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Abstract

The structure of YFe,D3;s at 290 K has been refined in a monoclinic
superstructure using synchrotron radiation and neutron diffraction experiments.
The evolution of the 3’Fe Mossbauer spectra versus temperature for ZrFe,D,
and YFe,D, deuterides with large deuterium content (3.5 < x < 5) has been
studied. For x = 3.5 both ZrFe,D, and YFe,D, show an increase of the Fe
magnetization compared to the parent intermetallic compound, related to the
increase of the cell volume. For YFe,D, the Fe moment decreases to complete
disappearance as x increases from 3.5 to 5 due to the stronger influence of the
Fe—D bonding compared to the volume increase. The evolution of the isomer
shift can be attributed to an almost pure volumetric effect in the case of the
YFe, deuterides, whereas for ZrFe,Ds 5 additional D-Fe charge transfer has to
be taken into account.

1. Introduction

During the last few decades hydrogen absorption and its influence on the structural, magnetic
and electronic properties of RT, Laves phase compounds (R =Zr, Y, rare earth and
T = transition metal) have been intensively studied [1-3]. Hydrogen absorption in these Laves
phases induces an increase of the cell volume accompanied in some systems by structural
distortions caused by hydrogen order. The magnetic properties of these compounds are very
sensitive to changes of interatomic distances related to H insertion but also to the modification of
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the electronic properties characterized by the formation of a low lying T-H band and the filling
of the conduction band. Among these systems, the RFe, Laves phases compounds (R = Y and
heavy rare earth) form several hydrides or deuterides with different structures for concentrations
ranging between 1.3 and 5 H(D)/fu [4-9]. A large number of structural and magnetic studies
performed for x < 3.5 H(D)/fu have shown a decrease of the Curie temperature and an increase
of the Fe moment as the hydrogen content increases [4, 7, 10—15]. For x &~ 4 H(D)/fu, different
results were found concerning the magnetic behaviour of the Fe sublattice depending on the R
element: for R = Y an increase of the Fe moment was observed [16, 17] whereas for R = Er
and Dy a sharp reduction of the Fe moment was found [17-19]. Recent works on YFe;Dy »
indicated that for this D content, the Fe moment is close to the ferromagnetic instability and that
atransition from a ferromagnetic to an antiferromagnetic state occurs around 90 K [20]. Finally,
applying high hydrogen or deuterium gaseous pressure allowed 5 H/(D)fu to be reached in YFe;
and ErFe,, where a strong reduction of the Fe moment in both compounds was found [9].

ZrFe, displays a different behaviour towards hydrogen absorption compared to the other
RFe; compounds. For pressures up to 7 MPa, the amount of absorbed hydrogen is limited to
0.35 H/fu [21]. The application of high hydrogen or deuterium pressure (P = 0.35 GPa),
however, allowed preparation of ZrFe,H(D)3 s [22]. This compound crystallizes in the C15-
type cubic structure and is ferromagnetic with a larger Fe moment at 4.2 K (2.2 up/Fe) than
the starting intermetallic ZrFe, (1.8 ug/Fe) [22, 23]. The study of ZrFe,H(D), formation
and decomposition shows that no intermediate compound is formed between x = 0.35 and
3.5 [23]. On the other hand, applying pressures up to 1 GPa did not allow a larger H or D
content to be obtained in ZrFe,.

The aim of this study was to understand more clearly the competitive influence of the
volume and T-D chemical bonding effect on the Fe magnetization in RFe,D, deuterides for
large deuterium content (3.5 < x < 5). Since Y and Zr are nonmagnetic, this allows us to
follow selectively the influence of deuterium on the Fe magnetization. For this purpose, adding
to previous bulk magnetization and neutron diffraction measurements, we have performed >’ Fe
Mossbauer spectroscopy experiments, which have already been used to characterize the local
Fe magnetic order in a large number of metal hydrides or deuterides of the RFe;, RyFe;;
and RFe T [18, 19, 24-36] type of compounds. Previous studies on YFe,D, compounds
with 1.3 < x < 3.5 by EXAFS and Mossbauer spectroscopy have shown the influence
of the large Fe—Fe distance distribution induced by deuterium absorption on the local Fe
magnetization [29, 31, 37, 38].

In this paper we will present at first results concerning the analysis of the structural data
on ZrFe;Ds 5, YFe;D3 5, YFe;Dy» and YFe;Ds including new results based on synchrotron
radiation and neutron diffraction experiments for YFe;D3s. Then, the STFe Mossbauer
spectroscopy results obtained on these four compounds will be analysed in relation to these
structural data. The relative influence of the cell volume increase, the Fe—Fe distribution and
the Fe—H bonding on the local Fe magnetization will be discussed.

2. Experimental details

The YFe, and ZrFe, alloys were prepared by induction melting of the appropriate amount
of metals under argon atmosphere followed by an adapted annealing treatment [6, 22]. The
homogeneity and composition of the alloys were checked by means of x-ray diffraction (XRD)
and microprobe analysis.

