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Y 09Gdo1Fex(H,D1.7)4, compounds crystallize in a monoclinic structure at room temperature, with an increase
of the cell parameters versus the H content. These compounds undergo a ferro-antiferromagnetic fir st-or der
transition, the transition temperature of which increases from 98 to 144 K for z going from O to 1, dueto a
strong magnetovolumic effect. Above room temperature (290-340 K), they display an order-disorder (O-D)
transition from monoclinic towards a cubic structure, which has been studied by DSC and XRD versus
temperature. Thistransition occursvia the presence of an intermediate phase, the structure of which depends
on the H content. For z=0 and 0.5 the inter mediate phase is monaclinic, whereas an orthorhombic phase is
observed for z=0.75 and 1. In addition, for the H-rich compounds the orthorhombic phase disappears at a
much lower temperature upon cooling than it appears upon heating. DFT band structure calculations for
Y Fe;H, compounds showed that for 4 <x < 4.5, although the monoclinic phase is the more stable one, the
energy of formation of the orthorhombic phase isonly 0.1 kJ higher. For 4.5 <x <5 the orthorhombic phase
becomes more stable. The sensitivity of the O-D transition to the H/D content could be related to a volume
effect. At higher temperatures (T > 400 K), the thermal desorption studied by TGA shows a multipeak
behavior that isnot sensitive to the (H, D) isotope effect.
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Introduction also because a large magnetocaloric effect is véder
at the F-AF transitiofil6,17] However, the transition
temperature should be increased for magnetic

refrigeration applications. This can be achievedhey

Hydrogen absorption can strongly modify the
magnetic properties ofR-T (R = rare earth,

T = transition metal) intermetallic compounds due to
cell volume expansion and changes in the electronic
structure[1]. YFe can absorb up to 5 H/f.u. and form
hydrides or deuterides with different crystal stunes
[2-10]. Generally, H for D substitution has no
significant influence on the magnetic properties of
metal hydrides. However, it has been discovered tha
the magnetic properties of Y§&I,D;,)4, compounds
are very sensitive to the nature of the hydrogen
isotope: the ferro-antiferromagnetic (F-AF) traiosit
temperaturel ¢ is shifted from 84 K to 131 K foz
going from 0 to 111,12] This has been explained by
the larger cell volume of YEEl;, compared to that of
YFe,D,, which induces a large magnetovolumic
effect. Tr.ar can also be modified by applying an
external pressurd 3], or by tuning the cell volume by
the replacement of Y by another rare-earth element
(R = Gd, Tb, Er)[14,15] These compounds are
interesting not only for this unusual isotope effét
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substitution of Gd or Tb for Y, which induces a
significant increase of the cell volume afdxr.

In addition, YFegD,, shows a particular structural
transition in the room temperature range. Upon
heating above 330 K, YEB,, undergoes an order-
disorder (O-D) transition from a monoclinic (space
group C2/m) towards a cubic (S.G=d-3m) structure,
with an intermediate rhombohedral structure (S.G.
R-3m) [10,13] At low temperature the deuterium
atoms are located in specific .,/ and YFe
interstitial sites. This induces a displacementthef
metallic neighbors and a lowering of the crystal
symmetry. Above a critical temperatufig p, the D
atoms randomly move inside the different sites amd
average cubic structure is observed. A study of the
local order of YFeD,, by a partial distribution
function (PDF), obtained from neutron diffraction
patterns measured below and above the O-D transitio
(Top), temperature has shown that the local order
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remains the same up to about 8i&.(inside one unit
cell) and diverges for larger interatomic distances
[10,18]. The PDF analysis has shown that each Fe
atom is surrounded by 4 or 5 D atoms. In additmn t
the large isotope effect on the F-AF magnetic
transition in the Y,GdFe D H,)424) compounds,
we observed for the first time that the O-D traosit
is also isotope sensitive, even for small amouriits o
substituting Gdy{=0.05 and 0.1).

