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The structural and magnetic properties of YMn,D,,; have
been investigated by temperature-dependent neutron diffraction.
Magnetic and deuterium orders appear below 7,=217 K. To
separate both effects and to study only magnetic ordering, hydro-
gen atom contribution was cancelled by preparing the compound
YMn,(Hy¢,Dg36)115» A noncollinear magnetic structure with
3.1 u;/Mn is observed. Finally the low-temperature struct-
ure was fully solved taking into account both deuterium and
magnetic contributions. Whereas the deuterium atoms are rand-
omly distributed over all the 96g sites (Fd3m) above 217 K, only
12i sites in space group P43m are occupied at low temperature.
© 2000 Academic Press
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I. INTRODUCTION

YMn, Cl15-type Laves phase compound exhibits quite
complex magnetic structure and has been investigated by
several groups. It was first considered as a Pauli paramag-
net (1), but neutron diffraction studies (2) indicated that
below 100 K there is a first-order transition to an antiferro-
magnetic state with 2.7 ug on each manganese site. A large
and spontaneous increase of the volume (AV/V = 5%) and
an anomaly of the magnetic susceptibility are observed
around 100 K, accompanied by a large thermal hysteresis of
30 K. This behavior has been explained by the collapse of
the manganese moments above the transition temperature.
Above this transition YMn, behaves like a weak itinerant
electron magnet (3). Further neutron diffraction studies (4)
revealed an helimagnetic structure with a long period
(400 A), which was interpreted as the result of magnetic
frustration between Mn spins. Next from high-resolution
neutron powder diffraction (5) a tetragonal distortion
(c/a = 0.995) was observed for YMn, at low temperature.
In addition an antiferromagnetic propagation vector
(0.018,0.003,1) corresponding to a period of 430 A along the
a axis and 2500 A along the b axis was found.
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In such an unstable magnetic structure, modification of
the cell parameter either by applying pressure (6) or by
substituting Y or Mn sites with another element (7) easily
changes the magnetic properties. Another way to induce
magnetic structural changes in metallic compounds is hydro-
gen absorption. For this purpose YMn, hydrides are very
good candidates since it is possible to prepare single-phase
cubic hydrides at room temperature with good crystallinity
up to 3.5 H/mol (8), leading to a continuous increase of the
cell parameter up to 5.8%. For larger H content a rhom-
bohedral distortion is observed. Single-phase rhombohedral
hydrides are obtained after crossing a two-phase domain
B35<x<41).

Structural and magnetic properties of the YMn,-H, sys-
tem have been investigated as a function of temperature for
0.1 <x <43 (9). In the paramagnetic range, all hydrides
are cubic with a random distribution of hydrogen within the
96g sites (Fd3m) (10). Below the magnetic ordering temper-
ature, three different domains are observed. For the concen-
tration range below x < 1.2 H/mol, it has been shown (11)
that for 0.5 < x < 0.8, the paramagnetic phase of the hy-
drides transforms at 245 K from cubic to a tetragonally
distorted (¢/a < 1) and magnetically ordered phase. Below
100 K a second transition occurs into a tetragonally dis-
torted phase but with ¢/a > 1. In the border regions (x < 0.5
and 0.8 < x < 1.15), complex behaviors with two phase
ranges are observed. For x < 0.35 a spinodal decomposition
occurs in the temperature range 100-130 K. For x = 1 to 3,
YMn,H, shows a ferromagnetic behavior with an increase
of T, from 200 to 320 K and of the magnetic moment from

~ 0.1 to 0.3 ug per Mn atom. For x > 4.1 H/mol, the mag-

netization strongly decreases, and recent studies indicated
that rhombohedral YMn,H, ; is anti-ferromagnetic below
378 K (12,13).

In a previous study (14), we undertook a temperature-
dependent neutron powder diffraction study on the YMn,D
compound. A weak ferrimagnetic component and a lattice
parameter jump are observed around 200 K. Below T, both
magnetic and deuterium orderings occur and the compound
remains cubic down to 1.4 K. A comparison with YMn,
shows that the thermal expansion in the paramagnetic state
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and the cell parameter increase at T, are strongly reduced
(20 times smaller). Such a result was interpreted by the
decrease of spin fluctuation amplitude due to the insertion
of hydrogen in the lattice. Below T, the diffraction pattern
shows extra lines corresponding to a P mode in addition to
the F one. However, since these lines were still intense at
high angle, they could not be attributed only to magnetic
effect and were therefore related to coexistence between
magnetic and deuterium ordering. The temperature depend-
ence of the YMn,D compound was found to be rather
complex but our recent study (11) on the phase diagram of
YMn,-H, in the range 0 < x < 1.2 D/mol has shown that
single-phase cubic deuterides are more likely obtained for
x > 1.15 D/mol.