YFe;D3 5 and YFe,D4, were synthesized using a volumetric method with deuterium
pressure below 1 MPa. To obtain ZrFe,D3 5 and YFe,Ds, the RFe, samples were put in the
high pressure apparatus described previously [22] and treated at 373 K in vacuum before the
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hydrogen charging procedure was carried out. The hydrogenation was usually performed at
pressures up to 1.0 GPa and temperatures up to 373 K for 2—5 days. In order to avoid possible
hydrogen desorption the apparatus was cooled down to 213 K; then the pressure was reduced
to atmospheric value and the samples were immediately transferred to liquid nitrogen.

The XRD measurements were performed at room temperature by using a D8 Brucker
diffractometer (Cu Ko wavelength) in the range 10° < 26 < 120° with a step width of
0.02°. The XRD pattern of YFe, D35 at 290 K was measured using synchrotron radiation
(= 0.74744 A) provided by the Swiss—Norwegian Beamline at the ESRF (Grenoble). The
neutron powder diffraction (NPD) pattern of YFe,Ds 5 at 290 K was measured at the LLB
(Saclay), using the 3T2 diffractometer with a wavelength of 1.225 A. The patterns were refined
with the FULLPROF code.

The °’Fe Mossbauer spectra were recorded between 4.2 and 300 K using a conventional
constant acceleration type of spectrometer. The data were analysed by superposing a set of
discrete Lorentzians with equal width. The quadrupole interaction was treated as a perturbation
to the magnetic hyperfine interaction. The isomer shift (§) data are given relative to the source
(Fe(Rh)) and are related to § (relative to a-Fe at room temperature) by adding 0.12 mm s,
The errors on the hyperfine parameters are approximately 0.1 T for the hyperfine field and
+0.01 mm s~ for both the isomer shift and the quadrupole shift.

3. Results and discussion

3.1. Structural properties

3.1.1. ZrFe;D35. The structural study of ZrFe, D3 s by means of XRD and NPD published
in [23] indicated that the deuteride keeps the cubic C15 structure of the parent ZrFe, compound
with an increase of 7.1% of the cell parameter and 22.6% of the cell volume. In the related
patterns there was no indication of lattice distortion or superstructure lines [23]. The Wigner—
Seitz (WS) cell volumes were calculated with the BLOKJE program from Gelato [39] using
Voronoi polyhedra and considering only metallic atoms in order to estimate the pure volume
effect (table 1). The results show that deuterium absorption induces a larger increase of the
WS volume around the Fe atoms than around the Zr atoms. This difference is related to
the difference of atomic radii between Zr and Fe atoms, since the volume of the polyhedra
calculated without atomic radii around Zr and Fe lead to the same value of AV /V (22.6%).
This can be explained by the fact that in ZrFe, the Fe—Fe distances (d = 2.50 A) are close to
the sum of the Fe atomic radii (d = 2.52 A) whereas the Zr—Zr distances (d = 3.06 A) are
shorter than the sum of the Zr atomic radii (d = 3.20 A). As the cell volume increases due
to D absorption, the WS volume expansion is larger around Fe atoms than around Zr atoms.
If all the A2B2 sites (pseudotetrahedral interstitial sites constituted of two R (A) and two Fe
(B) atoms surrounding the D atom) were occupied by D atoms, the total D content would be
12 D/fu and each Fe would be surrounded by 12 D at 1.74 A. Since there are only 3.5 D/fu
instead of 12 D/fu, this means that there is an average of 3.5 D neighbours around each Fe
site. Although no long range order of D atoms is observed (at least down to 10 K), locally a
short range order of D site occupancy should occur due to repulsive interactions between D
atoms. According to the Switendick criterion [40] and interatomic distance calculations, the
occupancy of one A2B2 site in ZrFe,Dj 5 excludes three other A2B2 interstitial sites located
at distances shorter than 2 A. In addition, assuming that the number of D neighbours should
be an integer, each Fe should have at least either three or four D first neighbours.

3. ! .2. YFe;D35.  The YFe; D3 5 XRD pattern at 290 K was at first refined in the rhombohedral
R3m space group with a = 5.627(1) A and ¢ = 13.352(4) A [41]. Nevertheless, the analysis
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Table 1. The cell volume (V/fu) and Wigner—Seitz cell volume (WS) for each R and Fe site
in RFe, D, compounds calculated taking only metallic neighbours [39]. The structure and cell
parameters were refined from the x-ray diffraction patterns (with synchrotron radiation for x = 3.5
and 4.2) registered at 290 K. The Goldschmidt atomic radii used for the calculation are rz, = 1.60 A,
ry = 1.81 A and rpe = 1.26 A.

