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High pressure piston-cylinder apparatus for pressure upto 1.5 GPa was designed
and installed in our laboratory with the help of Polish Academy of Sciences, Poland. It
consists of three different types of high pressure reactors which can be operated under
different temperature and pressure conditions from low pressure/temperature

combinations to high pressure/temperature combinations.

The YMn; intermetallic alloy was synthesized in an arc-melting chamber under
argon atmosphere and annealed at 800°C for 11 days in vacuum furnace to get
homogeneity. The novel intermetallic deuteride YMn,D¢ was synthesized at 200°C under
high deuterium pressure of 1.7 KPa. The material was characterized by advanced
instrumental techniques such as X-ray diffraction (XRD), neutron powder diffraction
(NPD), high-resolution transmission electron microscopy (HRTEM), Mn X-ray
absorption near edge structure (XANES) and magnetization measurement (SQUID).



From the results of the above analysis crystal structure, valence state of Mn and magnetic
properties were discussed in detail. Structure of YMn,Ds differs greatly from the parent

C15 symmetry of the parent material which is unique property of this material.
keyword

Deuteride, High pressure apparatus, Arc-melting method, YMn; alloy, and YMn,Dg
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## 4 (Introduction)

Treatment of metals and alloys under high hydrogen/deuterium pressure proved to
be an efficient synthetic technique to synthesize novel hydrides and deutrides. It has been
used to synthesize many important hydrides of industrial importance such as NiH, MnHj,
FeHy (1-3). In most of the cases the hydrides formed at high hydrogen pressure are not
stable at normal conditions. It is expected that the application of high hydrogen pressure
on intermetallic compounds may be extended to the hydrogen absorption to higher values

with formation of new crystalline structures which are stable normal conditions.

In the present study we concentrate on the synthesis of YMn,D¢ Laves phase
deutride which is an interesting material among metal deutrides. The parent compound
YMn; has unusual properties among intermetallic compounds. Under ambient conditions
(4) this intermetallic Laves compound has a cubic C15 crystal structure with Fd-3m space
group. The results of heat capacity and thermal expansion measurements as a function of
temperature indicate that this compound exhibits a first order phase transition at Ty
accompanied with a giant volume change of about 5%, which is ascribed to the

spontaneous volume magnetostriction due to the collapse of the Mn moment at TN (5,6).

Another anomalous behavior of YMn; is its large thermal expansion coefficient
above Ty, Such behavior can be interpreted by a rapid recovery of the amplitude of spin
fluctuations with increasing temperature above Ty (7). Oomi et al. (8) found that the
magnetism of YMn; is very sensitive to external pressure: the onset of magnetic order is
not observable at 3.7 kbar. Ballou et al. (9) elucidated the helimagnetic structure with a
period of about 400 A° of YMn,, which is consistent with an angle modulation of the
antiferromagnetic structure, based on the results of neutron diffraction experiments and
NMR spectra arising from a perturbation of the helix by the magnetocrystalline

anisotropy.

It was observed that the absorption of hydrogen in YMn, or decrease in

temperature causes change of high symmetry C15 structure. Fuji et al.(10) have reported



that up to x = 3.5, YMn,H; exhibits as solid solution of hydrogen in C15 structure. The
cell parameters at room temperature continuously increases with increasing x. For 3.5 <x
<4, a two phase range with the mixture of cubic and rhombohedral phases exists. For 4 <
x < 4.3, YMn,Dy exhibits a single phase hydride with a rhombohedral structure (11).
Latroche et al. performed neutron diffraction studies of YMn,Dy (1 < x < 4.5) at
temperatures above magnetic transition and reported that the deuterium occupies only the

A;B; sites in this range of concentration (12).

The magnetic ordering temperatures Ty of YMn,Hy compounds (x = 0.5, 2 and 3)
increases with increasing x (13). Figiel et al. (14) attributed this deviating behavior to an
increase in Mn—Mn distances during hydrogenation. This causes the increasing
localization of more stable Mn moments resulting in the suppression of the spin
fluctuations. Consequently, the volume anomalies of YMn,Hy compounds at Ty decrease
with increasing x. Some works on hydrogen induced phase transitions of YMn,Hy 0 < x
<1.2 were also done by Figiel et al. (14). In their studies, the phase transitions were
interpreted in terms of Mn—Mn magnetic interactions which depend on the lattice

expansion caused by hydrogen.

From the above discussion it is clear that the magnetic properties of these
compounds are very sensitive to Mn—Mn distances. It can be expected that progressive
filling of the Mn d-band by electrons derived from hydrogen/deuterium which enter the
metallic lattice sites in the form of proton will also influence magnetic structure of YMny.
Moreover, if some hydrogen or deuterium ordering occurs, it will change, to a certain
extent, the magnetic interaction between Mn atoms. Therefore, it could influence the
magnetic order not only by varying the lattice constant but also by changing the local
environment of the Mn atoms and by inducing distortions in the metal lattice (15). Based
on previous works, a phase diagram can be proposed for YMn,Hy and YMn,Dx systems

0<x<42(14,16).

The aim of the present work was to investigate possible existence of the single-

phase YMn,;Dx compounds with higher concentration of deuterium x > 4.5 and, if such



existence is confirmed, to determine their properties. It was already proved that the
application of high deuterium pressure can be effectively used for synthesis of novel
hydrides in several Laves intermetallic compounds (17). As we expected, we have also
succeeded to synthesize new deuteride and in order to identify its structure and
characterize its magnetic properties, the powder X-ray diffraction (XRD), Mn X-ray
absorption near edge structure (XANES) and magnetization measurements were carried

out.

B B3 % 3K (Setup of high pressure equipment)

We have created a very good high pressure synthesis facility in our department
which is st of its kind in Taiwan. With this we can synthesize novel materials which are
not be able to preparedin atmospheric pressure condition. Also it is possible to find out
different kinds of novel high pressure phases under different high pressure conditions

with this facility. We are the leaders in Taiwan in such kind of high pressure research.

We have setup three different kinds of high pressure equipments to operate in
different temperature and pressure conditions. These are discussed in the following

sections.



1. High pressure range:

Fig 1. Pressure intensifier and multiplicator

It contains three important sections as follows:

(i) Pressure intensifier:

a. Basic functions:

Main function of this section is to intensify the hydrogen pressure up to 1000 atm
from cylinder pressure. Also this is useful to control the pressure at lower levels even
below cylinder pressure. So it acts as a key control system upto a pressure of 1000 atm.
Hydrogen cylinder is connected to the multiplicator of pressure intensifier through heavy
copper capillary tube which can withstand very high pressures at the order of 1.5 GPa.

Metallic ferrules and rubber sealing were used to avoid any leakage near joints.



b. Construction:

It contains a cylinder piston arrangement where hydrogen gas is compressed and
fed into the system through multiplicator. Multiplicator is used to split the reactor and
hydrogen cylinder by two valves. The pressure of this intersifier is measured by a

pressure gauge mounted near hand press which is the pressure inside the reactor also.

c. Working:

Hydrogen cylinder is opened and the gas allowed entering into the intensifier
through multiplicator. Hydrogen cylinder and inlet valve in multiplicator are closed and
the pressure is increased to the required pressure by pumping the hand pump. During
pumping outlet valve of multiplicator kept open to allow the pressurized hydrogen into
the reactor. After attaining the required pressure in the reactor, reactor is disconnected

from by closing valve near reactor head.

(ii) High pressure piston-cylinder and reactor:

(a) Basic function:

High pressure piston-cylinder is used to increase the hydrogen pressure to a
higher range above 1000 atm to a maximum of 15000 atm. Reactor is used to synthesize

the samples.

(b) Construction:

Both of these two sections assembled in a single unit with protecting shield as
shown in Fig 1. The whole assembly is mounted on a heavy iron base and the piston is
connected hydraulically to a hand press which is used to pump the hydrogen to a high

pressure.

Reactor is made up of heavy walled beryllium bronze material with a small
cylindrical hole in the centre to accommodate sample cells and the piston from the upper
side. Lower side is closed by a stopper made up of the same material. Normally material
of construction for high hydrogen pressure is beryllium bronze because of hydrogen

embrittlement property of stainless steel. Upto 1000 atm pressure stainless steel can be



conveniently used without any problem. Beyond such pressure it is very difficult to
maintain a smooth surface of the stainless steel. High pressure hydrogen will penetrate
into stainless and start destroying the surface as well as inner structure of stainless steel

which will result in the amorphisation of stainless steel.

(c) Working:

After reaching 1000 atm hydrogen pressure from pressure intensifier it is
disconnected from the reactor and further increase of pressure is done by high pressure
piston-cylinder connected directly to the reactor. Upto four sample cells are kept inside

the reactor cylinder and the pressure is slowly raised to the required pressure level.

(iii) Heating coil:

In this high pressure range equipment external heating coil is used to heat up the
reactor. Heating coil is covered around the thick walled beryllium bronze and connected
to the temperature control device. Thermocouple is connected to the control device and
the sensor is inserted near central cylindrical reactor. Maximum temperature attained is

about 300 °C in this setup.

