthermore we have determined the
thermal expansion coefficients of LaFeSi and LaFeSiD,
in the 20 - 180 °C range, to be αV,300K = 2.6(2)·10−5

K−1 and αV,300K = 3.9(2)·10−5 K−1 respectively. The
obtained LaFeSi(H,D) compounds were checked to be su-
perconducting with Tc ∼ 8-10 K as reported previously
for stoichiometric LaFeSiH [7]. We conclude that this
gas-solid pathway is not suited for obtaining homoge-
neous, partially hydrogenation LaFeSiHx, with tunable
Tc.
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