We have undertaken a systematic study of the
influence of substitution of both Gd for Y and H @
on the structural and magnetic properties of
Y 1,GAdFe&(D1Hy)a 1) compounds with the aim to
improve their magnetocaloric properties and todvett
understand the O-D transition. In this work, we
present the results obtained for one selected Gd
concentration y(=0.1). The Y% ¢GdyiFexHD1.7)a2q)
compounds were studied by ThermoGravimetric
Analysis (TGA), Differential Scanning Calorimetry
(DSC), X-Ray Diffraction (XRD), and magnetic
measurementgersustemperature. The isotope effect
on both the magnetic and structural transitions el
discussed in comparison with the non-substituted
YFey(H,D1..)4> compounds. In complement to these
experimental results, we have performed DFT
calculations for YFgH, compounds (3.5 x<5), in
order to compare the phase stability of the hydnide
different  structures  (cubic, monoclinic and
orthorhombic)versusthe H content.

Experimental

The Yo¢GdysFe intermetallic compound was
prepared by induction melting of the pure elements,
followed by 3 weeks of annealing at 11K0 The
composition and homogeneity of the alloy were
checked by X-ray powder diffraction (XRD) using a
Bruker D8 diffractometer (CK, radiation) and
electron probe microanalysis (EPMA), as described
in [19].

The Yy4Gd, Fex(H,D15)4, Samples were prepared
by solid-gas reaction using a Sievert apparatus, as
described iM19], then quenched into liquid nitrogen,
and after that slowly heated under air to poisam th
surface and prevent gas desorption. The total {H, D
content corresponds to the one calculated by the
volumetric method, before quenching into liquid
nitrogen. The hydrogen/deuterium mixture was
prepared by using two tanks filled with, ldnd DO,
respectively, and adjusting the pressure in eathta
obtain the wished H/D ratio. The two tanks werenthe
opened to fill the hydrogenation bath and form & H/
mixture in the gas phase.

The samples were characterized by XRD at room
temperature with a Bruker D8 diffractometer (K,
and the patterns refined with the fullprof cod®].
The order-disorder transitions were studied by XRD
versustemperature with a Bruker D8 diffractometer
equipped with a Vantec detector and an oven.
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The thermal behavior was studied using a
differential scanning calorimeter DSC Q100 from TA
Instruments, under Ar flow and with a heating/cogli
rate of 10K/min. The (H,D) desorption was studied
by thermogravimetric analysis (TGA) Setsys
evolution from SETARAM, filled with argon.

The magnetization measurements were performed
using a conventional Physical Properties Measurémen
System (PPMS) from Quantum Design with a
maximum field of 90 kG.

Spin-polarized band structure calculations were
made by using the DFT scheme implemented in the
projector-augmented wave (PAW) method, performed
with the VASP packagd21,22] The Generalized
Gradient Approximation (GGA) was used with the
Perdew and Wang functiongl3]. A plane wave basis
set with a cutoff energy of 668V and high-density
k-point meshing were used in all the calculations,
converging within 0.1 eV in total energy. The
structural forces in the hydrides were first mirded
by relaxing the cell parameters but keeping thtaini
symmetry of the structure, and then by relaxing the
internal atomic positions.

The phase stabilty of YkH, hydrides
crystallizing in three different structures was
considered. The first structure is the cubic C15
(S.G.Fd-3m (227)), studied for 3 x<5 with a step
Ax of 0.5, and the cubic cell parameggr. The second
structure is monoclinic (S.GP1cl (7)); it appears
experimentally forx=4.2(1) and was calculated for
x=3.25 to 4.75 withAx = 0.25. From the cubic cell,
the  monoclinic  structure is obtained by
applying a=4V2a2, b'=+v2a;, c =-accod,
=90 + Atan{/2/2). The third structure, observed
experimentally for x=5, is orthorhombic
(S.G.Pmr2; (31)), witha" =b"=+2a./2, ¢ = ac. For
all the studied compounds the hydrogen sites were
chosen so that they reproduce the experimental site
occupancies (position and preferences) found by
neutron diffraction for a giverx value [10,24,25]

H atoms were added or removed, taking into account
the experimental occupancies, in order to tune
the H content between 3 and 5.

Results and discussion
a) Experimental results

Y 0.dGty 1F& is single phase and crystallizes in a cubic
C15 structure witta = 7.364(1) A.

Four Y..,GdFey)D;H,) 424 Samples with different
H/D ratios ¢ =0, 0.5, 0.75, 1) were synthesized. Their
XRD patterns showed a mixture of monocliniz2(m)
and cubic Fd-3m) phases, the cell parameters and
relative weight percent of which are reported in
Tablel. As an example, the refined pattern of
YodGdyiFe&Dss is shown in Fig.1 and the
corresponding atomic positions of the monoclinic
phase are reported imable2. The amount of
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Table 1 Cell parameters of %Gd, 1Fex(H,D1.5)42compoundsat room temperature.