2. Medium pressure range:
It contains only two sections that are pressure intensifier and main reactor.

Pressure intensifier is the same as in the above said high pressure range set up. It can
operate upto a pressure of 1000 atm only. Reactor is made up of stainless steel cylinder
which is connected to a multiplicator. Multiplicator is further connected to vacuum line
and hydrogen cylinder through pressure intensifier. Pressure inside the rector is measured
by a small pressure gauge which is used to measure both vacuum as well as pressure upto
maximum pressure of 10 atm. After that pressure will be measured by big pressure gauge
which is situated near hand press. The reactor assembly is shown in Fig. 2. Cooling water
circulation was provided in-between sample and multiplicator to avoid heating up of

multiplicator.



A. Pressure gauge B. Multiplicator C. Capillary D. External heater E. Cooling water circulation

Fig 2. Experimental setup for high pressure synthesis

3. Low pressure and high temperature setup:

In this equipment also pressure intensifier is used to increase the pressure in the
reactor as in the case of medium pressure range equipment. But the heating system is
entirely different from the above two kinds. It contains a small tiny ceramic wounded coil
which is used for the sample vessel holder. Inside the ceramic heated small sample cells
will be kept and heated. Very near to sample cell bottom one small thermocouple will be

made and the ends of wires will be taken out through stopper to multimeter.

The whole assembly is carefully arranged and kept inside the steel tube with tight
sealings. Hydrogen gas will be passed through a small threaded hole by copper capillary

from the pressure intensifier.

R B3k % & 173 ;% (General operation of the equipment)
The samples were loaded into sample cells and closed with threaded covers, placed
into the reactor. Cooling water circulation was switched on to avoid heating up of

multiplicator. The whole assembly was mounted on protected solid base with heavy



transparent windows. Temperature was slowly increased to 100°C and the sample case is
evacuated with vacuum pump for over night. The heater was switched off and the
temperature is lowered down to ambient temperature.

Hydrogen pressure was slowly increased from atmospheric pressure to a very low
pressure. If absorption is observed periodically pressure level is maintained at low
pressure until get saturation. After the saturation point again hydrogen is charged from
the cylinder and pressure is increased slowly upto 100 atm and maintained upto two days
to complete the absorption. Temperature is slowly increased from room temperature to
100°C and pressure maintained for about an hour to monitor any further absorption.
Hydrogen pressure increased slowly and steadily to get maximum hydrogen absorption.
Absorption time, pressure and temperature will vary depending on the nature of the
sample. After completion of the reaction rector is cooled down to room temperature
without disturbing the pressure. On attaining room temperature hydrogen pressure is
slowly reduced in steps to the atmospheric pressure over a period of four to five hours.

Immediately after the discharge of the samples they should be preserved in glove or
in liquid nitrogen to avoid any loss of hydrogen from the sample due to desorption

phenomenon.

4 2% (Experimental Section)

The YMn, sample was prepared by induction melting of the pure components
(yttrium, 99.9%; manganese, 99.99%) in a water-cooled copper crucible under vacuum
then under argon atmosphere to avoid sublimation of manganese (18, 19). In order to
prevent the precipitation of Y¢Mny3 compound, a 3—5% yttrium excess was added to
obtain a single-phase YMn, compound. To ensure good homogeneity, the sample was
melted five times and annealed for 11 days at 800 °C.

The homogeneity of the sample was checked by metallographic examination and
the composition was analyzed by electron microprobe analysis (EMPA). The powder X-
ray diffraction was performed on a PW1710 Philips diffractometer with Cu Ka radiation
(L = 1.5406 A) and the XRD pattern was successfully indexed as a cubic Fd-3m space
group with cell parameter a = 7.681 A.



About 8 g of the alloy ingot were ground mechanically under argon atmosphere
and then sieved for the grain size less than 36 mm. Samples were located in a high
pressure apparatus described elsewhere (20) and treated at 100 °C in vacuum before
deuterium charging. Without this treatment, the presence of water adsorbed on the
surface of the alloy affects the penetration of deuterium into the bulk (17). The
deuterization was performed at pressures of 1.7 kbar of deuterium and temperatures of
200 °C for 12 h. After the apparatus was cooled down to room temperature, the deuteride
was discharged and immediately stored in liquid nitrogen for further investigations.
However, soon it became clear that this new deuteride is very stable and can be preserved
in ambient conditions without any changes.

Density measurements have been performed using a volumetric method with an
Accupyc 1330 Picnometer from Micromeritics Company.

X-ray diffraction (XRD) analyses were carried out with a Brucker diffractometer
with Cu Ko radiation. Data for the Rietveld refinement were collected in the 20 range 10—
120° with a step size of 0.02° and a count time of 10 seconds per step. The lattice image
of the sample was obtained by high resolution transmission electron microscopy
(HRTEM; JEOL 4000EX). The samples for the microscopy were dispersed in alcohol
before being transferred to the carbon coated copper grids. The magnetization
measurements were done by superconducting quantum interference device (SQUID)
magnetometer (Quantum Design).

Density measurements have been performed using a volumetric method with an
Accupyc 1330 Picnometer from Micromeritics Company. The neutron powder diffraction
(NPD) patterns of the deuteride have been registered at 2 K and 80 K on the 3T2
diffractometer and from 1.4 K to 290 K on the G4.1 diffractometer at the Laboratoire
Léon Brillouin (LLB) at Saclay. For the 3T2 experiment the wavelength was 1.225 A and
the angular range 6 ° < 26 < 125 ° with a step of 0.05 °. For the G4.1 experiments the
wavelength was 2.427 A and the angular range was 2 °© < 20 < 82 ° with a step of 0.1°.
The deuteride sample was contained in a vanadium sample holder. All the XRD and NPD
patterns were refined with the Rietveld method, using the Fullprof program (15).

Differential Scanning Calorimetry (DSC) was performed on TA-Q100 DSC

apparatus from TA instrument. The samples were placed in aluminum pan under argon



atmosphere. The experiments were performed from 313 K to temperature ranging from
523 K to 873 K with a rate of 20 K/mn.

Magnetization measurements were performed on a Quantum Design PPMS
magnetometer.

The valence of Mn in the synthesized intermetallic deuteride was determined by
the X-ray absorption technique. The spectra were obtained using synchrotron radiation
with the electron beam energy of 1.5 GeV at NSRRC. They were recorded by measuring
the 1/Iy ratio, where Iy is the intensity of the incident beam. The incident photon flux (Iy)
was monitored simultaneously by an ion-chamber which was positioned after the exit slit
of the monochromator. The intensity of the transmitted X-ray monitored in the same way
was considered as I of the standard metal foil for calibrating the energy of the beam. All
the measurements were performed at room temperature. The photon energies were
calibrated to an accuracy of 0.1 eV via the theoretical values of the Mn metal K-edge
absorption energies. The reproducibility of the absorption spectra of the same sample in
different experimental runs was found to be extremely good.

The neutron powder diffraction (NPD) patterns of the deuteride have been
recorded at 2 K and 80 K on the 3T2 diffractometer and from 1.4 K to 290 K on the G4.1
diffractometer at the Laboratoire Léon Brillouin (LLB) at Saclay. For the 3T2 experiment
the wavelength was 1.225 A and the angular range 6 ° < 20 < 125 ° with a step of 0.05 °.
For the G4.1 experiments the wavelength was 2.427 A and the angular range was 2° < 20
< 82 ° with a step of 0.1°. The deuteride sample was kept in a vanadium sample holder.
All the XRD and NPD patterns were refined with the Rietveld method, using the Fullprof
program (21).

2 % 22 34#% (Results and Discussion)
Density measurements lead to a value of d=4.63(1) g/cm’. This experimental

density is in good agreement with the calculated one: d=4.636 g/cm’ for YMn,Ds in a

FCC cell with a=6.709 A and Z= 4 formula units per unit cell.

The powder XRD pattern of the synthesized deuteride and its structural

parameters calculated with Rietveld refinement are presented in Fig. 3 and Table 1,

10



respectively. The values of reliability factors, Rp; Rwp and x calculated from the XRD

patern were all acceptable. The pattern could be indexed on the basis of a cubic cell [a =

b=c=6.7093(1) A, a =B =y =90°] and the space group of its crystal structure is F-43m:

The crystal structure of the YMn,Ds compound plotted with ATOMS software is shown

in Fig. 4.

Table 1 Refined atomic positions, unit cell parameter and reliability factor of

YMn,Dg at 300 K. Some lines are attributed to small amount of Y,03; and YMn;D45

Atoms x ¥ z Wyckoll Uiso (A%)
Y 0.00 0.00 0.00 4a 3.131
Mn(1) 0.50 0.50 0.50 4b 1.436
Mn(2) 0.25 025 0.25 4c 1.436
Lattice parameters Reliability factors

Space group: F-43m (216) R, = 107%

a=bh=c=6T0931A R,, = 134%

a=p=y=90° X =241

11
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Fig. 3. Rietveld fits to powder XRD data of YMn,Dg with F-43m space group.
Observed (cross) and calculated (solid line) intensities are shown with the difference

at the bottom.