Below the magnetic transition temperature, it is impor-
tant to separate magnetic contribution from deuterium or-
dering. For this purpose neutron diffraction is a well-
appropriate tool, which can be used either for the localiza-
tion of deuterium in deuterides or for the determination of
magnetic structure. However, the two contributions cannot
be easily distinguished when they occur nearly at the same
temperature. Isotopic substitution (H/D) in a suitable ratio
(H64%,D36%) allows one to cancel the deuterium sublat-
tice contribution and to observe exclusively the effect of
magnetic ordering. This method was successfully used in the
past to study the magnetic behavior of the compound
YMn,D, ; (12). In this paper we report on two samples
YMn,(Hg 64Do.36)1.15 and YMn,D, ;5 that have been in-
vestigated by ND. The evolution of the neutron diffraction
patterns of YMn,D; ;5 from 1.4 to 300 K and the deter-
mination of the nuclear and magnetic structure at 10 K are
presented.

II. EXPERIMENTAL DETAILS

An intermetallic YMn, sample has been prepared by
induction melting of the pure components (yttrium 99.9%;
manganese, 99.99%) in a water-cooled copper crucible un-
der vacuum then under argon atmosphere to avoid sublima-
tion of manganese. To improve homogeneity, the
intermetallic was melted and turned over five times and
annealed two weeks at 800°C. Homogeneity was checked by
metallographic examination, which did not reveal any inclu-
sion. The composition was checked by electron microprobe
analysis leading to Yg.991)Mn,-measured stoichiometry.
From powder X-ray pattern, cubic MgCu,-type structure
was observed with cell parameter a = 7.681(1) A

Two batches of about 8§ g of alloy were ground mechan-
ically under argon atmosphere and were powdered to
a grain size of less than 36 um. The samples were then
exposed to hydrogen and/or deuterium gas at 25°C in a vol-
umetric device to obtain YMn,(Hj ¢4Dg.36)1.15 and
YMn,D; ;5. A 200°C thermal treatment for 16 h followed
by slow cooling down to room temperature was performed
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in order to obtain single phase homogeneous deuterides as
previously reported in (8).

The neutron diffraction measurements were carried out at
the Laboratoire Léon Brillouin in CE-Saclay. Diffraction
pattern recorded at 10 K was obtained on the 3T2 diffrac-
tometer. The neutron wavelength was 1.225 A, and the
diffraction patterns were recorded over the angular range
6° < 20 < 122° by steps of 0.05°. The temperature-depend-
ant diffraction patterns were recorded on the G41 diffrac-
tometer between 1.4 and 234 K in the range 15 < 20 < 95°
by step of 0.1°. The wavelength was 2.427 A. The diffraction
patterns have been analyzed using Rietveld’s method (15).
The fitting procedure was applied using the FULLPROF
program (16).

Magnetic measurements have been performed with
a Manics Differential Sample Magnetometer. The sample
was contained in a quartz sample holder under helium
atmosphere. The temperature range extends from room
temperature down to 1.5 K.

III. RESULTS

From X-ray data at 298 K, the cell parameters of
YMn,(Hj 64D 36)1.15 and YMn,D, ;5 are found equal
to 7.886(1) A, which is in very good agreement with a
previous study relating the cell parameter dependence
to the D content (10). The ND pattern evolution of
YMn,(Hg 64D0.36)1.15 1S shown as a function of temper-
ature in Fig. 1. Above T = 217 K, the patterns are refined in
the C15 cubic structure (Fd3m) but without any H(D) con-
tribution, which confirms the zero neutron scattering from
the H(D) mixture. However the H(D) atoms are expected to
be randomly distributed within the tetrahedral sites Y,Mn,.
At 217 K extra lines appear involving a symmetry lowering
into a P mode. They are attributed to the magnetism onset,
since the deuterium-ordering contribution is canceled by the
H/D ratio. This is confirmed by the magnetic measure-