Compound Spacd wt.% | a(A) b (A) c (A B () V (A% AVIV
group (%)
Y oGt F&Das C2im | 65(1)| 9.4399(3) 5.7456(2) 55119(F) 122.33(1) 262(65)| 26.52
Fd-3m | 35(1) | 7.992(1) 510.49(14) 27.83
YoGhFeDosHodas | C2m | 78(2)| 9.4491(1) 5.7514(1) 55201(1) 122.34(1) 263(4) | 26.99
Fd-3m | 22(2) | 7.975(1) 507.13(16) 26.96
Yo sGth FexDoHozdar | C2Zm | 65(2)| 9.4551(3) 5.7561(2) 5.5241(p) 122.32(1) 258(04)| 27.25
Fd-3m | 35(2) | 8.005(1) 512.96(11) 28.45
Y oGt F&Haa C2im | 75(1) | 9.4589(2) 5.7581(J) 5.5249(2) 122.33(1) 2B&(2) | 27.36
Fd-3m | 25(1)| 7.9969(6) 511.424(7) 28.07
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Fig. 1 Refined XRD pattern of ¥sGdy ;F&D4 5.

monoclinic phase varies between 65 and 78 wt%. The
a, b, c parameters of the monoclinic phase increase
with increasingz, whereas the monoclinic angfe
remains constant. The cell volumweincreases with
increasingz, as for the non-substituted compounds.
The V =1(z) curve can be refined by a linear fit;€
252.63(10) & B= 1.73(15) &, Ry =0.976) which can

be compared with that of YHB,, (Vo= 251.48(6) &,

B = 1.99(9) & Ry =0.996)[12]. The increase of the
cell volume was attributed to the larger amplitude
the zero point vibration of H atoms compared to D
atoms, inside interstitial sites surrounded by keav
atoms[26].

The cell volume of the cubic phase is not
clearly related to the H/D ratio, and taking
into account the twice larger number of atoms biy un
cell Z=8 for the cubic phase,Z=4 for
the monoclinic phase), the volume is equal to or
larger than the volume of the corresponding
monoclinic cell.
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The difference of the volumetric behavior between
the monoclinic and cubic phases is related to their
different  hydrogenation  properties. For all
Y 1,R/Fe(H/D), compounds, H/D ordering occurs for
well defined H or D contents, accompanied by a
lowering of the crystal symmetry below the O-D
transition temperature. For the intermediateanges
no ordering of H/D occurs, and the phase always
presents the Fd-3m symmetry, whatever the
temperature. These cubic phases can be understood a
H/D solid solutions in the host compound. Therefore
the cell parameters of the cubic phase depend @n th
total (H, D) content as well as on the H/D ratiada
can vary randomly from one sample to another.

The DSC curves measured upon cooling and
heating for the four samples, display peaks
corresponding to three different ranges of tempeeat
as shown inFig.2 for Yo¢GdyiFeHs4 i) at low
temperature the weak peaks are due to the change of
volume associated with the magnetic transition,

Chem. Met. Alloy$ (2013)



V. Paul-Boncouket al, Isotope effect on structural transitions ing®éd, ;Fex(H,D1.5) 4, compounds

Table 2 Refined atomic positions of the monoclinic phaggate grou2/m) in Y, Gdy FeD, 5. The Bragg

factor for this phase isfR= 4.4%.

Atom Wyckoff position X y z B(A?
Y,Gd 4 0.8692(4) 0 0.1337(7) 0.21(5)
Fel Vol 0 Y Y% 0.14(6)
Fe2 o] 0 Ys 0 0.14(6)
Fe3 4 Yy Yy Y 0.14(6)
coolin
06 - Q YD.QGdEJFeZHttA
| = 0<-D
044/
/| [F<AF |f'|
¥ 3 |
S 024 \ / [
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Fig. 2 Full DSC curve of ¥ ¢Gdy 1FeHs 4
il) near room temperature, the peaks can be atéibu  temperature. At 2 K, theMu(B) curves show
to the order-disorder structural transition, iii)régher ferromagnetic  behavior with a spontaneous

temperature the broad peaks are related to the magnetization of 3.15(3)z. Between 100 K and

thermodesorption process.