In the CI15 type of structure, three kinds of tetrahedral interstitial sites are
available for deuterium occupation: ABs, A;B; and B4. Experimentally, it has been found
that A,B, sites are the most favorable for deuterium bonding, thus they should be filled
first. The possibility of filling other two sites, however, could not be excluded, (22, 23)
especially when the deuterium content is higher. Moreover, it has been proposed that
filling into ABj sites might induce a rhombohedral distortion of the host structure (18).
However, the crystal symmetry of the YMn,Dj is not directly related to the C15 structure.
Formation of YMn,D, is accompanied with strong rearrangement of both yttrium and
manganese atoms. Also the sites available for deuterium can be very different from A,B,,
AB; and B, present in the C15 lattice. For instance we can distinguish A;B sites in each

corner of the unit cell.

12



Fig. 4. Crystal structure of the YMn,Dg with cubic unit cell (space group: F- 3m).
Fig. 5 shows the lattice image by HRTEM along the [001] zone-axis direction of
the cubic crystal system corresponds to its ab plane. This photo also indicates a high

crystallinity of the synthesized YMn,D¢s compound.

13



Fig. 5. HRTEM lattice image recorded along the [001] zone-axis
direction of YMn;,De.

X-ray energies are sufficiently high to eject, via the photoelectric effect, one or
more core electrons from an atom. Each core electron has a well-defined binding energy,
and when the energy of the incident X-ray is varied across one of these energies, there is
an abrupt increase in the absorption coefficient. This is the so-called ‘absorption edge’ of
the element. Absorption edges are named according to the electron of which shell is
excited, for example, K = 1s; L; = 2s, i = 2p, etc. The Mn K-edge XANES spectra of
the YMn, and YMn,Ds compounds are shown in Fig. 6. The Mn foil was used as a
reference. Knowing reference spectrum at the absorption edge, it is possible to use it as a
fingerprint of the valence and site symmetry, so to characterize the investigated sample.

In other words, although the differences between the energy values (Eo)
corresponding to ux = 0.5 can usually be used to determine the valences of metals in their

different compounds; the comparison should be applied based on the same or at least

14



fairly similar structural coordination environment. It is very important to keep this point
in mind as we examine these spectra. Therefore, as shown in Fig. 4, we proposed that the
Eo at such little different energy values was attributed to the different chemical
environment of Mn. It is more plausible to determine the valence of Mn based on the
energy value of the onset of XANES spectrum (as the arrow A in Fig. 4 shows). Viewed
in this light, the valence of Mn in the intermetallic alloy and its deuteride can be regarded
as the same metallic state as that of Mn foil.

In the case of K-edge XANES spectrum, the X-ray absorption of a 3d transition
metal is mainly due to the excitation process of its 1 s core electron to higher 4p manifold
electronic states. For L-edge XANES spectrum, the absorption corresponds to the 2p to
3d transition. The d electrons are more shielded from the chemical environment than p
electrons and therefore in greater degree have retained their atomic character. As a
consequence, it is suggested that the L-edge XANES spectrum has less interference from
the site symmetry. The Mn L edge XANES spectra of the YMn, and YMn,D¢ are shown
in Fig. 5. The spectra show two separated broad multiple structures arising from the spin-
orbital splitting of Mn 2p electronic energy levels. The former and latter peaks

correspond to 2ps/; to 3d and 2p;; to 3d transitions, named Ly and Ly-edge, respectively.

15
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Fig. 6. Normalized Mn K-edge XANES spectra of the YMn, and YMn,Ds
compounds and that of the standard sample (Mn foil). For reference the results of
YMn,, YMnyH and YMn;H3; are shown in the inset.

Using the integrated area under the Lyj- and Li-edge XANES spectra it is even
possible to quantify the changes in d-band occupancy. When we consider the role of
deuterium in the host, the state of Mn influenced by complicate electronic interactions
becomes more open to question. After careful comparison, it seems that the L-edge
spectra of these two samples do not differ markedly. It can be then concluded that the
manganese is metallic and alloyed with yttrium. An obvious change in the intensity of the
pre-edge peak located at 6540 eV, as shown by arrow B in Fig. 6, is observed. For the
YMn;D¢ compounds this peak even completely vanished. This result is in agreement with
tendency observed for smaller hydrogen concentration (inset in Fig. 6). As we mentioned
above, according to the dipolar selection rules, the K-edge corresponds to an electronic
transition from 1 s core state to empty p state and the XANES spectrum probes the empty
projected local electronic density of p state (24). The Mn 4p states are hybridized with
partially empty Mn 3d states, i.e. the pre-edge structure is related to the hybrid p—d states.
Since the Mn 3d states are dominant at the Fermi level, the dramatic change of the pre-
edge peak might indicate a reduction of the number of 3d holes due to the shift of 3d
band below the Fermi level after hydrogen absorption (25).

16
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Fig. 7. Normalized Mn L-edge XANES spectra of YMn, and YMn,Dg

The magnetization curves of the YMn, and YMn,Dgs compounds as a function of
temperature were shown in Fig. 8. The absorption of deuterium results in the two-orders
enhanced magnetic moment of Mn and there is a rapid increase of magnetization of the
YMn,D¢ compound when temperature decreases from 120 K down to 5 K. In Fig. 9 the
magnetization loops for the YMn, and YMn;D¢ compounds are compared. The
magnetization curves measured at 5 K show a larger magnetic hysteresis for YMn,Ds
than YMn,. It was found that the deuteride exhibits magnetic moment higher than its
parent alloy (YMn,). The magnetization of both, YMn, and YMn,D¢ samples was not

saturated at magnetic field up to 5 T.
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2% (Conclusions)

high deuterium pressure conditions. The structure of YMn,Ds (F-43m) differs
dramatically from C15 symmetry (Fd-3m) of the parent material. Such a great
rearrangement of the metal lattice due to deuterium absorption is rather exceptional for
C15 Laves phases. Some chemical and physical properties of YMn,Ds were also
examined by several analytic methods. X-ray absorption spectroscopy indicates
progressive filling of the Mn d band by electrons derived from deuterium which, in ionic
form, occupies sites in the metallic lattice. During reaction of deuterium with YMny,,

leading to formation of YMn,Ds, the changes of electronic structure, crystal symmetry,

The novel intermetallic deuteride YMn,Ds was successfully synthesized under

atomic environment and interatomic distances occur.

3+ 4 & % B #* (Evaluation of the project)

We have reached the goals of the research plan, some parts of the results have

already been published in scientific journals (26-27). Moreover, we have also presented

the outcome of this project in various international conferences (28-33).
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Abstract

The nowel intermetallic devteride YMnaDy, was synthesized under high deuterium pressure, In order to identify the strocture
and characterize the magnetic properties of this devtende the powder X-ray diffraction { XRIY), high-resolution transmission
electron microscopy (HRTEM), Mn X-ray absorption near edge structure { XANES) and magnetization measurement (SQUID)
were carried out, The erystal structure, the chemical state of Mn and the magnetic propertics of this novel dewteride were
examined and discussed. It should be noted that the structure of Y MnaDy (#4300 differs dramatically from C15 symmetry of
the parent material, Such a great rearrangement of the metal lattice due 1o deuterium absorption is rather exceptional for C15
Laves phase.
© 2004 Elsevier Lid, All rights reserved,

PACS: 61.66,Dk; 0735, 4 k: 64, 70.Kb; 61,10 Ht

Kevwonds: Ao Alloys: B, High-pressure apparstus: O, Solid-solid tmnsitions: D, X-my absorplien speciroscopy

1. Introduction

Under ambicnt conditions [1] the intermetallic Laves
compound YMn, has by a cubic C15 erystal structure with
Fed-3m space group. I is an itinerant electron antiferro-
magnet with the Mn moments (g, ) of 2.7 gy [2] and the
Méel temperature ( Ty ) of ~ 100 K [3.4]. The results of heat
capacity and thermal expansion measurements as a function
of temperature indicate that this compound exhibits a first
order phase wansition at Ty accompanied with a giam

* Comesponding  author. Tel.: +856-2-2369-0152 x148; fax;
+886-2-2363-6359,
Eemuanil pddress: rsliv@ nivedwiw (B35, Lk

O03E- 10988 - soe front matter © 2004 Elsevier Lid, All rights reserved,
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volume change of about 5%, which is ascnbed to the
spontancous volume magnetostriction due to the collapse of
the Mn moment at T [4,5]. Another anomalous behavior of
YMns i a large thermal expansion coefficient above T,
Such behavior can be interpreted by a rapid recovery of the
amplitude of spin fuctuations with increasing temperature
above Ty [6] Comi ¢t al, [7] found that the magnetism of
YMng s very sensilive o external pressure: the onset of
magnetic order is not ohservable at 3.7 khar, Ballou et al, [8]
elucidared the helimagnetic structure with a period of about
400 A of YMnsz which is consistent with an angle
maodulation of the amiferromagnetic structure, hased on
the results of neutron diffraction experiments and NMR
spectra arising from a perwcbation of the helix by the
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magnetocrystalline anisotropy. Further efforts were done by
Makamura et al., [3-10] who found, by analyzing hoth the
intensity of magnetic peaks and the **Mn spin-echo NMR
spectrum at 4.2 K that the spin axis, e the direction of
magnetization, is parallel o the [111] direction. Then the
electronic structures of YMna and related compounds were
calculated by several theoretical methods being in good
agreement with the expenimental results [2,11,12].