Compound ZrFe;, ZrFe;Dss YFe,  YFeyDss YFe; Dy » YFe,Ds

Structure Cubic  Cubic Cubic  Monoclinic Monoclinic  Orthorhombic

Space group Fd3m Fd3m Fd3m C2/m C2/m Pmn?2,

a(A) 7.070  7.567 7.356  9.482 9.429 5.437

b (A) 5.633 5.737 5.850

c(d) 5.494 5.508 8.083

B (deg) 123.84 122.37

V /fu (A3) 4417 54.16 49.75  60.94 62.91 64.27

AV ]V (%) 22.6 22.5 26.5 29.2

R atom WS volume 21.16 25.26 26.83  31.64 32.51 Y1:33.16

(A3) Y2:33.07

AVR/V (%) 19.4 17.9 21.2 234

Fe atom WS volume 11.51 14.45 1146  Fel: 14.62 Fel: 1524 Fel: 15.58

(A3 Fe2: 14.64 Fe2: 15.19 Fe2: 15.57
Fe3: 14.66 Fe3: 15.19 Fe3: 15.59

AVre/V (%) 25.5 27.8 327 36.0

of the synchrotron radiation pattern of YFe; D3 5 at 290 K indicates a lowering of the crystal
symmetry in the monoclinic C2/m space group with am = 9.4817(3) A, by, = 5.6332(3) A,
cm = 5.4942(3) A and B = 123.84° with 1 Y (4e) and 3 Fe (2b, 2c and 4e) sites. To refine the
YFe; D3 5 NPD pattern, however, it was necessary to consider a further lowering of the crys-
tal symmetry in the P2;/c primitive monoclinic subgroup using the setting No 14_1 which
corresponds to the unique axis b, cell choice 1 in the International Tables for Crystallogra-
phy [42] and a doubling of the cell parameter a. This leads to the following monoclinic cell:
a=15.754(2) A,b = 5.633(1) A,c = 9.476(1) Aand B = 144.55°. In this structure there are
2Y, 5 Fe, 24 A2B2 and 8 AB3 (pseudotetrahedral interstitial sites constituted of one R (A) and
three Fe (B) atoms surrounding the D atom) possible D sites. Since the lowering of the crystal
symmetry in the P2, /c space group is only due to the interstitial deuterium atoms, the positions
of the Y and Fe atoms which were derived from the refinement of the synchrotron radiation
pattern have been fixed (see for example the crystal structure analysis of ErFe,Ds [43]). The
structural parameters reported in table 2 show that only 15 A2B2 interstitial sites are partially
occupied. The calculated WS cell volume indicates a larger cell volume increase around the
Fe atoms compared to the Y atoms, but the differences between the different Fe sites remains
small. The calculated interatomic distances and number of Fe and D nearest neighbours for
each Fe atom are reported in table 3. The distances were calculated between all possible sites
in the structure and then grouped for the same type of atom when the distances were the same.
The corresponding coordination numbers were calculated taking into account the multiplicity
of the site and the occupancy factors. Each Fe is surrounded by 6 Fe at distances between
2.75 and 2.81 A and by 3—4 D atoms between 1.60 and 1.76 A. The non-integer values of D
neighbours are related to the fact that the occupancy numbers of the D sites are partial, which
is common in the metal hydride, despite the observed very low crystal symmetry.

3.1.3. YFe;D4,. Like that of YFe;Ds 5, the synchrotron radiation pattern of YFe;Dy4, at
290 K was refined in a monoclinic structure (C2/m space group) with ay, = 9.4291 A, b, =
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Table 2. Crystallographic data for YFe; D3 5 refined from the NPD pattern at 290 K. The positions
of the Y and Fe atoms were first refined in the C2/m space group (SR pattern) and then fixed in
the P2;/c space group.

Structure: Monoclinic Space group: P2y/c
a=157542) A b=5633(1)A ¢=9476(1) A B=144.55° VvV =487.6(1)1 A3

Atom (Wyckoff) x y z N B (A?)
Yl1(4e) 0.0625 0.000 0.250 1 1.219(6)
Y2(4e) 0.5625 0.000 0.250 1

Fel(4e) 0.250 0.000 0.000 1

Fe2(2¢) 0.000 0.000 0.500 1

Fe3(2d) 0.500 0.000 0.500 1 1.033(4)
Fed(4e) 0.250 0.250 0.750 1

Fe5(4e) 0.750 0.250 0.750 1

Dl(4e) 0.225(12) 0.000 0.302(18) 0.16(1)

D2(4e) 0.055(3) 0.215(4) 0.450(4) 0.75(1)

D3(4e) 0.428(2) 0.164(4) 0.515(4) 0.77(1)

D4(4e) 0.953(2) 0.190(4) 0.561(3) 0.90(1)

D5(4e) 0.164(3) —0.003(6) 0.192(4) 0.61(1)

D6(4e) 0.694(5) 0.009(10) 0.235(8) 0.33(1) 0.356(4)
D7(4e) 0.533(3) 0.271(5) 0.491(5) 0.55(1)

D8(4e) 0.381(5) 0.139(8) 0.100(7) 0.35(1)

D9(4e) 0.826(4) 0.133(5) 0.011(6) 0.50(1)

D10(4e) 0.658(3) 0.180(5) 0.979(6) 0.60(1)

Dl11(4e) 0.303(6) 0.723(9) 0.993(10) 0.31(1)

DI12(4e) 0.746(3) 0.723(5) 0.873(4) 0.44(1)

D13(4e) 0.774(4) 0.723(5) 0.127(4) 0.28(1)

Dl14(4e) 0.546(3) 0.593(6) 0.241(5) 0.54(1)

D15(4e) 0.938(4) 0.617(8) 0.255(8) 0.38(1)

D/fu 3.7(2)

Ryp = 9.27% Ry = 9.34% x2 =128

Table 3.  The number of Fe-Fe and Fe-D nearest neighbours and interatomic distances in
YFe,Ds5. The standard deviation is calculated to be 0.001 A on the Fe—Fe distances and 0.02 A
on the Fe-D distances.