Experimental results will be presented to follow
the different types of transition observed upon
increasing the temperature: i) the magnetic tramsit
at lowT, ii) the order-disorder transition close to room
temperature, iii) the thermal desorption at high
temperature.

i) Magnetic transition

Magnetization versus field M(B) and temperature
M(T) curves were measured for the four samples. The
M(T) and M(B) curves of Y GdyiFeD,s; are
displayed inFig. 3.

As for YFeD,, the sharp decrease of the
magnetization around 100 K can be attributed to the
F-AF transition Fig.33). The M(B) curves Fig. 3b)
show different magnetic behavior depending on the
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150 K, the M(B) curves display metamagnetic
behavior with a transition fielB,,,sdetermined by the
maximum of the derivative curve for each
temperatureBy,,s increases linearly with increasifg
and its extrapolation to zero field allows deterimin
the transition temperature without field (denofg
as in previous works)Ty = 98 K forz= 0. Between
200 K and 300 K, the material is paramagnetic, with
weak spontaneous magnetization (0.3&0300 K).
Similar magnetic behavior was observed for all of
the compounds. The spontaneous magnetization
(Mspon)  €xtrapolated to zero field varies between
3.08(1) and 3.30(1)gff.u. (Table3). These values are
smaller than for the non-substituted compounds, and
assuming antiparallel coupling of Fe and Gd and the
same value of the Fe moment, one can estimate for
z=0, 0.5 and 0.75 a Gd moment close to 6.0£5) u
slightly smaller than the Gd free ion value @).u
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Table 3 Magnetic parameterdo: temperature & = 0 G, dB/dT slope,Mgoni SPONtaneous magnetization)
and TGA results (H+D content, transition temperasir

Compound Tmo (K) dB/dT Msport(2 K) | CaedH, D)fu. | To(K) | To(K) | T5(K)
(kG/K) (He) (TGA)
Yo0sGthFeDq4 s 98.0(2) 1.93(1) 3.15(1) 4.0(1) 4325  450.0 498.4
Yo0sGthiFe(DosHoga1 | 125.8(2) 1.47(1) 3.30(1) 3.9(1) 432.4 481.8
Yo0.9Gth 1Fe(Do 7dHo0.2941 | 129.3(2) 1.13(1) 3.23(1) 3.7(3) 428.5 4457 496.8
YoGCthiFeH, 4 144.0(5) 0.99(1) 3.08(1) 4.0(1) 434.0 445.0 515.0
#Peaks 2 and 3 are not well separated and an &veafige was obtained.
3 . . - . .
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Fig. 3 Magnetization of ¥ Gd, ;Fe&D, 3 versustemperature (a) and field (b)

The difference of Mgyon between ¥ GdyiFeH. s
and YFeH,, is larger (close to 1g4) than for
the other compounds; this value will lead to
a too large Gd moment, compared to the free ion
value, and experimental errors have to be takem int
account.

For all of the compounds the evolution Bfa.s
versusT (Fig.4) shows that: i)Tyo increases with
increasing z, ii) the dB/dT slope decreases with
increasingz (Table3). These results confirm the large
isotope effect on the magnetic properties of these
compounds, as already observed for the non-
substituted compounds.

ii) Order-disorder transition

Y0.6Gh 1Fe(DosHos)s1 mMainly shows two large
peaks upon heating and cooling, with a temperature
difference AT, 3=3 K and AT,z =5 K. The peak
temperatures are about¥4K lower than those of the
corresponding peaks of the deuterides.

Y9G F&(Do2dHordar  and Yo dGdoiFeHss
display two or three peaks upon heating, at lower
temperatures than fa= 0 andz= 0.5. A decrease of
8.8 K/Hatom for T; and 8 K/Hatom for T; is
observed. The difference betwe€&nand T; remains
similar to that observed for the two previous saapl
(AT;3=3 and 5K forz=0.75 and 1, respectively).
But, upon cooling the difference betwe&n and Ts
extends over a much broader temperature range
(ATy2 =148 and 204K forz=0.75 and 1,
respectively). A plot of the peak maximum

The DSC curves corresponding to the O-D structural temperaturesT) is reported inFig. 6. Upon heating
transformations between 290 and 340 K are presented (red lines), the decrease Bf andT; is continuous and

in Fig.5 for the four compounds. Upon heating,
Y0.dGyFe&D, 3 displays one large peak at 330.2 K
(T, followed by two small peaks at 331.Z,( and
334.7K (3. An almost symmetric behavior is
observed upon cooling, with a shift of the maximum
peak positions of between 2 and 4 K to lower
temperatures. It can be noted that the onset
temperature of the main peak;(Ty) is 328 K upon
both heating and cooling.
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remains moderate. Upon cooling (blue lines), a
marked change is observed in th&/Az slope forTy:

at z=0.5: 8.2 K/Hatom forz=0 to 0.5 and 45 K/H
atom forz=0.5to 1.