It was also found thar a change of high-symmetry C15
structure (Fd-3m space group) of YMn: intermetallic
compound is induced by absorption of hvdrogen or
decreasing in wemperature. Fuji et al. [13] have shown tha
up o x = 3.5 the YMnoH , hydrides are a solid solution of
hydrogen in the C15 structure. The cell parameter at room
temperature increases continuously with increasing x. For
35 < x = 4, atwo-phase range with a mixture of cubic and
rhombohedral phases exists, For 4 <2 v <2 4.3, a single phase
hydride with a rhomboledral structure (B = 3m space
group) was obtained [14], Latroche et al, [15, 16] performed
the newtron powder diffraction experiments of Y Mn, D,
(1 =x=45) al wmperatures above the magnetic tran-
sition. They determined the atomic position and site
occupation of deuterium finding that only the AsBs sites
were pecupicd in this range of concentration.

The magnetic ordering temperatures (Ty) of YMnoH,
compounds (x = 0.5, 2 and 3) increase with increasing of x
[17]. Figiel et al, [ 18] artributed this devisting behavior o an
increase in Mn-Mn distances duning hydrogenation, This
causes the increasing localization of more stable Mn
moments resulting in the suppression of the spin fluctu-
ations, Consequently, the volume anomalies of YMnaH,
compounds at Ty decrease with increasing of x. Some works
on hydrogen induced phase transitions of YMnaH, (0 <
X< L2y were also done by Figiel enal. [18]. In their sudies,
the: phase wansitions were interpreted in erms of Mo-Mn
magnetic interactions in dependence of the lattice expansion
caused by hyvdrogen. Fujii e al. [19] and Goncharenko et al,
[20] also proved that YMn:H, compounds exhibit a weak
ferromagnetic property in the range of | < y < 3.5 while
for the rhombohedral phase with x = 4.3, an anti ferromag-
netic state is observed. The YMnaD, (v = L15 and 4.5)
compounds have been studicd by means of temperature
dependent neutron diffraction reported by Latroche et al.
[16,21]. They concluded that under ambient pressure, both
deuterium ordering and magnetic inferactions are intimately
related and involve each other, however, which is the first
effect 1o take place is still 2 gquestion. From their study on
YhInsDy, it was expected that the magnetic eifect is the
drving force involving an clectronic amd  geometrical
modification of the lattice and that denteriom ordering 15 a
consequence of this rearrangement [22]. Anvhow, itis clear
that magnetic properties of these compounds are very
senstive 10 Mn—Mn distances. It can be excepted tha
progressive filling of the Mn d-band by electrons derived
from hydrogen/deuterium which enter the metallic lattice
sites in the form of proton will also influence magnetic
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structure of ¥YMns, Moreover, if some hyvdrogen or
deuterium ordering oceurs, it will change, © @ certain
extent, the magnetic interaction between Mn atoms. There-
fore, it could influence the magnetic order not only by
varying the lattice constant but also by changing the local
enviromment of the Mn atoms and by inducing distertions in
the metal latice [20]. Based on previous works, a phase
diagram can be proposed for YMnsH, and Y MnaDy, systems
0= x=4.2)[18.23]

The aim of the present work was to investigate possible
existence of the single-phase YMn:D, compounds with
higher concentration of deuterium (x = 4.5) and, if such
existence is confirmed, o determine their properties. [t was
already proved that the application of high deuterium
pressure technigque can be effectively used for svathesis of
nowel hydrides in several Laves intermetallic compounds
[24]. As we expected, we have also succeeded to synthesize
new deuteride and in order to identify its structure and
characterize its magnetic propertics, the powder X-ray
diffraction (XRD), Mn X-ray abzorption near edge
structure (XANES) and magnetization measurements were
carried out,

2. Experimental section

The YMny sample was prepared by iwducthion melting of
the pure components (yitrium, 99.9%; manganese, 99,99%)
in a water-coolad copper crucible under vacuum then umder
argon atmosphere o avord sublimation of manganese [ 16,
25). In order to prevent the precipitation of the YeMnss
compound, 4 3-3% yitrium excess was wdded for oblaining
a single-phase YMns compound. To ensure good homogen-
city, the sample was melted five times and annealed for 11
days at 300°C, The homogeneity of the sample was checked
by metallographic examination and the composition was
analyzed by electron microprobe analysis (EMPA). The
powder X-ray diffraction was performed on a PWIT10
Philips diffractometer with Cu K, radiation (A = 1,5406 Al
and the XRI pattern was successfully mdexed as a cubic
Fd-3m space group with cell parameter a = THR1(1} A,
About &g of the alloy ingoet were ground mechanically
under argon atmosphere and then sieved for the grain size
less than 36 pm.

Samples were Iocated in g high pressure apparatus
described elsewhere [26] and weated an 100 °C in vacuum
before the deuterium charging, Without this treatment, the
presence of water adsorbed on the surface of the alloy
affects the penetration of deuterium into the bulk [24]. The
deuterization was performed at pressures of 1.7 kbar of
dewterivm and wemperatures of 200 °C for 12 h. Afer the
apparstus was cooled down o moom  temperature, the
deuteride was discharged and immediately stored in liguid
nitrogen for funther investigations. However, soon it became
clear that this new deuteride 15 very stable and can be kept
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long time in ambient conditions without any changes. The
deuterium content, measurcd by clemental analyzer (Perkin
Elmer 240), corresponds to formula Yhnal,

Xeray diffraction (XED) analyses were carried out with a
Brucker diffractometer with Cu K, radiation. Data for the
Rietveld refinement were collectad in the 20 range 10- 1207
with & step size of 0,027 and a count time of 10 sceonds per
step. The lattice image of the sample was oblained by high-
resolution transmission electron microscopy (HRTEM;
JEOL 4000EX), The samples for the microscopy were
dispersed in aleohol before being transferred 1o the carbon-
coated copper grids, The magnetization measurements were
done by superconducting quantum  imerference  device
(SQUID) magnetometer (Quantum Design),

The valence of Mn in the synthesized intermetallic
deuteride was determined by the X-ray shsorption tech-
nigue. The spectra were obtained using synchrotron
radiation with the electron beam encrgy of 1.5 GeV
NSRRC, They were recorded by measunng the M ratio,
where f 15 the intensity of the incident beam, According to
the attenuation law § = Jpexpl — o, Indly) is propomional
to the absorplion function w. Based on the transmission
maodhe, the thickness x of the sample has to be adjusted such
as v~ 1, where wois the absorption cross-section of the
element of interest. The incident photon Aux (f;) was
monitored simultancously by an ion-chamber which was
positioned after the exit slit of the monochromator, The
intensity of the transmitted X-ray monitored in the same
way was considered as fy of the standard metal foil for
calibrating the energy of the beam. All the measurements
were performed atl room temperature. The photon encrgics
were calibrated 1w an accuracy of 0.1 eV via the theoretical
vilues of the Mn metal K-cdge absorption energies, The
reproducibility of the absorption spectra of the same
sample in differemt experimental runs was found © be

extremely good,

3, Results and discussion

The powder XRED pamern of the svnthesized deutenide
and its strectural parameters caleulated with Rietveld

ax1o’
g’
10

[ES LU

Intensity (counts per secondy

:-:--.m'ts-l:--s-r'lclﬂ'lio
2 thein (degree)
Fig. 1. Rietveld fits to powder XED data of YMo:Dy with F-d3m
space proup, Observed (eros) and caleulsed (Lolid line) imensities
are shown with the difference at the botiom.

refinement are presented in Fig. 1 and Table 1, respectively.
The valucs of reliability factors, By, R, and x [2] caleulated
from the XRD patent were all acceptable. The pattern
could be indexcd on the basis of a cubic cell
la=b=c=06TM031A, o=8=y=MN] and the
space group of its cryvstal structure is F-43m. The crystal
structure of the YMn:Dy, compound ploned with ATOMS
softwarne is shown in Fig, 2,

In the C13 type of structure, three Kinds of wewrahedral
interstitial sites are available for deuterium occupation:
ABi AxB: and B, Experimentally, it has been found that
AsBs sites are the most favorable for deuterium bonding,
thus they should be filled first, The possibility of filling other
two sites, however, could not be excluded, [27.28]
cspecially when the deuterivm content is higher, Morcover,
it has been proposed thar filling into AR, sites might induce
a rhomboledral distortion of the host structure [16].

However, the crystal symmetry of the YMnaDy is not
directly related w the C15 structure. Formation of Y MnaDy
is sccompanied with strong rearrangement of both yirium
and manganese atoms. Also the sites available for deuterium
can be very different from AxBs ABy and By present in the
C15 latice, For instance we can distinguish AzB sites in
each corner of the unit cell. Therefore, the discussion about
filling the sites in this novel F-43m lamice of ¥ MnsDy, will be
postpened o the next experiment with neutron diffraction.