YMn,(H

0.66D0.34) 115
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FIG. 1. Three-dimensional temperature-dependent ND pattern evolu-
tion of YMn,(H, .,D; 5¢); 15

0.64
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FIG. 2. Temperature evolution of a P line (201) (left) and comparison between integrated intensity I(,o;, and magnetization (right) for

YMn,(Ho 64D0.36)1.15-

ments, which show the onset of magnetism at the same
temperature (Fig. 2) and by the lattice parameter jump
observed at the same temperature (Fig. 3). In Fig. 2, the
typical behavior of a P line (201) is shown and compared to
the magnetization that exhibits a weak ferromagnetic com-
ponent (0.14 ug/Mn at 10 K).

According to these observations, for the low-temperature
data, the equivalent positions for the compound YMn, have
been calculated in space group P43m. The structural part
was described assuming three different sites for Y and two
sites for Mn (Table 1). For the magnetic part, only Mn
atoms were taken into account. The Mn moments were
constrained to be equal, and the weak ferromagnetic com-
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FIG. 3. Cell parameter evolution for YMn,(H¢.64D¢.36)1.15-

ponent observed in the magnetization curve but too small to
be refined was neglected. Then, the low-temperature pattern
(T =1.3K) could be correctly refined (Fig. 4), assuming
a noncollinear anti-ferromagnetic structure (Fig. 5) with
3.10(3) up/Mn.

According to the lattice constant variation as a function
of the temperature and to our previous study (14) on the
compound YMn,D, it is assumed that hydrogen and mag-
netic ordering occur at the same temperature. The ND
pattern of sample YMn,D, ;5 recorded at 10 K exhibits
P lines at the same positions as the H/D sample but with
significant intensity differences. Comparison between the
two patterns is shown in Fig. 6, and intensity changes are
attributed to deuterium contribution.

TABLE 1
Equivalent Wyckoff Positions in Fd3m (Noncentro-symmetric
Description) and P43m Space Groups for YMn,D, ,; Deuteride

Fd3m space group P43m space group

Y 8a (0,0,0) Yl  la (0,0,0)
Y2 3¢ (0,1/2,1/2)
Y3 de (1/4,1/4,1/4)
Mn  16d (5/8,5/8,5/8) Mnl d4e (5/8,5/8,5/8)
Mn2  12i (7/8,7/8.,5/8)
D 96g (7/16,7/16,1/4) DI 12 (7/16,7/16,1/4)
D2 12i  (15/16,15/16,1/4)
D3 12 (3/16,3/16,0)
D4 12i (5/16,5/16,0)
D5 24 (3/16,11/16,1/2)
D6 24 (7/16,15/16,3/4)
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FIG. 4. Refined neutron diffraction pattern of YMn,(Hg ¢4D0.36)1.15
at 1.3K.

In the first stage of the refinement, metal framework
(Y, Mn) and magnetic structure were kept fixed to the values
obtained for the (H/D) sample, and the occupancy factors
of the six available tetrahedral deuterium sites Y,Mn, in
space group P43m have been refined independently (Table
1). Only four sites were found significantly occupied. It is
worth to note that these four sites adopt the same symmetry
(121), whereas the two other empty sites correspond to 24j
ones. A rather good agreement is observed between the
D content obtained from the refinement (1.26(6) D/mol) and
that calculated from the solid-gas measurement
(1.15(5) D/mol). Then the structure was fully refined taking
into account both nuclear and magnetic contributions. It
should be noted that two lines (200 and 311) are not ac-
counted correctly. As they are correctly fitted in the H/D
sample, they originate therefore from D atom ordering. It is
most likely that the poor account for these two lines is due
to a more complex deuterium sublattice ordering involving
probably a lower symmetry. However, attempts to describe
the nuclear structure in a lower symmetry (P42m space
group) did not lead to significant improvement. Moreover,
it implies an increased number of parameters leading to
rather unstable results. The observed, calculated, and differ-
ence patterns are shown in Fig. 7, and the results are given
in Tables 2 and 3. The yttrium atoms remain in their ideal
positions derived from the C15 structure but the manganese
atoms are slightly shifted out (0.13(2) /OX).

IV. DISCUSSION
From our data, we observed that YMn,D {5 adopts

a cubic symmetry with an F mode above 217 K. This is in
agreement with previous works on this system for
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1 < x < 3.5 D/fu, and it corresponds to the random distri-
bution of the D atoms within the Y,Mn, tetrahedral sites in
the paramagnetic state.