In order to understand the origin of the differ@nc
of the O-D structural behavior between the D-rich
samples =0 and 0.5) and the H-rich samples
(z=0.75 and 1), XRD patterns were recorded from
298 to 343 K upon heating and cooling.

Chem. Met. Alloy$ (2013)
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Fig. 4 Transition fieldversustemperature for Y¢Gdy.1Fe(H,D1.5)4..
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Fig. 5 DSC curves of ¥¢Gd, 1Fex(H,D1,)4» compounds, zoomed between 290 and 340 K to shevDtb
transitions. The arrows indicate heating)(and cooling (). Each peak is labeled By (heating) orTn’

(cooling) withn = 1 to 3.

Chem. Met. Alloy$ (2013)

135



V. Paul-Boncouet al, Isotope effect on structural transitions ing®éd, ;Fex(H,D1.5) 4., compounds

335
330 11t Tl
325-
320-

315_- DSC

T(K)

—— heating
—— cooling

310+

305 +

~ea
c~.

Monoclinic + cubic

T4 T3

T2'

3004

Y,,8d,,Fe,(H

le-z)4.3 A

T

295 T T T T T
0.0 0.2 0.4

0.6 0.8 1.0

Fig. 6 Transition temperatures (DSC peak maximajsusH content for ¥ ¢Gdy 1Fe(H,D1.,)4> compounds.
The results of XRDversustemperature have been added to explain whichtataldransition is occurring.

The evolution of the diffraction patterns of
Y0.9Gth.1F&Ds3 and Yo ¢Gdy 1F€(Do.2dHo.75)4.1 VEISUS
temperature is reported kfigs.7 and8 for z=0 and
0.75, respectively. The presentation of a 3D phd h
been chosen in order to show the evolution of tekp
positionsversustemperature. At room temperature the
XRD patterns correspond to a mixture of monoclinic
and cubic phases. Upon heating, the diffraction
patterns show structures of different symmetries,
which transform into a single cubic phase at high
temperature. The transformation is reversible upon
cooling. A comparison of the plots ifigs.7 and 8
shows a different intermediate behavior for the two

samples. Besides the structural distortion,
Y 0.9G0 1F€(Do.28Ho.75)4.1 displays additional
reflections that are not observed for the deuteride
The evolution of the XRD pattern of
Y 0.6Gy 1F&(Do.sHo.5)4.1 resembles that of
Yo GdyiFeD. 3 whereas that of ygGdyFeH,, is
similar to the one recorded for
Y 0.9G0h.1F€x(Do.25H0.79)4.1-

The results of the Rietveld analysis are presented
in Figs.9 and10. Each diffraction pattern was refined
using the fullprof code in order to quantify the@amt
of each phase, as well as their cell paramatersus
temperature.

For Yy.dGay 1FeD, 3 (Fig. 9) the weight percentage
of the monoclinic phase decreases, whereas thheof

peaks are observed, an intermediate phase indexed i
monoclinic  structure (M’) with different cell
parameters appears and disappears. This phase is
maximum atT, = 332(1) K. Its cell parametes ¢
and B are larger than for the phase M, whbeis
smaller. Furthermore, the cell parametarandc of

the phase M’ increasdy decreases and increases
sharply (from 122.6 to 124.0°) between 328 and
338 K. This evolution of the cell parameters
corresponds to a progressive reduction of the
monoclinic distortion, since the simple loweringtbé
crystal symmetry from a cubic to a monoclinic
structure without cell distortions yieldb =c and

S =125.265°. Above 338 K there is only a cubic phase
(C), with no clear variation of with temperature.

ConsequentlyT; corresponds to the formation of
M’, T, to its maximum percentage afd to its full
transformation into the cubic structure. Upon cogli
similar structural changes are observed with the
appearance and disappearance of the M’ phase at
slightly lower temperatures than upon heating.