Table 1

Refined atomic positions, unit cell parameter and reliability factor of YMu Dy, an 300 K, Some lines are atributed w small amount of Y20, and
W :nsDy «

Ams x z Wyckoll Uiso (A7)
Y 0,00k 0,00 [IELYS da ER K]
Maf1) 0,50 0.50 0.50 4b 1436
Mnd 2y 025 0.25 0215 L 1436

Lattice parameterns Relmbility Factors

Space group: F-43m (216) p = 10.7%
a= b= e = 6093 1DA Rup = 13.4%
a=f=y= 9 ¥ =241
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Fig. 2, Crystal stracture of the YhnsD, with cubic unit cell (space
group: F-43m),

W believe that neutron diffraction will provide us with data
necessary o describe the location of dewterium atoms in
¥ M D,

As shown in Fig. 3, the lattice image by HRTEM along
the [001] zone-axis direction of the cubic crystal system
corresponds to its ab plane, This photo also indicates a high
crystallinity of the svnthesized YMnaDy, compound.

Xeray energics are sufficiently high to gject, via the
photoelectrie effect, one or more core clectrons from an
atom. Each core electiron has a well-defined binding energy,
and when the energy of the incident X-ray is vaned across
one of these energies, there 15 an abrupt increase in the
absorption coeflicient. This is the so-called “absorption

Fig. 3. HETEM lattice image recorded along the [001] rone-axis
direction of YMn, Dg.
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edge” of the element. Absorption edges are named sccording
1o the electron of which shell s excited, for example,
K= Is; Ly= 24 Lyp=2p, cic. The Mn K-cdge X ANES
spectra of the Y Moz and Y Mn:Dy, compounds are shown in
Fig. 4. The Mn foil was uwsed as a reference. Knowing
reference spectrum at the absorption edge, it is possible to
use it as a fingerprint of the valence and site symmetry, so (o
characterize the investigated sample. In other wornds,
although the differences between the energy values (£y)
corresponding to e = 0.5 can vsually be used wo determine
the valences of metals in their different compounds, the
comparison should be applied based on the same or at least
fairly similar structural coordination enviranment, It is very
important © keep this point in mind as we examine these
spectra. Therefore, as shown in Fig. 4, we proposed that the
Eg at such hittle different energy values was attnibuted 1o the
different chemical environment of Mn, It is more plavsible
1o determing the valence of Mn based on the energy value of
the onset of XANES spectrum (as the arrow A in Fig, 4
shows). Viewed in this light, the valence of Mn in the
imermetallic alloy and its demeride can be regarded as the
same metallic state as that of Mn foil. In the case of K-edge
XANES spectrum, the Xeray absorption of a 3d transition
metal is mainly due to the excitation process of its | s core
electron to higher 4p manifold electronic states, For L-edge
XANES spectrum, the absorption corresponds 1o the 2p
3d transition. The d electrons are more shiclded from the
chemical environment than p clectrons and therefore
greater degree have retained their atomic character. As a
consequence, s suggested that the L-odge XANES
spectrum has less interference from the site symmetry,
The Mn L edge XANES spectra of the YMns and Y MnsDy
arc shown in Fig. 5. The spectra show (wo scparated broad
multiple structures arising from the spin-orbital splitting of
Mn 2p electronie energy levels. The former and latter peaks
correspond o 2pas — 3d amd 2pe — 3d transitions  are
named Ly and Ly-edge, respectively. Using the integrated
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ihe inset,




C.- ¥, Wang el al, 7 Solid Siale Communicatiens |30 { 2080} 81 5-820 g9

difference: (a)-{b)
e ——

PR U EEFUFUFEI T TN ImSI TRN——_—

635 640 645 &S50 2 655 66D

Energy (eV)

Fig. 5. Nommalized Mn L-edge XANES spectra of YMny and
¥ MinaI,,
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arca under the L= and Ly-edge XANES spectra it is even
possible to guantify the changes in d-band oceupancy. When
wie consider the role of deuterium in the host, the state of Mn
influenced by complicate electronic interactions becomes
more open to question, After careful comparison, it seems
that the L-edge spectra of these two samples do not differ
markedly. It can be then concluded that the manganese is
metallic and alloyed with vitrium. An obvious change in the
intensity of the pre-edge peak located at 6540 ¢V, as shown
by amow B in Fig. 4, is cbserved. For the YMn:Dyg
compounds this peak even completely vanished. This result
is in agreement with tendency observed for smaller
Irydrogen concentration (insct in Fig. 4}, As we mentioned
ahove, acconding to the dipolar selection mles, the K-edge
corresponds 1o an electronic transition from 1 £ cone state to
empty p state and the XANES spectrum probes the empty
projected local electronic density of p state [29]. The Mn 4p
states are hyvbridized with partially empty Mn 3d states, e,
the pre-edge structure is related w the hybrid p—d states.
Simce the Mn 3d states are dominant at the Fermi level, the
dramatic change of the pre-edge peak might indicare a
reduction of the number of 3d holes due to the shift of 3d
hand helow the Fermi level after hydrogen absorption [30],

The magnetization curves of the YMnz and YMnzDy
compounds as a function of emperature were shown in Fig,
6. The absorption of deuterium results in the two-orders
enhanced magnetic moment of Mn and there is a rapid
increase of magnetization of the YMn:Dy, compound when
temperature decreases from 120 K down to 5 K. In Fig. 7 the
magnetization loops far the YMnz and YMn:Dy, compounds
are compared. The magnetization curves measured s 5 K
show a larger magnetic hysteresis for YMnaly, than YMna,
It was found that the deuteride exhibits magnetic moment
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Fig. 6. Temperature dependence of magnetization of YMn, and
YDy at a magnetc field of 1°T.

higher than its parent alloy (YMns), The magnetization of
both, YMne amd YMnaDy, samples, was not saturated a
magnetic field upto 5T,

4. Conclusions

The novel intermetal lic deuteride Y MnsDy was suceess-
fully synthesized under high deuterium pressure conditions.
The structure of Y Mna Dy (F-43m ) differs dramatically from
C15 symmetry { Fa-3m) of the parent material. Such a great
rearrangement of the metal laice due o deuterium
absorption is rather excepional for C15 Laves phases.
Some chemical and physical properties of Y MnaDly, were
also examined by several analytic methods, X-ray absomp-
tion spectroscopy indicates progressive filling of the Mn d-
band by electrons derived from demerium which, in jonic
form, occupies sites in the metallic lamice. During reaction
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Fig. 7. Magnetization loops of ¥ Mg and Y Mngl), measired a5 K
(H=-5tw5T)
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of deuterium with Y Mns, leading to formation of YMn:Dy,
the changes of electronic structure, crystal symmetry,
atomic environment and interaomic distances occur, There-
fore the interpretation of magnetic properties of YMnaDy,
which depend on =0 many factors, necessitates further
measurements of low temperature specific heat, newtron
diffraction, NMR. ctc. These cxpeniments are actually
realized and new results will be published.
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Albstract

A mew phase Y MoD, was synthesized by submitting YMuog t0 L7 kbar denterium pressuee al 473 K. According fo Xeray and
neutron powder diffeaction experiments. YMnaDy crstallizes in the Fnlm space group with a = 67091 A at 300 K. The Y and
half of the Mn wtoms oceupy sutistically the e siie whereas the other Mn atoms are located m e sie and surrounded by & D atoms
{24 -¢). This corresponds 1o a K:P1Cl-1ype structure with a partially diserdered substructure which can be written as [YMno]MnH .
Mo ordered mugnetic moment 15 observed i the NPD paterns and the mugnetization measurements display o paromagnetic
hehavior. The study of the thermal stability by Differential Scanning Calorimetry and XRD experiments indicates thay this phise
decompeses in YDz and Mo at 625K, and is more stable than YMnzl L s.
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Keywordy! Luves phise; Hydride, High pressure; Xeruy diffractions Newron diffracton; Muignetism, Differential thermal calorimetry; Theremal
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1. Introduction

Treatment of metals and alloys by using high
hydrogen/deutenium pressure proved to be effective in
the svntheses of new hvdndes or deuterides. It has been
used for hinary hydrides like MiH [1] and nickel alloys
[2.3]. Ml [4). FeH, [5]. Maore details can be found in
severul monographs [6-8). With few exceplions (MnH,
cun be given as exampled the hydrides formed at ligh
hydrogen pressure are not stable at normal conditions,
We expected that the application of high hydrogen
pressure to 8T2 (R = rare-earth and T = transition
metal ntermetallic compounds) may extend the hyvdro-
pen absorption o higher values with formation of rew

"Corresponding awhor, Fax: « 3314978 1203,
Epnanll address: paulbonie glvi-cnes fr (V. Paul-Boacous).

00224356/ - soe front matter & 2004 Elsevier Ine. All rights seserved.
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crystalline phases remaining stable ot normal oondi-
Lo,

As expected, we succeeded 1o form and study new
hydrides (deuterides) of Laves-phase compounds ke
LrCo-H- and £rFe.Hq, [210). Y Fe-Hs and ErFe.Hs
[11,12] and maore recently YMn.Hg [13]. The hvdrogen
content stored in YMnaH, corresponds 1o o weight
capacity of 3% which is the largest value for such
compound and s comparable o whal is obtained in
£rvaH;, for example [ 14].