Analysis of the diffraction pattern of the deuteride at
T = 10 K shows that the four 12i sites are found signifi-
cantly occupied whereas the two 24j are empty. According
to Westlake (17) and Switendick (18), a deuterium site can-
not be occupied if its radius is less than 04 A or if the
distance between two neighboring sites is less than 2.1 A.
When crossing the transition, a significant shift of the Mn
atoms is observed. This involves a symmetry lowering lead-
ing to nonequivalent tetrahedral sites. In agreement with
Wesltake’s criterion, the 24j sites that exhibit radii equal to
0.38 and 0.35 A respectively are found empty. However the
size criterion cannot explain the different fillings of the 12i
sites since the smaller site (D4) is the most occupied (Table 4).
Then, the distances between D atoms (dp_p) must be taken
into account. For this low-content deuteride, Switendick’s
value of 2.1 A is too low to be valid. However, if one admits

YM ny

YMmaDy s

YMnzDy 3

FIG. 5.
(b) YMn,D, ;5 (this work), and (c) YMn,D, 5 (12).

(101) projection of the magnetic structure for (a) YMn, (4),
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FIG. 6. Comparison between the ND patterns of YMn,(Hg 64D0.36)1.15
recorded on G41 at 1.3 K (bottom) and YMn,D, ;5 recorded at 10 K on
3T2 (top). Due to the different wavelengths on both instruments, the
intensities are given as a function of d spacings.

that the repulsion between D atoms is still the driving force
ruling the occupation of the four remaining 12i sites, a mean
theoretical distance dp_p can be calculated according to the
overall deuterium concentration. Such a calculation leads to
a value of 2.86 A. According to this value, the population of
each site has been calculated and a fairly good agreement is
observed with the refined one. Remarkably, the site D4 is
significantly more populated than the other three because it
has less neighbors at a distance less than 2.86 A.
Concerning magnetic structure, important differences are
noted if one makes comparisons with the parent compound.
Whereas YMn, exhibits a collinear magnetic structure, the
present deuteride presents a noncollinear spin arrangement.
The nuclear structure involves two different Mn sites with
two different symmetries (4e and 12i), and a significant shift
from the ideal C15 positions is observed. It is also worth
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FIG. 7. Refined neutron diffraction pattern of YMn,D, ;5 at 10 K.
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noting that according to Table 4, these Mn atoms have
different environments in terms of D atoms (6 and 2 respect-
ively). Therefore one should expect different moment beared
by each atom but it was not possible to obtain stable
refinement in that case.

At T =217 K, a symmetry lowering to a P mode occurs
with a cell parameter jump and the onset of magnetism. The
crossing of the transition involves a symmetry lowering and
appearance of superstructure lines. Below T, both
deuterium and magnetic orders occur. The origin of the
driving force for the transition was previously discussed for
the enriched hydrogen compounds YMn,D, 5 _5 (12,13) but
it remains unclear which effect (H or magnetic ordering)
involves the other. Pressure-dependent neutron diffraction
study might be helpful in order to get a better understanding
of the coupling between both effects and will be investigated
in the near future.

TABLE 2
Structural Parameters for YMn,D, ;s Obtained at 10 K

Atoms X y z B (A?) N M (up)
Yi la 0 0 0 0.45(2) 1
Y2 3c 0 1 1 1
Y3 de 0.2504(4) X X 1
Mnl de 0.6341(6) x x 0.173) 1 3.1003)
Mn2 12i 0.8642(4) x 0.6163(5) 1
DI 12i 0.4575(19) x 0.2685(24) 1.2009) 0.164(16)
D2 121 0.9656(15) X 0.2571(23) 0.184(8)
D3 12 0.1808(35) X 0.9961(49) 0.076(8)
D4 12i 0.3064(7) X 0.9742(9) 0.416(12)
R, =812 Ry, =760 Ry, =I1L1 Cell par.(A) a = 7.855(1) 1.26(6) D/f.u.
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TABLE 3
Magnetic Structure for YMn,D, ; Obtained at 10 K