Fesitt  Npe  dpe—re (A) TotalNpe  (dpe—re) (A) TotalNp  (dpep) (&)

Fel(de) 4 2756 6 2753 3.3(1) 1.72
2 2748

Fe2(2c) 4 2.811 6 2.790 4.0(1) 1.71
2 2748

Fe3(2d) 4 2.811 6 2.790 3.7(1) 1.67
2 2748

Fed(de) 4 2.813 6 2.794 3.3(1) 1.66
2 2756

Fe5(de) 4 2.813 6 2.794 4.0(1) 1.76
2 2756

(Fe) 6 2784 3.6(2) 1.71

57374 A, cm = 5.5078 A and Bm = 122.372°[20]. The NPD pattern at the same temperature
has been refined in a primitive monoclinic cell (P2, /c space group, unique axis c, cell choice
1) [44]. In this structure there are: 1 Y site, 3 Fe sites (Fel (2b), Fe2 (2¢) and Fe3 (4e)),
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3.5(1) D atoms located in 9 out of 12 possible A2B2 sites and 0.5(1) D atoms in 2 out of 4
AB3 sites. The analysis of each Fe site environment indicates 6 Fe neighbours at distances
between 2.75 and 2.87 A and only small differences of the WS cell volume. However, each Fe
site has a significantly different number of D neighbours: on average there are 3.2 D around
Fel, 4.4 D around Fe2 and 5.2 D around the Fe3 site.

A very close examination of the NPD pattern indicated weak additional lines which can be
indexed by doubling the monoclinic cell along the b axis. To refine this superstructure, there
are several possibilities—for example in a P2/m space group with 4 Y, 8 Fe, 48 A2B2 and
16 AB3 sites—but due to the weakness of the superstructure lines and the large number of D
sites (192 positions and 64 occupancy numbers), it was not possible to refine the NPD pattern
is this superstructure. Nevertheless, it is expected that this lowering of crystal symmetry will
influence the number of Fe sites observed by Mossbauer spectroscopy.

The structural evolution of YFe,D,, below room temperature shows a 0.5% cell volume
increase around 83 K, attributed to a magnetoelastic transition. The neutron diffraction analysis
shows a ferromagnetic structure from 1.5 to 80 K, an antiferromagnetic structure from 80 to
132 K and a paramagnetic state above 132 K.

3.1.4. YFe;Ds.  YFe;Ds crystallizes at 290 K in an orthorhombic Pmn2; space group with
ap = 5.427(1) A, by = 5.828(1) A and ¢y = 8.056(1) A [9]. In this structure there are 2 Y
sites (2a, 2a) and 3 Fe sites (2a, 2a, 4b). The Fe—Fe distance distribution indicates that each Fe
is surrounded by 6 Fe neighbours at distances between 2.66 and 2.95 A. The WS cell volumes
are very similar for each of the Fe sites (table 1). Previously, the NPD pattern of ErFe,Ds
was refined in the Pmn2; space group with 3.75 D in 6 out of 14 A2B2 sites and 0.87 D in
2 out of 6 AB3 sites [43]. Since YFe,Ds is isostructural to ErFe,;Ds, it can be assumed that
the D atoms in YFe;Ds occupy the same interstitial sites with occupancy numbers similar to
those for ErFe,Ds. These data are then used to calculate the average number of D neighbours
around each Fe site in YFe,Ds. Considering either refined or (integer) D site occupancies we
obtained 5.4 (5) D around Fel, 4.6 (5) D around Fe2 and 4.9 (5) D around Fe3 with Fe-D
distances between 1.65 and 1.80 A.

3.2. Mossbauer studies

3.2.1. ZrFe;D3s. Despite the fact that neutron diffraction data show C15 structure for both
ZrFe, and ZrFe,;Ds s, the difference between the Mossbauer spectra of the deuteride and of the
parent compound is obvious (figure 1). In the cubic C15 structure a single crystallographic site
(8a) with trigonal symmetry around one of the [111] directions (identical to the principal axes
of the electric field gradient (EFG)) is available for the Fe atoms (corner sharing tetrahedra
network). Since in the Hamiltonian, for a combined electrostatic and magnetic hyperfine
interaction a term 3 cos’6 — 1 is present (6 being the angle between the principal axis of
the EFG tensor and the hyperfine field), the crystallographically identical sites may become
magnetically inequivalent if the easy axis of magnetization is not oriented along the [001]
direction. In the case of a [111] easy axis, a ratio of 3:1 is obtained for the inequivalent sites,
corresponding to the angles 6 = 70.5°(3x) and 0°(1x) [4, 5]. In fact, two sextets with an
area ratio 3:1 are observed for ZrFe, (figure 1, top, and table 4).