For  YodGthiFex DoodHor9ar  (Fig.10)  the
structural evolution from the monoclinic to the @b
phase is characterized by the presence of two new
peaks at 2=30.50° and 33.07°, which can be
indexed in an orthorhombic phase (O), isostructiaal
that of YFeHs (S.G. Pmr2;) [27]. Upon heating,
between 323 K and 330 K (betwed&n and Ts) the

cubic phase increases above the onset temperaturepercentage of the monoclinic phase (M) decreases,

Tons=328 K. The cell parameters of the initial
monoclinic phase (M) remain constant. Between 328
and 338 K,i.e. in the range where th&;-T; DSC

136

whereas that of the cubic phase increases. The
intermediate orthorhombic phase is observed in the
same temperature range, with a maximum at 326 K.

Chem. Met. Alloy$ (2013)
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Fig. 7 Diffraction patternsersustemperature of ¥sGdy ;Fe,D4 3 upon heating and cooling.
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Fig. 8 Diffraction patternwersustemperature of ¥oGdy 1F&(Ho.78D0.25)4.1 Upon heating and cooling.
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Above 331 K only the cubic phase remains. Upon Y 0.6Gth 1F&(DosHo.5)4.1 behaves like
cooling the same sequence is observed but in a Y,GdyFeD,s whereas ¥ GdyiFeHs4 shows an
broader temperature range: the monoclinic and intermediate orthorhombic phase like
orthorhombic phases appear below 327 K, the Y,GdyFe(DooHo7541. The large difference
orthorhombic phase is maximum at 320K and between the transition temperatures upon heatidg an
disappears below 309 KT{). Below 309 K, the cooling for z=0.75 and 1 therefore seems to be
percentage of monoclinic phase continues to siightl related to the existence of the intermediate
increase at the expense of the cubic phase. Theseorthorhombic phase. When the intermediate phase is
temperature ranges correspond to those observed bymonoclinic, the thermal hysteresis remains small.

DSC within the experimental errors.

Upon heating, the increase afc andg (122.4 to
123.6°) of the monoclinic phase and the decrease of
the monoclinic b-parameter, as for the previous TGA was performed in order to check the total
sample, are explained by a progressive reduction of amount of (H, D) atoms stored in the samples aad th
the monoclinic distortion. A reversible transforioat temperature of desorption. The loss of weight due t

iii) Thermal desorption

is observed upon cooling. The cell parameters ef th
orthorhombic phase are maximum at 320 K (for
cooling), with a cell volumeV =2545K&. These
values are nevertheless smaller than for e
(a=5.437 A, b=5.850 A, c=8.083 A, V=257 &)

take into account these differences, and estintae t
(H, D) content in this intermediate phase.
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(H, D) desorption occurs between 390 K and 550 K
(Fig. 11). The derivativedm/3T indicates a multipeak

desorption behavior,

as already observed and

described for YR, , [28]. The temperature maxima
of the three main peaks are not very sensitivenéo t
[27], despite the thermal expansion and the larger cell relative H/D content. According to the neutron pewd
volume due to Gd. Further studies are necessary to diffraction analysis of the thermal desorption of
YFe,D, ,, the different peaks correspond to successive
phase transitions between deuterides with different
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Fig. 11 Mass lossAm (black curve) and its derivativénm/st (red curve) measured by TGA for

Y0.6Gty 1F&D4 5

D contents[28]. The peak at higher temperature was
attributed to the transition from YH®; ;to YFe. The
total capacities measured by TGA are about
0.2+0.2 (H+D)/f.u. smaller than those obtained by
absorption Table 3.

b) Band structure calculations

The equilibrium volumes after full relaxation ofeth
YFe;H, compounds (3x<5) in each structure
(cubic (Fd-3m), monoclinic P1cl) and orthorhombic
(Pmr2,)) are plotted inFig. 12a For each phase, a
relative increase of the equilibrium volume is
observed with increasing hydrogenation rade This
behavior could obviously be explained by the cell
expansion induced by additional hydrogen atoms in
interstitial sites. Fok > 4, the equilibrium volumes of
the three phases become very close. This behavior
illustrates that each phase converges to the bing
close packed structure, the volume corresponding to
the maximum hydrogen content that may be inserted
in the host compound.