Atom X y z M, M, M.
Mnl 0.6341(6) 0.6341(6) 0.6341(6) 1.48(3) 1.93(2) 1.93(2)
4e 0.3659(6) 0.3659(6) 0.6341(6) —1.48(3) —1.93(2) 1.93(2)
0.3659(6) 0.6341(6) 0.3659(6) —1.48(3)  1.93(2) —1.93(2)
0.6341(6) 0.3659(6) 0.3659(6) 1.48(3) —1.93(2) —1.93(2)
Mn2 0.1358(4) 0.1358(4) 0.6163(5) —1.48(3) —1.93(2) —1.93(2)
12i 0.1358(4) 0.6163(5) 0.1358(4) —1.48(3) —1.93(2) —1.93(2)
0.6163(5) 0.1358(4) 0.1358(4) 1.48(33)  1.932) 1.93(2)
0.8642(4) 0.8642(4) 0.6163(5) 1.48(3) 1.93(2) —1.93(2)
0.8642(4) 0.3837(5) 0.1358(4) 1.48(3)  1.93(2) —1.93(2)
0.3837(5) 0.8642(4) 0.1358(4) —1.48(3) —1.93(2) 1.93(2)
0.8642(4) 0.1358(4) 0.3837(5) 1.48(3) —1.932) 1.93(2)
0.8642(4) 0.6163(5) 0.8642(4) 1.48(3) —1.93(2) 1.93(2)
0.3837(5) 0.1358(4) 0.8642(4) —1.48(3) 1.93(2) —1.93(2)
0.1358(4) 0.8642(4) 0.3837(5) —1.48(3) 1.93(2) 1.93(2)
0.1358(4) 0.3837(5) 0.8642(4) —1.48(3) 1.93(2) 1.93(2)
0.6163(5) 0.8642(4) 0.8642(4) 1.48(3) —1.93(2) —1.93(2)

Note. M = 3.10(3)

HpMn®

Due to the cell volume increase related to hydrogen
absorption, the transition crossing does not involve a signif-
icant volume jump as is observed for YMn,. It shows that
the Mn moments are already localized in the paramagnetic

TABLE 4
Manganese and Deuterium Atom Environments for YMn,D, <
at 10K

% occupancies
calculated for
dp p>286A

Environment  Site radius % occupancies
observed

D atoms (108) (A)

Mnlde 6 DI
3 Mnl

3 Mn2

1.74(3
2.99(1
2.55(1

L7102
2.55(1
2.75(1
2.81(1
3.02(1

Mn212i 2 D4

1 Mnl
2 Mn2
2 Mn2

1 Mn2

D1 121 1Y2
1Y3

2 Mnl

)

)

)

)

)

)

)

)

2162) 041 16.4 19
2.30(3)
1.74(3)

D2 12i 1Yl )

1Y3 )

)

)

)

)

)

)

)

2 Mn2

2.05(2
2402
1.85(3

0.43 18.4 14

D3 121 1Y1
1Y3

2 Mn2

2.01(4
2.14(5
1.93(5

2.16(1
2.26(1
17102

0.43 7.6 11

D4 121 1Y2
1Y3

2 Mn2

0.40 41.6 37
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state. If one compares the magnetic structure of YMn,D; ;5
to that of the YMn, parent compound, it is worth noting
that the incommensurate helimagnetic propagation vector
is not observed. In addition, the F mode no longer exists.
For larger hydrogen content up to x = 4.5, a commensurate
collinear antiferromagnetic structure is found. Those differ-
ences are seen in Fig. 5. It shows the great sensitivity of the
YMn,-H, system to the hydrogen content.

This is obviously connected to the H concentration, and
for a better understanding of the magnetic properties, the
effect of filling the 3d band with electrons coming from the
hydrogen should be considered. Band structure calculations
(19) have shown that for YMn, hydrides, an additional
ferrimagnetic component must appear. Unfortunately, such
calculations do not make it possible to explain the collinear
or noncollinear behavior of the magnetic structure. It will
therefore be interesting to perform the neutron diffraction
study of intermediate concentrations (which are currently in
progress for x = 2 and 3) in order to follow the evolution of
the magnetic structure as a function of hydrogen content.

V. CONCLUSION

To conclude, YMn,D, ;5 adopts a cubic structure above
T, with randomly distributed D atoms within the 96g tetra-
hedral sites. Below T, both deuterium and magnetic orders
occur with a symmetry lowering. Taking advantage of the
zero contribution of the H/D mixture in ND, magnetic
order has been independently determined and the full struc-
ture determination has been achieved at 10 K for the
deuterated compound.
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