The previows X-ray diffraction (XRIDY) analysis has
shown that ¥ MnaH g crystallizes in a face-centerad cubic
structure (g = 0,707 A} [13], This structure 15 quite
different from that observed for the already known
YMuo-H, hydrides (dewterides) (0<ye==4.3) winch ne-
tins a strocture denved from the cubic MgCu, Lype
structure of YMna. Al room temperature these hydrides
show an increase of the cubic cell parameter up (o
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x =735 and a rhombohedral distortion for 4£x<4.5
[15=20]. In contrast to these mther small distortions it
seems that the crvstal structune of Y MnoH, results from
o complete reorgunization of the vt cell of the parent
compound, bul to check tns assumplion il is neccssary
to determine also the locitien of the H atoms. For this
purpose we have investigated the crystal structure of
YMn: using newtron powder dilfraction (NIPDY)
experiments. The magnetic structure was also studied
by the MPD analyss and magnetic measurements, In
order to determing the thermal stability of YMnoDy, we
used the Differentinl Scanning Calorimetry  (DSC)
measurements and sample characterization by XRD
after various heat treatments. These results are pre-
sented in this paper and discussed in relation with the
properties of the YMnaHy e hydride.

2. Experimental

¥ Mn= was prepared by induction melting of the pure
clements (Y, 99.9% from Santoko America and Mn
99.80% from alpha products) followed by an annealing
trestment of 11 duys ot 1073 K. The homogeneily of the
sample was checked by XRD and electron microprobe
analyas (EPMA). The intermetallic sample was single
phase with a cubic C135 structure and a = THE1(1) A
Abhowt 6Hg of ¥Mn-Dy has heen prepared for the
neutron diffraction experiments under 1.7 kbar deuter-
fuin pressure and 473 K [13] The Y M Hy o hydride was
synthesiaed s in Rel. [20). Alter deateration the powder
remains black and the sample is stable under pir during
several months.

Density measurements have been pedormed using a
velumetnie method with an Aceupye 1330 Picnometer
from Micromeritics Company.

The XRD patterns wene measured with o DE Brucker
dilfractometer equipped with o rear graphile mono-
chromator in the range 107 <20 1207 with a step of
002 uang Cukz radiation. The samples were deposited
aona flar plate with 0.2 mm thickness.

The WNPD pattems of the deuteride have heen
registered al 2 and 20K on the 3T2 dilfrmetometer and
at 1.5 80 and 290K on the G4.1 dillractometer at
the Laboratoire Léon Brilloum (LLBpat Saclay. For the
T2 experiment the wavelength was 12254 and
the angular range 6 < 200125 with a sep of 005,
For the Gd.l cxperiments the wavelength was 2.427 A
and the angular range was 27 20 82" with a step of
017, The dewteride sample was conmained in a vanadium
tube of & nun dismeter. All the XRD and NPD pullerns
were ehned with  the Rictveld method, using the
Fullprof code [21], The line shapes were refined with a
Pearson VI function,

DSC was performed on TA-QIO0 DSC apparatus
leom TA Instrument, The samples were placed in
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aluminum pans under fowing punfied argon atmo-
sphere. The experiments were perdformed from 313K up
tor tem peratures ranging from 523 o 750 K with a rate of
20K min,

Magneclization measurcments were performed from 5
to 290K on a Quantum Design PPMS magnetometer
will applied held up 1o 5T,

3. Results and discussion
31 Structure

Density measurements led to a value of d =
4.{‘-.1{|]g|."u‘r'ta. This experimental density is in E;nurl
agreement with the caleulated one: o = 4636¢ /om” for
Y Mo.Dy i foc cell with o= 6.709A and & =4,

The G4.1 experments performed al variows lempera-
tures, between 1.5 and 290 K. revealed very few changes
in the NPD patterns: o small incnease of the back ground
us the temperature increases and a shift of the peaks due
tor the increase of the cell parameter.

Tor solve the nuclear structure we hove analyred the
NPD pattern measured ol 2K on 3TZ In o previous
waork [13] the XRD pattern of Y Mo,y was relined in a
cubic structure described in the F43m space group where
the ¥ 15 on the 4a site and the Mn on 45 and 4e sites.
Ulsing this space proup description, a Fourier difference
of the experimental and cakoulated WPD pattern
mdicated hat the D atoms should occupy the 2 g
position with x close to 0. Nevertheless ts solution led
to very bad refinement of the NPD pattern with an
Rypage 0f 43%. The Fourier difference analysis revealed
that no other sites were occupied but that the density
wid fon lirge or foo small on the 4a and 46 sites
depending on whether 1 was occupied by Y or Mn
atoms. A good refinement (Rye = 6.3%) wus ob-
tained with a statistical occupation of Y wd Mo atoms
in the da and 4b positions, This structure can be also
described in the Fmdmr space group (supergroup of
FAlm) corresponding 1o the erystal structure (K,PrCl,
type structure) of Mg.FeHg [22] and ather isostructuml
M. TH,,. hydrides [23.24], where M and T represent two
dilferent metals. In Mg-FeH, the Mg atoms occupy the
£ site, Fe the 4g site and D atoms the 24e site. Bul s
determined previously, the NPD pattern could not be
refined in an ordered structure (for example Mn on B¢
and ¥ on de sites led to an By, of 120%). The only
solution to refine correctly the NPD line intensities was
to assumc o statistical occupancy of the 8¢ site by 4 Y
and 4 Mo (Mnl) atoms, whereas the de sile s occupied
by 4 other Mo (Mno2) atoms amd the 2de site by the D
atoms (Table 1) This crystl strecure led also to a
hetter  refinement of the XRID pattern ar 300K
(Rpppy = 5.8 "A}_lh;m in the ordered structure de-
scrbed m the Fdlm space group (Ramg = £%) [13).
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Table 1

Limit cefl parmmeter (o, cell wolome { 1), wiove lenpth (2], relined atomie pasitions (o), occopation nombers (V) Drebye Waller Guctor ( #8), e wialth
parameters (L7, F, B, Y ) and refiability factoms (R R, 8o ) for Y MoaDy NPD pattern measured on 312 a1 2 K. Total number of independent

refleciiong: 48

Spsice Froup FEmim o= GRS (1] A Vo= 20954 (1A' P= 1225 A
Aloms Wyckoff position x N BAT

Y B 04901 [LTGEEY]
Mnl B AN 0,004}
Mn2 & 1 N4

1 K L 2465 1) | 1.5 2)

w1 AE(2) F=—0.50 w ¥ 121}

Ripagy =T-1% Ao = 50%

Rep = 22% 2 =51

Weak additional lines due o few percent (5.8%) of
rhombohedral deuteride YMnzH, s and Ya(d (2.5%)
were ohserved 1m the XHED  pattern. Very  small
additional lings were also observed in the NPD pattern,
but much weaker than in the XRID pattern since the
neutron have a larger penetration length than the X-my,
and are therefore less sensitive to the surface. The 3T2
NPD (2K} pattern refined as described in Table | s
reported in Fig. |. The refincment of the 3T2 NPD
pattern at B0 K leads o the same struciure as that at 2 K
with only a small increase of the cell parmmeter
(= 66894114 ar 2K and a=ﬁ.ﬁWW[]}A at A0 K).
The NPD patterns of YMn.Dy, measured on G4,
dilfroctometer  (devoted (o the study  of  magnetic
structure) contuns weak additional reflections at low
angles, which cannot be refined in the fec cubie cell of
YMn:D. However, all of them can be refined with the
nuclear (3% ) snd mogmetie strocture of thombohedral
YMn.Dy ¢ (Fig. 2) [16,25].

Fig. 3 shows a schematic representation of the cubic
structure of YMuDy, described i the Findm spoce
group. The coordination numbers and the caleulated
nteratomic distances of the first neighbors are reported
in Tahle 2.

The random (Y, Mn) substitution on the 8 site is
rather surprising il we consider tw difTerence between
the metallic atomic radius of Y (130 A) und Mo (1,40 A)
atoms. However, this difference 15 reduced of instead of
metallic rdii the covalent radii are considered Y(1.62 Al
and Mn (1.3% A). In addition the small bump obscrved
around o = 4.74 A in both 312 and G4.1 NPD patterns
can indicate a shon range order, which correspond to
the distance between two Y{Mnl) or two Mn2 atoms.
Since no short mnge order between two Ma2 aloms s
expected, it con rather be related (o the existenoe of o
short range order of ¥ and Mn atoms on the Se site,

Another important fenture 5 that the deuteriom
atoms are not located into interstitial sites (A2R2 or
AB3) like in other YMnoH, hydrides but  form
octahedra around  the Mn2 atoms. The distunces
between the D atoms (of = 234 A) are larger than the
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Fig. 1. Experimental and reflned NPD pattern of Y MDDy measased
on AT2an 2K

*  Yoba
= 10000 Yeal
.g ——— Yalbes-Yoal
8
E 0 R i wil "2
1 ] I I L] I L I [ |

M 20 30 40 60 60 T 80
2 theta
Fig. 2. WPD pattern of Y Mn Dy measurad on G410 at 15K The tick

correspond G Che (R of (1) YMeagi 20 nmdenr amd (3 mugpmets:
strcture of Y Moy .