The heat of formation was calculated by
subtracting the weighted energy of the constituting

elements in their standard element reference states metal-hydrogen

from the total energy of the considered compound. |
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Fig.12h, the heat of formation of each hydride is
represented for the three types of structure. Tihncc
C15 structure appears to be the less stable phasg a
hydrogenation rate. As therate increases, it can be
seen that the most stable phase changes from the
monoclinic to the orthorhombic structure, with a
transition aroundx = 4.5. This is in agreement with
the experimental observations for 4.@<5.0.
Moreover, it can be seen that ferbetween 4.0 and
4.5, the phase stabilities of the monoclinic and
orthorhombic phase are very clogeH(= 0.1 kJ). The
monoclinic phase is also more stable for 8«4, but
experimentally it is known that, arouns= 3.5,
another monoclinic phase (S.B82,/c) appearg29].
However, no calculations have been done yet on this
phase to check its stability.

The associated total magnetic moments are shown
in Fig.12c The maximum values were obtained
around x= 3.5, in agreement with the experiments
[30]. Each phase presents a similar trend with a
reduction of its moment with increasing hydrogen
concentration, up to the disappearance of magnetic
ordering forx=5. This behavior has already been
shown by DFT calculationg30-33] and is explained
by the stability of a compound dominated by cheinica
interaction at this rate, which
converges to a Pauli paramagnetic state.

Chem. Met. Alloy$ (2013)



V. Paul-Boncouket al, Isotope effect on structural transitions ing®éd, ;Fex(H,D1.5) 4, compounds

61

3 "
S 60t
)
<
g 5ot
=]
o
> e
g 58 -
= X
I
= 4— Monoclinic
o 57 ®— Orthorhombic
wl J = Cubic
56 1 1 1 1 1
3.0 3.5 4.0 4.5 5.0
nH / nYFe,
(a)
-0.6
0.8
—~ = .\
5 1.0}
E ——
_3 121
- A
S -14f N " -
Jc: A e
S -16f >
g s
£ -18¢f A— Monoclinic A2
u? 20 ®— Orthorhombic \:
=20 Cubi
- ubiC \.
22 Il 1 1 1 1
3.0 3.5 4.0 4.5 5.0
nH/nYFe,
(b)

4+ ]
° —A— Monoclinic
—e— Orthorhombic
3r —m— Cubic
4 A

Total Magnetic Moment (p by f.u.)
N
T

1
3.0 3.5 4.0
nH/ nYFe2

(©

Fig. 12 Results of DFT calculations: (a) cell
volume, (b) enthalpy of formation and (c) total
magnetic moment for the cubic W),
monoclinic (A) and orthorhombic €)
structuresversusH content.

c) General discussion

In the Y.,GdFe, deuterides, the H for D substitution
increases Tr.ar, but decreases the order-disorder
temperature from the monoclinic towards the cubic
structure. The increase OF-,r has already been
explained by a strong magnetovolumic effect due
to the cell expansion occurring upon H for D
substitution12,13].

The decrease dfy.p versusz may also result from
the larger cell volume of the H-rich compoundsgsin
To.p also decreases with increasing D content in the
YFe,D, compoundg34]. It is interesting to observe
that in thes&RFex(H,D), compounds the magnetic and
the O-D transitions occur at different temperatures
whereas the magnetic and the O-D transitions in
RMny(H,D), compounds occur at the same
temperatures which are increasing vergusontent
[34-37]. The strong correlation between the magnetic
and structural order in thB&Mn,(H,D), compounds
has been explained by the frustration of the AF Mn
sublattice in a pyrochlore structur6,38] This
correlation can be decoupled by applying external
pressurg38].

The O-D transition in the ¥Gdy 1F&(H,D1.)4.20)
compounds also occukga an intermediate structural
transformation, which is very sensitive to the [,
content: for the D-rich samplez£0 and 0.5) the
intermediate phase is monoclinic, whereas it is
orthorhombic forz=0.75 and 1. The large hysteresis
effect, observed between the formation and
decomposition of the orthorhombic phase, probably
results from the competition between two different
types of H/D ordering inside the host compound. The
monoclinic distortion is described in space group
C2/m (12), which is a type 1 subgroup Rf3m (166),
itself a type 1 subgroup ofd-3m (227). The
refinement of the neutron diffraction pattern of
YFe,D,, required further lowering of the symmetry
from C2/m to Pc (7) with doubling of théb parameter
in order to refine all the D atom positions and
occupation numberg10]. The description of the
orthorhombic structure of YEBs requires the
following subgroup sequencefFd-3m (227) -
[4/amd (141) - Imma (74) - Imm2 (44) -
Pmre; (31)[25].