The drastic change of the Mossbauer spectrum observed for the deuteride (figure 1, bottom)
isattributed to a change of the easy axis of magnetization away from a principal crystallographic
axis as well as to the incomplete deuterium occupation at the 96 g A2B2 sites, generating
changes of the local environment of the Mossbauer atoms. In a first attempt, four sextets with
equal intensity, arising from the four iron atoms forming a tetrahedron in the C15 structure
(which are now magnetically inequivalent), were assumed, yielding a reasonable fit to the
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Figure 1. Mossbauer spectra of ZrFe, and
ZrFe;D3 s at 4.2 K; o—experimental points;
dashed curves—individual subspectra; solid
line—total spectrum; the stick diagram on top
of the YFe;D3 5 spectrum indicates the line

4
)

positions.

Table 4. Hyperfine parameters derived from the computer fit described in the text for ZrFe, and
ZrFe; D3 5 at various temperatures.

ZrFe;

T(K) Site/6 (deg)  §(mms~')  (8) Amms™h  (A)  Bpr(T)  (Bur)
42 705 —0.17 —0.17 0.18 0.02 2223 21.82
0 —0.18 —0.47 20.57
100 70.5 —0.20 —0.20 0.19 0.04 21.50 21.15
0 —0.21 —0.40 20.10
295 70.5 —0.30 —0.30 0.17 0.05  20.07 19.77
0 —0.29 —0.30 18.85
ZrFe; D3 5
T (K) Sextet 8 (mms 1) (8) Amms=")  (A)  Bu(T)  (Bus)
42 1 0.44 0.43 —0.08 0.00  29.30 27.79
2 0.38 0.11 28.20
3 0.47 —0.05 27.53
4 0.43 0.03 26.11
100 1 0.39 0.41 0.00 0.00 28.95 27.45
2 0.40 —0.04 27.62
3 0.44 0.05 27.42
4 0.39 0.02 25.81
295 1 0.30 0.25 —0.03 0.00 2537 23.72
2 0.24 0.03 24.88
3 0.26 0.01 22.95
4 0.20 —0.02 22.99

experimental data. If, however, the number of sextets is increased to five, the quality of the fit
is somewhat improved, with only minor changes if the number of sextets is increased further.
Thus, one may conclude that, at least on a microscopic scale, the varying local deuterium
environment leads to an, albeit narrow, hyperfine field distribution. In order to account for the
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Table 5. Hyperfine parameters obtained for YFe; D3 5 and YFe;Dy 5 at 4.2 K.

Fe s A Bng (8) (A) (Bni)
Compound site® Noce (mm s~ (mm s~1) (T) (mm s~ (mm s~ (T)
YFe; D35 Fe3 2 0.35 0.28 30.27
Fel 4 0.28 0.03 29.23
Fe4 4 0.34 —0.10 27.86 0.34 0.07 26.68
Fe2 2 0.54 0.17 23.81
Fe5 4 0.29 0.11 23.58
YFe; Dy 1 0.39 —0.05 27.96
1 0.47 0.30 27.22
1 0.50 0.01 26.53
1 0.52 0.22 19.33 0.49 0.07 20.68
1 0.52 —0.04 18.33
1 0.37 —0.47 16.18
1 0.58 0.43 15.11
1 0.53 0.12 14.76

2 For the attribution of the Fe sites, see the text.

presence of some parent ZrFe,, a weak (13 at.% at 4.2 K and at 100 K) pattern (consisting of
two sextets with the area ratio 3:1) had to be added (figure 1, bottom). At ambient temperature
its absorption area has remarkably increased at the expense of the deuteride phase up to 30%
(figure 2), probably due to deuterium desorption upon heating. The linewidth of the sextets
obtained at 4.2 K for the deuteride is 0.41 mm s, compared to 0.35 mm s~! observed for the
parent phase, which supports the above assumption about the local environment fluctuation of
a Mossbauer atom.

Since the cubic C15 structure is preserved upon hydrogen uptake, the different hyperfine
fields By (table 4) are supposed to reflect the specific deuterium environment. From the small
values of the quadrupole interaction a direction of the magnetization close to [001] might be
suggested under the assumption that in the deuteride the orientation of the principal axis of
the EFG [111] has not been altered. The change in isomer shift upon temperature change is
solely due to the second-order Doppler effect.