Switendik criterium o = 2.1 A [26], whereas the Mn2-D
distances {165 A) :m:‘s:hnrtcr than the sum of the momic
metallic radius (L.75A), A comparison with YMnaDy <
which crystallizes in the thombohedrul Bim space group
with 2 Y sites. 2 Mn sites and 3 D stes [16,23] albo
indicates u change of bonding tvpe. In YMn:Dy s cach
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Fig. 3. Schemu of the cuble srrocmure of Y M0y,

Tahie 2
Coordmation members wml interawomic distinees me Y Mgy oabew-
Bt wnth o= B TR A mespsoresl ol WHD K

Central stom ¥ Mul (A) Mn? (A) 13 (A}

¥ Mnl B 124, 744(1) & 21 17 13T3(1)
Mn? (4a) %245 1) 124741} f LS T
[ (M) 4.2.3731) I 1LBSHT) 4233 1)

Mn artom is surrounded by 6 Mn ar 2.80-2.92 A whereas
in YMn-De, taking mtoe aceount the hall occupuncy of
the & site, each Mn s surronnded by 4 Mn ot 2904,
Tlas means tat if the Mo-Muo interatomic distances are
conserved,  the Mn  coordination numbers  changes
significantly, The distances between the Y und Mn
atoms in YMn.D; ¢ varies hetween 339 and 343 A
which is large compared ta 2905 A in YMnsD,, This
confinms a significant change in the nature of the
bonding belwesn Y and Mn aloms,

In Y Mun.Dy 5 the Mo-D distunces varies between 1.77
and 1.92A and the Y-D distance between 2,188 and
2386 A, These distances are larger than the Mn2-D
distances (1.654 A) abserved in YMn-Dy and also
suggest o different type of Mo-D bonding.

This rises the question if the magnetic order in
YMuoa Dy, ¥YMnaDy . is antiferromagnetic with o mo-
ment of 32pB by Mo atoms al 15K and o Néel
temperature of 330K [23]. The analysis of the NPD
patterns of ¥ Mn:Dy, from 1.5 to 290 K has revealed that
there is no long-range ordered magmetic  strcture
associated with this phase. The magnetization curves
display o hnear behavior down (o 30K and should be
related o a puramagnetic belavior (Fig 40 AL 3K there
15 a weak ferromagnetic component, which can be
attributed to small amount ol sccondary phases or
impuritics. The inverse of the magnetic susceptibility is
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Fig, 5 Evolution of the mokir suaeptibiliay of Y 8ogDy 0+ ) omd

refinenient (line) watl & Pauli paramapnet constant susceplilsility and a
Curie-Welss low.

not lincar versus twemperature  indicating  that this
evolution % not related to o smple Coric-Weiss law.
However, it is possible 1o refine (Fig. 5) the magnetic
molar  susceptibility  yay with the sum of a Pauli
parnmugnel  lemperalure  independent  susceptibility
and a Curie-Weiss law:

=it th

8
T —flp
with go=0.004 +0.00] emu/maol, C=0355emu)
mol KG oand i, = <30K. Assuming that the Curie-
Weiss low concerns hall the Mo atoms this would lead
o an elfective Mo moment of aboul 3 py close 1o that
observed in other YMn: hvdrides. Since the shorter
Mn=-Mn distances in YMn:Dy are similar 1o those of
YMnasllge (290A4), one would have expected the
existence of an ordered antiferromagnetic or ferimag-
netic structure for Y Mno.Dy, However, due 1o the strong
Mn2-D bonding, the mternction between the Mal and
Mn2 atoms in YMnaDy, should be very different from
that observed m Y MnaDy ;. Goncharenko et al. [27)
have shown that the Mn=Mn interactions in BMnzH, s
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Tydrides ure very sensitive to the hyvdrogen surrounding
and could be cither ferromagnetic or antferromagnetic
depending of the presence or absence of one H atom
between the two Mo atoms. In the case of YMnaDy, the
octahedral cage of deuterium atoms seems 1o prevent
any long mnge order magnelic inleraction.

3.2, Thermal stabifity

Fig. 6 displavs the evolution of the DAC signal of
YMuaHy . and YMooDy, up to 673K, In order Lo

1
Yin,
04 _ i ——
£ TV
[ YhnH,, /
{_
17 m==
-s_
- . - . 1 v 1 . T
300 A00 500 B00 T00
T(K)

Fig. 6, Bvolution of the DSC spnnl versus temperatune for Yh:naHa o
and ¥ MunD,.

identify the ormn of these peaks, XRD measurements
were performed on YMnaH, : and YMnaDy, after
different heating temperatures in the DSC apparatus
as summarized i Table 3. The H content in the
¥Mn.H, phases was esumated from their cell pora-
meders using the data of Ref. [20].

The endothermic peak observed for YMnoI, . ot
IB0K (41.57)/g) can be attributed o the meversible
rhombohedral—cubic transformation according 1o pre-
vious ND measurements [16]. A detmled DSC analysis,
with emperature cycles ar everv 5K indicates that this
peak intensity progressively decreases as the heating
temperature is rnsed between 445 and 520K duee o loss
of hydrogen in YMosH, o until complete disappearance
of the rhombohedral phase.

A sceond broad endothenmie peak 15 observed around
SA0 K for YMnaH; <. with a lanee enthalpy of reaction
(AN =190 mol). According to the XRD analysis of
YMuosHy s belween 323 and 593K (s peak can be
attributed 1o a fast deuterium desorption from v = 3.5
e LEH T (Table 3). As temperature is higher, slower
hydrogen desorption takes place. The XRD analysis
indicates that after heating m 643 K there 15 a partal
decomposition of the hydride imo YH. and Mn, and
probably a heginning  of amorphization  beside a
remaining crystalline YMnoHy  phase.

Concerning YMno,Dy, o very small peuk 5 abo
observed at 386 K due to the 2-3% of rhembohedral

Tabie 3
XRD resuits for Y MagH s aml Y Mo Dy after DEC experiments
Ta (KD ¥iingH . Mg [y,
Phise ¥ Coeli parasmeter (A) Fluase “a Cebl puraneter (A)
294 Y MnaH, s 1o =580 1) W Mg Dy LE! w=0T0%1)
= 4072 ¥vina D3 4 7 u = 501
= 1440712)
493 Yi:lnaH, - a5 = S HG0(1)
= 107 1)
Y:inaH. - 5 a = 813613
513 Y¥inaHaa 34 a=%11M1 ¥ 5z Dy [{E1] W= 0TUH1
YMnaH s s w=80131)
T3 ¥ &:inaHy, 25 o= TYHINI} ¥ ML, ([T} o= §T0ET)
YhinaH o T2 a=T95K1)
593 YMngH, 100 u=T9211) Y Mg Dy, 6l a=0T0H1)
Y Eh
621 YihinaH . 100 = TO0N 1) Y Min: Dy, 22 d = GAREY)
Y3y 13 a= 5134
Mn 42 o= §.92K5)
Gl Yiin H,, 10 = 17271}
YHs 3 w=5 14711
Mn 35 i = B ES4)
ATl ¥YH. ¥, 4 a=513N9)
Mn Mo 55 o = B U2H5)
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Irtensity (a.u.)

Fig. 7. Evoluion of the ¥MnD; panems ofier vanoos DSC
treatments. The temperatures correspomd o the DSC experinmnt
miximum emperatuecs. The sturs are relmed o socond phise:
thombobadral and cubic deutenide.

YMuooDy . The peak at 540K can also be attnibuted to
the desorption of the remmmmg Y Mn: D, phascs since
this intensity (6% 1J1/g) represents only 36 of that
ohserved for Y o.My o This is confirmed by the fac
that the lines attributed o YMuo.Dhy 5 hove disappeared
from the XRD puttern of YMun.Dy, after heating al
STAK (Fig. 7). The large endothermic peak observed for
Y Mna Dy, which starts an 61122 K with @ maximum at
2K and an emthalpy of 200+£21g can he
attributed to the demtende decomposition into YD
and z-Mn which is complete ot 673K (Fig. 7 The
relutive percentage of YD: and Mn comespond 1o a full
decomposition and  should  be  awompamed by a
desorption of about $H/Tu. A weak decreanse of the
cubic cell parnmeter of Y Mnaly, (—0.3%) was observed
when inereasing the temperature (Tahle 3) which may
imply a very small desterium desomtion,

These results clearly show that YMn:D,, displayvs «
lorger stability than YMn:H, 5 since its thenmal decom-
position oceurs at higher temperature. The orign of this
higher stability can be explained by the fact that the
Mn-D honds are stronger in YMnaDy than in
YMnaH, 2 In ¥YMn Dy the Mn-D bonds have a 'Il:n'Er_I:h
of 165A, whereas they are equal or larger than 1L.78 Ajin
YMuaHz e In sddition in YMup=Hy « the H aloms are
locoted i interstitiml A2ZB2 tetrubedml stes and H
desorption results in the fommation of hydndes with
lower H conmtemt in the same tvpe of structure, In
¥ Mnald; there = 0 complete reorganization of the
metallic framework which is different from that of the
starting compound YMny and therefore the simple
hydrogen or deulenum desorplion is nol possible.

