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Interplay of magnetic and hydrogen orders in the laves hydride YMn2H4.3
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Laboratoire Léon Brillouin, CEA-CNRS, CEA/Saclay, 91191 Gif sur Yvette, France

A. V. Irodova
Russian Research Center ‘‘Kurchatov Institut,’’ 123182 Moscow, Russia

E. Suard
Institut Laue-Langevin, 156X, 38042 Grenoble, France

~Received 26 February 1997!

We have performed a neutron-diffraction study of the Laves hydride YMn2H4.3 to investigate the interplay
between the atomic order in the hydrogen sublattice and the magnetic structure. We find that structural order
in the H sublattice and antiferromagnetic order in the Mn sublattice have the same rhombohedral symmetry. At
ambient pressure we observe a first-order magnetostructural transition, where the magnetic sublattice trans-
forms from a paramagnetic state to an antiferromagnetic one, as the hydrogen atoms form the ordered super-
structure. An applied pressure decouples the two types of order, which then occur at different temperatures. It
allows us to separate the effects of structural order from those related to the average Mn-Mn distance.
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Magnetic instability in the Laves compoundsRMn2

~whereR is rare earth or Y! has attracted much interest
recent years. Their magnetic properties are strongly sens
to Mn-Mn distances, with a suppression of the magnetic m
ment below some critical distance (dc52.7 Å).1 Com-
pounds like YMn2, where the first-neighbor Mn-Mn distanc
dMn is slightly abovedc , show complicated types of mag
netic order and a large magnetovolume anomaly. This se
tivity to interatomic distances has stimulated many studie
the influence of an applied pressure or chemical substitut
Together with modification of the electronic band structur2

hydrogen doping increases the lattice parameter by filling
interstitial sites in the metal lattice,3 so that it could be con-
sidered as a ‘‘negative pressure.’’ In YMn2Hx , Mössbauer
and magnetization experiments show the increase of
magnetic ordering temperature asx increases from 0 to 4.3
in agreement with the general behavior expected inRMn2
compounds with increasingdMn .4,5 In the concentration
range 1,x,3.5, a ferromagneticlike behavior was o
served, with a few different magnetic phases still not ch
acterized up to now. In contrast, the compound with maxim
H content YMn2H4.3 shows a rhombohedral distortion of th
original cubic cell and seems to be antiferromagnetic.5 It is
important to note that hydrogen not only changes the lat
parameter, but could also form an ordered sublattice in
metal host, with different superstructures depending on
concentration. Therefore, it could influence the magnetic
der not only by varying the lattice constant but also
changing the local environment of the Mn atoms and
inducing distortions in the metal lattice. Neutron diffractio
is the most suitable tool to study hydrogen chemical order
and its interplay with magnetism, since neutrons have bo
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magnetic moment and a high scattering length for hydro
~or deuterium!. A high-pressure experiment could bring im
portant information since they allow the lattice parameter
vary without any change of the chemical content and the
fore to separate both effects. We studied both magnetic
crystal structure in YMn2H4.3 by neutron diffraction at am-
bient and high pressure, using isotopic substitution H/D
identify ordering processes in the magnetic and hydro
sublattices.

Samples of YMn2~H,D!4.3 were prepared by absorption o
hydrogen~deuterium!. The crystal structure was checked b
x-ray diffraction at room temperature, showing a rhomboh
dral distortion in agreement with Ref. 6. We studied a co
pletely deuterated sample YMn2D4.3 and a sample
YMn2H2.8D1.5, having a zero neutron-scattering length f
the ~H,D! sublattice. High-resolution neutron-diffraction ex
periments were carried out in ILL on the D2B spectrome
at room temperature. High-intensity measurements were
formed on diffractometers D1B in ILL and G6.1 in LLB in
the temperature ranges 1.5–300 and 8–400 K, respectiv
High-pressure experiments up to the pressure of 6.6 G
were performed on G6.1, using a sapphire anvil cell an
specific neutron setup,7,8 both at ambient temperature an
down to 4.5 K. Data were analyzed using theFULLPROF re-
finement program.9 Neutron-diffraction spectra of both deu
terated and ‘‘zero matrix’’ samples are shown in Fig. 1.
contrast to x-ray measurements, we observe strong su
structure lines corresponding to a doubling of the chem
cell. Since these lines are strong in both samples, they sh
be attributed to antiferromagnetic~AF! order rather than to
hydrogen order. At the same time, the two spectra exh
strong differences in the intensities of the lines which can
indexed in the chemical
2580 © 1997 The American Physical Society
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56 2581INTERPLAY OF MAGNETIC AND HYDROGEN ORDERS . . .
cell, showing that the hydrogen contribution is located at
positions of the structural peaks. The observed superstruc
reflections could be indexed assuming an AF propaga
vector k51/2 1/2 1/2. The relative intensities of the A
peaks suggest that the magnetic moments lie in the p
perpendicular tok. This can be seen in Fig. 1 by the stron
enhancement of the 1/2 1/2 1/2 peak. Assuming the s
magnitude of magnetic moment for all Mn atoms, there
only one type of collinear magnetic arrangement. It cor
sponds to the stacking sequence1122 of ferromagnetic
111 planes. The magnetic structure was refined with
above assumptions together with the crystal structure~see
below!. The value of the Mn moment~3.2mB /Mn at 1.5 K!
agrees quite well with the value expected inRMn2 com-
pounds whendMn is close to 2.9 Å.