The deuterium induced increase in isomer shift of +0.60 mm s~! (table 4) is unusually
large, particularly since the rise in volume (22.6%) is within the range generally observed
upon charging in this type of intermetallic compound (3 A/D atoms). If the total change
in isomer shift obtained by Mdossbauer spectroscopy is separated according to Wagner and
Wortmann [45] into a volume contribution (estimated from high pressure data obtained from
o-Fe) and an electronic contribution, the latter can be estimated. The value of 0.60 mm s~!
corresponds to a reduction of the (s electron) charge density at the Fe nucleus of about 0.3—
0.4 s electrons (Walker et al) [46], thus exceeding the values usually obtained in the case of
R-Fe hydrides/deuterides [4, 5]. Therefore, in the case of ZrFe;Ds s, both the volume and
electronic contribution to the isomer shift have to be considered, pointing to some importance
of a charge transfer to/from Fe. The rise in By of almost 6 T (27%) upon deuterium uptake
is in reasonable agreement with the increase of the Fe moment observed by means of neutron
diffraction (0.4 ug, i.e. 22%) [23].

3.2.2. YFe;D,. YFe, deuterides with various D concentrations (x = 3.5, 4.2 and 5) were
studied. The spectrum obtained from YFe,Djs s significantly differs from the Zr equivalent
(figure 3). Following the results from neutron diffraction, the spectra were fitted with five
components (table 5) resulting from the inequivalent Fe sites Fel-Fe5 with an intensity ratio
of 2:2:4:4:4. At4.2 K the individual hyperfine fields differ by about 6 T (20%). This variation
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Figure 2. Mossbauer spectra recorded from ZrFe;D3 s Figure 3. Mossbauer spectra recorded from YFe;Ds3 5
at various temperatures; o—experimental points; at 4.2 and 295 K; o—experimental points; solid curve—
dashed curves—individual subspectra; solid curve—total ~ total spectrum; dashed curves—subspectra.

spectrum.

cannot be simply explained by the changes of the Fe—Fe distances and the calculated WS volume
(table 1), since, while the Fel site has slightly shorter distances, the four other sites have almost
the same Fe environment. Therefore the difference of D neighbours has to be considered. The
average number of D atoms varies between 3.3 and 4 and the distances between 1.66 and 1.76 A.
From magnetic measurements, we know that the saturation magnetization at 4.2 K of YFe,D,
compounds reaches a maximum for x = 3.5 and decreases for x > 3.5. If we assume that the
number of D neighbours around each Fe atom has the same influence on the Fe moment, taking
into account the multiplicity of each Fe site in YFe,; D3 5 it is possible to attribute each Fe site
to one sextet (table 5). Following this assumption the Fe3 site (3.7 D) should have the largest
hyperfine field (30.27 T) whereas the Fe2 and Fe5 sites (4.0 D) should have the lowest (23.81
and 23.58 T). The distribution of the isomer shift values (0.28 mm s~! < § < 0.54 mm s™')
cannot be simply explained by the geometric effect of the local environment, and should also
be related to the D distribution around each Fe site, but in a different way to the hyperfine field.
The mean hyperfine field of 26.68 T is substantially larger than for the starting intermetallic:
21.36 T. This 25% increase is smaller than the 48% magnetization enlargement from 2.9 to
4.3 up/fu observed as x increases from O to 3.5. However, band structure calculations [47—
49] and NMR spin echo ¥Y measurements [50] have shown that in YFe,, Y has a moment of
—0.45 pup induced by the polarization of the s conduction electrons by means of the Fe moment
which reduces the total magnetization. Therefore the Fe moment in YFe; is about 1.67 g /Fe
or 3.35 upg/fu. If in YFe; D3 5 the saturation magnetization results only from the Fe moments,
an increase of 28% close to that observed by Mdssbauer spectroscopy is obtained.
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Figure 4. Mossbauer spectra recorded from YFe;Da 5 at 4.2 K; o—experimental points; dashed
curves—individual subspectra; solid curve: total spectrum. The spectrum has been fitted by
superposing eight sextets with equal intensity (see table 5).

At room temperature, the hyperfine fields arising from three Fe sites among five have
already collapsed (figure 3, top). This is due to the fact that for YFe,D; 5 at this temperature
the Curie point (340 K) is approached. As has already been observed in several cases [51, 52]
the hyperfine fields as a function of temperature vanish over a broad interval, demonstrating
the crucial influence of the local environment on the hyperfine interactions.

The spectrum recorded from YFe,;D,, at 4.2 K has been refined with eight sextets of the
same intensity (figure 4), in agreement with the proposed superstructure (section 3.1.3). The
broad distribution of isomer shifts (0.37 mm s~! < § < 0.58 mm s~!) and of hyperfine fields
(15T < By < 28 T) points to a strongly varying local environment of the Fe atoms (table 5).
The calculated Fe—Fe distance distribution and WS volume cannot explain this broad distribu-
tion. Therefore here also the D surrounding has to be considered. Although, itis not possible to
assign each sextet to an Fe site, since the superstructure could not be resolved from NPD data,
one can consider in comparison with YFe; D3 5 that five among eight Fe sites are surrounded
by more than four D per fu. The crystallographic data obtained from the refinement in the
primitive monoclinic cell (P2;/c) indicate that the Fe3 site (4e) has about five D neighbours.
Therefore most of the Fe sites which have the lower hyperfine field should be derived from the
Fejs site after the lowering of crystal symmetry.