F.3. Discussion

This study has shown that Y MnaDy, synthesized by
submilting YMns 1o very high hydrogen pressure
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(1.7kbar) display a fluorite-tvpe structure with a
disordered substructure. Several isostructural hvdrides
of M-TH, where M is a alkaline earth (M = Mg, Ca, Sr)
or u divalent rare enrth metn] (M= EuYb) and T a
transiion metal (7 = Fe, Ru, Os) bave already been
obtained by sintering the mixture of metallic powder at
moderate  lemperatures  (623-800K) and  hydrogen
pressure of TO-130bars [24]. In these compounds the
parent intermetallic compounds dogs not exist and
direct hyvdropenation is not possible [24].

However, it is the first time (o our knowledge (hat this
type of hydride can be oblained by direct reaction of an
intermetallic compound with hydrogen  (deuternium),
Morcover in Y Mn: Dy, the 8e site 15 not a divalent metal
hut a result from a random distrboution of Y and Mn
atomns, This marks also a difference with the quaternary
complex hydndes MM TH, (M M.=CaMg and
T = Fe) where an ordered armangement of the alkaline
metal on the Be site was found [24).

Concerning the nature of the Mo-D bonds it can be
noticed that the Mn2-D distances (gfiMn-02) = 1.65A)
are close to those ohserved in other MaTH, hydndes
[24]). For example, in Mg.FeH,, d{Fe-D)) = 1.556 A and
in MgOsH,, o Ors-00) = 1682 A, These short distunces
are indicative of covalent bonding [22], These hydrides
can therefore be consdered as coordination compounds
ruther than interstinal metal hydndes. In addinon these
M-TH, compounds are described as complex anions
THY™ surrounded by a eage of divalent M®° cations,
Assuming the same Lype of electronic configuration and
applying the 12 electrons rule the Mn2-D should fom
[Mu'D, )" octahedral complex [28]) whereas the Mol on
the &e site should be Mno'_ il we consider that the Y
atoms are Y. However the ionic state of the Mn atoms
i net supported by the previous X-ray absorpiion
(XAS) measurements on YMn-Dy which have shown
that the Mn L.y near edge structure are similar 1o tha
of Muin YMun; [13]. The Mn K-edge near edge structure
i5 also close w that observed for YMnzH, 5. Comparned
to the sturting mtermetallic Y Mna there is a decrease of
the prepeak intensity corresponding 1ooa transition from
s state to empty dp states hvhrdized with the 3d
conduction band. This prepeak inlensily progressively
decrease s the H conlent meneases as observed in other
BMH, hydrides [29], These XAS results indicate that
the Mo atoms are nol inoan o stole since s would
induce a sigmficant shift of the Mn A-edge position
compared to Y Mn. and the other YMn.H, related
hydrides. MNevertheless the analysis of the magnetic
susceptibility with the sum of a Pouli paramagner and a
Curie-Weiss paramagnel, may indicate different mag-
netic belavior for the Mol and Mn2 atoms, in relation
with their very different surrounding. Therefore. band
structure caloulations will be performed in order 1o get o
hetter understanding of the electronic structure of
YMu:Dy In addition Nuclear Magnetic Resonance of
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"M is in progress to clarify the nature of the two types
of Mun atoms in this new deuteride.

4. Conclusion

In this study, we have shown that YMn; Dy crystal-
lizes in a disordered Auorite structure which is close 1o
other hvdrides like Mg-FeH, and can be denoted as
[YMunMoH,. The Mn atoms occupy bwo Lypes of siles:
hall of them are randomly substituted with the Y atoms
on the B site while the other occupy the de site and arc
surrounded by & deuterium atom at 1.65 A, The neutron
experiments down to 15K did not reveal any ordered
magnetic structure for this compound. The magnetic
curves were analyeed assuming a sum of Pauli and
Curie-Weiss paramaznetic behavior resulting from two
different types of Mn atoms, due to their very different
D surrounding. The study of the thermal decomposition
of Y MnaDy and YMnaH,: hvdndes though DSC and
XRED expenments indicate a higher thermal stability for
¥ MnaDy. This can be attributed to the stronger M-I
honding and the difference in the structure compared 1o
the C15 one of the parent compound.

Acknowledgments

We are thankful 1o V. Lalanne for the synthesis of
YMun; and E. Leroy (or the EPMA analysis.

References

[1] B Barnovasks, B Wismiewski, Bull, Acad. Pl Son. 14 1%66) 273,

2] 5.8, Filipek, B, Buranowski, Roce, Chem. 49 (1975) 11449,

13] 5.8, Fiipek, B, Baramoeowski, M. Yo, Roce, Chem, 51(1977)
X3

4] M. Krukowski, B Burmowski, Boce, Chem, 3% (1975) 1153

13] V.E. Antonow, LT, Belash, EA4 Ponyatovskn, Sor, Meall 16
(182 203

[6] EL. Ponyatovski, V.E Antonov, LT, Belash, inc AM,
Frokhorov, A5, Prokhorov (Eds.h Problems in Solid State
Fhiysics, Mir Publ. Moscow, 19584, pp. 1089-171,

36

|7] B Baromowski, .M. Fibpek, m: B Bamnowsks, 11, Jurcak
(Fals), High Presame Chemical Svothess,  Elsevier Soence
Puhleshers, Amstenlom, Oxford, MNew York, Tokyo, 1959,

8] Y. Fukai, in: Y. Fukai (Fd.), The Metal Hydrogen System, Basic
Hulk Properties, vol. 21, Springer, Berlin, 1993, pp. 71019,

191 S.M. Filipek. 1. Jacob. V. Pau-Boncour, A, Percheron-Guégan. L
Murchuck, I}, Mogalyanskn, J. Preleaek, Pold, 1, Chem. 75 (20001
1921-1920.

[10] V. Paul-Bomour. F. Bourde, 5.0, Filipek. L Marchuck. 1 Jacob,
A, Percheron-Guegan, J. Alloys Compd, 33357 (2005) 69-72,

[11] ¥, Paul-Boseour. .M. Filipek, A, Pescheron-Guégan, L. Masch-
uk. J. Piddaseck. J. Alloys Compd. 317-315 (2001) 83-87.

[12] V. Paul-Boneour, SM. Filipek, 1. Marchuck, G. Andel, F.
Bowrée, G, Wicsinger, A. Percheron-Guegan, 1. Phys, 15 (2003)
43404350,

[03] =Y. Wang, ¥. Paul-Boncour, B.-5 Lig, A, Percheron=Ciutgan,
M. Dorogova, 1. Marchuck. T. Hirara, 5.M. Filipek, H.-5. Shea,
LY, Jamg, 1-M, Chen, H 1Y Yang, Solad State Commuon. 14k
(2004) 815-820,

[14] 1-l Dideshem, K. Ywvon, € Fewcher, 13 Shaloel, ] Less
Commaon Mer, 73 (1980) 235-362,

[15] M. Latroche, ¥, Paul-Bomoouwr, 1. Preewoenik, A Percheron-
Gasdépan, F. Bowrde-Vigneron, J. Allove Comped, 231 (1995)
G5 1483,

[14] M. Latroche V. Paul-Bomoour. A. Percheron-Guégan, F, Bourde-
Vignerom, J, Alloys Compel. 274 ( 1995) 545 64

[17] M. Latroche V. Paul-Bemour. A, Percheron-Gudgan, F. Bourde-
Vigneriom, G, André, Physica B 276 278 ( 200E)) thee 667

[18] H. Figiel. A. Lindbaum. C. Kapusta, B Grate, ). Aloys Compd,
207 (1995) 157=10,

[19] V. Paul-Boncowr. M. Latroche, A. Percheron-Giuggan, ). Sokd
Srare Chem. 150 (2000) 183-187.

[20] ). Preswoznik. V. Paul-Boncour, M. Latroche, A, Percheron-
Guégan, 1. Alloys Compa, 225 (19935) 436439,

[21] J. Rodrguee-Carvajal. in: Proceedings of Congr. lnt. Union of
Crymallography, 1990, p. 127,

[23] 1.1, Dvidisheim, P. Zolliker, K. Yvon, P Fizcher, 1. Schefer, M.
Gubetmann, A.F, Williams, Inorg. Chem. 33 (1984) 19531957,

[23] E Orpe, M. Gupta, 1, Fhys, 5 (1993) 6697 AT1E,

[24] B. Huang, F. Bonhomme, I Scivam, K. Yvon, I Fecher, ). Less-
Commaon Me, 171 (19891 300311,

[25] LN, Goncharenko, 1. Mirebeua, ANV, Irodova, B Susnd, Phys,
Hew, B 36 (1997) 2380 2554,

[28] AE Switenalick, £, Phys, Cham, K, F, 117 (1974) 5%

[27] LW, Goncharenko, 1 Mirehe, AV, Inslova, B Suend, Phys,
Hew, B 39 (19949) 93249331,

[28] H. Kohlmann, Encyclopedia of Physical Science and Technoiogy,
Academic Press. Mew York, T2 pp. 441458,

[29] V. Paul-Bowcour. A. Pecheron<Guegan, J. Alloys Compd.
203295 (1999) 237-242