The transformation from the monoclinic to the
orthorhombic phase probably requires another change
of crystal symmetry, which occurs at higher
temperature upon heating than upon cooling.

In YFeD,, the O-D transition occurvia an
intermediate structure, which was refined in the
rhombohedral space groip3m[11,13,18] The XRD
patterns versus temperature recorded for Yir&,
show a similar behavior as the deuteride, withbet t
apparition of an orthorhombic phase (unpublished
work). Therefore the partial substitution of Gd f6r
should play an important role to stabilize the
orthorhombic structure in hydrogen-rich compounds.
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The comparison of the DFT results (obtained at
0 K) with the present experiments is interesting. |
fact, measurements at room temperature show that
around x= 4.2 the compounds are monoclinic, in
agreement with the stability found by the DFT
calculations. The small difference in heat of fotioa
between the monoclinic and the orthorhombic phases
(0.1 kd/mol) indicates the possibility of a phase
transition, as observed on increasing the temperatu
and for Gd substitution. Gadolinium was not
considered in the calculations. Actually, the Yfe
cell structures considered are already large andodo
allow simulating Gd substitution (which needs a
supercell). Moreover, the strong localization oé th
f-electrons of Gd demands a modified exchange and
correlation function, such as GGA+U, which was not
considered in the present work. Gd substitution,
neglected in the DFT calculations, could lower the
heat of formation of the orthorhombic phase. We can
assume that Gd substitution, which should incréfase
cell volume and induce modifications of the cherica
bonds, would also affect the results presented in
Fig. 12,

In the whole range of concentration, there is a
large energy difference between the cubic structure
and the ordered monoclinic and orthorhombic phases
(0.4 kd/mol). Since the calculations were perforraed
0 K, the vibration contribution was neglected, but
should be taken into account to explain the phase
transitions observed at high temperature.

From the DFT calculations, a slightly larger
equilibrium volume is also observed for the
monoclinic structure fox >4, compared to the two
other phases, whereas this phase is the most stable
and could be expected to be more compact. However,
from Fig.12c it can be seen that, fox>4 the
monoclinic phase presents the larger magnetic
moment, which induces an increase of the cell velum
below Tear [10]. The larger cell volume of the
monoclinic phase can result from this additional
magnetostrictive effect.

Conclusion

The study of Y¥¢GdyiFex(H,Di,)x compounds
(x=4.2(1), z=0 to 1) has shown that these
compounds present a very original and interesting
(H, D) isotope effect. A  ferromagnetic-
antiferromagnetic first-order transition was observ
for all the compounds, with a transition temperatur
increasing from 98 to 144 K far going from 0 to 1,

i.e. 47% increase for a cell volume change of 0.65%.
These compounds also present an order-disorder
structural transition from a monoclinic towards a
cubic  structure, with the appearance and
disappearance of an intermediate phase. This
intermediate phase is monoclinic for 0 and 0.5, and
orthorhombic for z=0.75 and 1. The transition
temperatures decrease lineaviyrsusz upon heating,
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whereas a discontinuity is observed for the low
transition temperatur@;: upon cooling. The transition
temperature is shifted to lower values for the
samples with large H conterg£ 0.75 and 1) and this
can be explained by the presence of the orthorhombi
phase.

DFT calculations agree with the experiments on
the higher stability of the monoclinic phase for
x=4.2(1), and on a change in favor of the
orthorhombic phase at=5. However, the energy
difference between the monoclinic and orthorhombic
phase is small (0.1 kJ) and it is possible thah liad
substitution and H atoms favor the formation of the
monoclinic phase upon heating. The order-disorder
transition will be studied for other Gd contents in
order to determine more precisely the conditions of
existence of the intermediate orthorhombic phase.

Moreover, as expected, the total magnetic moment
decreases with increasinghydrogenation rate. It is
difficult to consider Gd in the DFT -calculations,
however, the investigation of phases with lower
(H, D) concentration X=1.3 to 3.5 may be
interesting in order to check the phase stabildy f
X< 3.5.
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