The mean Bps of 20.68 T, lying close to that of YFe,, is lower than that obtained
for YFe;D35. This reduction of By, in agreement with the decrease of the saturation
magnetization (My = 3.7 up/fu) observed above a critical deuterium concentration, is
attributed to a decrease of the DOS at the Fermi level due to the shift of the Fe 3d band toward
the valence band [53]. This means that the chemical Fe-D bonding becomes predominant
towards the pure volume effect which leads to an increase of the Fe moment [53, 54].

In order to follow the evolution of the magnetic hyperfine interaction in YFe;Dy,, the
Mossbauer spectra were measured at several temperatures ranging from 4.2 K up to 300 K
with narrow temperature intervals near the magnetovolumic transition around 90 K (figure 5).
Between 4.2 and 90 K (figure 5, lower) the overall shape of the spectra remains similar with
a progressive and smooth decrease of the hyperfine field as the temperature increases. In
this temperature range all the spectra could be reasonably refined with eight sextets with
equal intensities. This agrees with the ferromagnetic behaviour observed from magnetization
measurements and neutron diffraction experiments between 4.2 and 90 K. At 90 K, magnetic
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Figure 5. Mossbauer spectra recorded from YFe;Dy o at various temperatures between 4.2 and
300 K; o—experimental points; solid curve—total spectrum.

measurements have shown a sharp decrease of the magnetization associated with a 0.55%
volume reduction.

Between 100 and 120 K, a more complex pattern is observed showing a partial collapse of
the Fe hyperfine field (figure 5, lower). This temperature interval corresponds to the range of
existence of an antiferromagnetic structure observed in the NPD pattern of YFe;Dy4, [20]. In
addition, the strong magnetic field dependence of the M (H) magnetization curves observed
above 90 K is similar to the itinerant electron metamagnetic (IEM) behaviour found in RCo,
compounds [55-57].

In order to interpret the results obtained from magnetic measurements, neutron diffraction
and Mossbauer spectroscopy, it should be assumed that some of the Fe sites, which are
surrounded by a large number of D atoms, are very close to the ferromagnetic instability.
At 4.2 K their hyperfine field (15 T < By < 20 T) is already smaller than in YFe,. Near
90 K their Fe moments collapse, through an IEM behaviour. As a consequence the exchange
interaction between the remaining three Fe moments is strongly modified and a ferromagnetic
order cannot be maintained. The antiferromagnetic structure with a (0, 0.5, 0) propagation
vector becomes more stable. As the temperature increases, the magnitudes of the Fel and
Fe2 moments decrease progressively up to 130 K. Above 140 K, the Mdssbauer spectra
are dominated by a broadened doublet, most probably due to a distribution of electric field
gradients. The remaining weak sextet could be due to some amount of YFe, D3 5 as observed in
the XRD patterns. According to the structural considerations at 295 K the Mossbauer spectra
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Figure 6. Mossbauer spectra recorded from YFe,Dy 5 at 295 K; o—experimental points; dashed
curves—individual subspectra; solid curve: total spectrum. The spectrum has been fitted by
superposing eight doublets with equal intensity.

Table 6. Individual isomer shifts (6) and quadrupole shifts (A) and average values obtained for
YFe,; D5 between 4.2 and 200 K.

T (K) Noce s (6) (mm S_I) A (A)

42 4 0.48 0.63
2 0.44  0.48 0.28 045

2 0.50 0.27

100 4 0.46 0.60
2 0.49 0.46 0.28 0.44

2 0.43 0.27

200 4 0.40 0.53
2 0.44 041 0.27 041

2 0.38 0.30

was refined with a distribution of eight doublets of equal intensity (figure 6). In order to reduce
the number of free parameters, the quadrupole shift was constrained to increase linearly. The
best fit was obtained with an increase of +0.05 mm s~! per site. The isomer shift as a fitting
parameter roughly followed the rise of the quadrupole shift, indicating a lower s electron
density at the nuclear site with increasing EFG.

In YFe,Ds each Fe is in average surrounded by five D atoms. Ab initio band structure
calculations have shown that for YFe,;Ds, due to the strong decrease of the DOS at the Fermi
level, the Stoner criterion for the onset of ferromagnetism is no longer fulfilled [53]. This
prevents the formation of magnetic order and, thus, of a magnetic hyperfine interaction, even
at4.2 K.

Mossbauer spectra were recorded at4.2, 100 and 200 K. Following the structural studies the
spectra were fitted by superposing three doublets with an intensity ratio of 1:1:2 corresponding
to the Fe sites 2a, 2a, 4b (figure 7). The hyperfine parameters derived from fitting the spectra
are given in table 6. The values of the individual isomer shifts and quadrupole shifts reflect the
slightly different deuterium environments of the Fe sites. Again, the reduction of the isomer
shift with raising temperature is due to the second-order Doppler shift. The weak temperature
dependence of the quadrupole shift may be attributed to small changes in the lattice dimensions
leading to an alteration of the electric field gradient at the Fe sites.
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3.3. Discussion

At first we will compare the behaviour of ZrFe,;Ds s and YFe;Ds 5, then the influence of the
D content in YFe,D, deuterides.

In ZrFe,;Ds 5 the increase of the mean >’Fe isomer shift is related to both volume and
electronic effects (charge transfer from/to Fe). In the YFe,D, deuterides no significant D—
Fe charge transfer can be observed, leaving the deuterium induced change in isomer shift
predominantly to the influence of the volume expansion (figure 8, top). For ZrFe,Ds s the
mean ' Fe hyperfine field at 4.2 K is close to that observed for YFe;D; 5 (figure 8, bottom).
However, at 4.2 K YFe;Ds s shows a broader hyperfine field distribution than ZrFe;Ds s.
This difference can be explained by a larger sensitivity of the Fe moment to the deuterium
environment in the monoclinic YFe;D3 5 than in the cubic ZrFe;Dss. The analysis of the
crystal structure has shown that the average number of D neighbours varies between 3 and 4 in
YFe;Ds 5, whereas only an average value of 3.5 D can be found in ZrFe;D3 5. In YFe;Ds 5, we
are just below a critical D concentration above which the Fe moment decreases. For ZrFe,Ds 5,
since it was not possible to prepare a deuteride with x > 3.5, there is no way to know what the
behaviour of the Fe moment will be for large D content in ZrFe,D,. However, since at ambient
temperature ZrFe,Ds 5 is still ferromagnetic, demonstrated by the presence of only sextets in
the Mossbauer pattern whereas in YFe;D3 5 several hyperfine fields have already collapsed,
this indicates that the Curie temperature of ZrFe,;Dj 5 is higher than that of YFe;D3 5. This is
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Figure 9. The By distribution in YFe, D, compound measured at 4.2 K as a function of D content.
The bars are plotted between the minimum and maximum By values refined from 57Re Mossbauer
spectra for each compound. The two domains called volume effect and chemical effect indicate
the ranges where each effect is responsible for the Byt distribution.

a strong indication that the Fe—Fe exchange interaction remains stronger in ZrFe, D3 s than in
YFe;Ds 5. Although band structure calculations have yet not been performed for ZrFe,D; 5
one can expect that for this concentration the volumetric effect will still be the main effect
leading to the large increase of the Fe moment.

In YFe,D, deuterides the mean ¥’Fe isomer shift increases continuously with the D content
in agreement with the cell volume expansion induced by deuterium atoms (figure 8, top). In
agreement with the magnetization measurements, the evolution of the mean hyperfine field at
4.2 K (figure 8, bottom) indicates an increase up to x = 3.5, a decrease for x = 4.2 and a
collapse for x = 5. This evolution has been explained by band structure calculations showing
a competition between the volume effect which tends to localize the Fe moment and the Fe—-H
bonding leading to a lowering of the Fe moment [53]. A similar evolution of the mean By
has been observed for other RFe; hydrides. For example for ErFe,H, and DyFe,H, a strong
decrease of By was found between x = 3.5 and 4.1 [18].

The distribution of the hyperfine fields was often attributed to the variation of the number
of H or D neighbours around the Fe atoms [13, 18, 19, 58]; nevertheless, the analysis of the
Mbossbauer data in relation with the structural and electronic properties of YFe,D, compounds
seems to indicate that this influence should differ depending on the D content inside the Laves
phases.

For a low D content (1.3 < x < 3) both XRD and EXAFS analysis have shown a broad
Fe—Fe distance distribution [37], related to the fact that there is a strong relaxation of the Fe
atom positions around the interstitial sites: the Fe—Fe distances contract towards an empty
interstitial site and expand around a filled site. For example in YFe,D, 3 the Fe—Fe distances
range from 2.45 to 3.2 A (dge_pe = 2.60 A in YFe,). In this case the By distribution can
be related to the volume effect: a larger hyperfine field corresponds to larger Fe—Fe distances
around one Fe site. For x = 3.5 and 4.2 the By distribution cannot be related to a broad
distribution of the Fe—Fe distances, since these distances remain relatively similar for all the
Fe sites, but rather to the large influence of the D environment which has a drastic influence on
the Fe moment for such large concentration. The evolution of the hyperfine field distribution
is illustrated in figure 9.
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4. Conclusion

This study of the evolution of the local magnetic order in ZrFe, and YFe, with high deuterium
content (x > 3.5) has shown that at 4.2 K the Fe moment first increases compared to that of
the parent compound. Then, for a larger D content a sharp decrease of the Fe moment and of
the magnetic ordering temperature is observed. This evolution can be related to a competition
between volumetric effects which tend to localize the Fe moment and electronic effects leading
to a filling of the conduction band and therefore to a strong decrease of the DOS for larger D
content. This behaviour also influences strongly the hyperfine field distribution, which become
sensitive to the number of D neighbours when reaching a large D content (x > 3).
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