As in most hydrides of Laves phases,3 hydrogen is ex-
pected to occupy tetrahedral interstices (2Y12Mn) of the
metal lattice~positions 12i and two kinds of positions 6h of
the space groupR3m!. The total number of positions is 2
per unit cell, containing 8.6 hydrogens. A random distrib
tion of the hydrogen atoms in the 24 positions yielded
significant discrepancy between the calculated profile and
experimental data (RF516%). In addition, we did not ob
serve the intense diffuse scattering, which is usual for dis
dered hydrides. Therefore, we searched for a model inv
ing some order in the hydrogen sublattice. The phys
reason for this ordering is the interaction between hydro
atoms through the local distortions of the metal lattice. F
the Laves hydrides, short-range interactions yield a minim
distancedH;2 Å between neighboring hydrogens.3 This ex-
plains why in the fully hydrogenated sample, hydrogen
oms occupy only 35% of the total number of allowed po
tions. Since we do not observe any superstructure peaks
ordered superstructure is characterized by the propaga
vectork50. In the rhombohedral space group of the low
symmetryR3, we checked all variants of hydrogen distrib
tions allowed by the blocking distancedH . We found

FIG. 1. Neutron-diffraction spectra of the deuterated and ‘‘z
matrix’’ samples, measured at 1.5 K~wavelengthl52.523 Å!. The
Miller indices of the most intense reflections are shown. The str
tural (S) peaks are strongly affected by H/D substitution, where
the antiferromagnetic~AF! peaks remain unchanged.
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only one model which completely satisfied the blocking co
ditions and yielded a better fit than the disordered vari
(RF510%). In this model, nine allowed interstices are
most fully occupied with hydrogens. Within these nine po
tions, six interstices~two kinds of 3b positions! are fixed
whereas a third kind of 3b interstices may be chosen i
different ways among the 6c positions of a higher symmetry
space groupR3m. The best fit (RF55.5%) corresponds to a
model described in the space groupR3m, with two kinds of
3b positions fully occupied and 6c positions only half-
occupied~Fig 2!. The calculated profile and the final param
eters combining both magnetic and crystal structures
shown in Fig 3 and Table I.

Between 1.5 and 373 K we observed onlyone transition,
around 330 K. Here, both rhombohedral splitting and an
ferromagnetic peaks disappear by a first-order transi
~Fig. 4!. This suggests that at ambient pressure hydrogen
magnetic orders occur at the same temperature. Under
pressure we could expect a decoupling of these two tra
tions if they are sensitive to interatomic distances in differ
ways. We observed two different phenomena at high pr
sure. First of all, even a small applied pressure~of about 0.5
GPa! strongly modifies the relative intensities of the neutro
diffraction lines. The intensities strongly depend on the
spective orientations of the pressure cell, incident and s
tering beams. We attribute this effect to a change in
domain distribution within the sample. At ambient pressu
the rhombohedral distortion of the unit cell could occ
along any cubic diagonal 1 1 1, all of them being equivalent
Small pressure inhomogeneities~usually the pressure is
higher of about 0.1 GPa along the axis of the cell! will make
the diagonals unequivalent. The observed variation of
intensities corresponds to a preferable domain popula
when the rhombohedral axes 111 are along the axis of
pressure cell. In the experiments at room temperature,
used this effect to get a maximal intensity by varying t
position of the cell. When measured in the optimal positi
of the cell, the relative intensity of the magnetic and stru
tural reflections is the same at 0.5 GPa and at ambient p
sure. At higher pressures, the intensity of the antiferrom
netic reflection 1/2 1/2 1/2 rapidly decreases with pressu
whereas the rhombohedral splitting of the unit cell gradua
increases@Fig. 5~a!#. This effect cannot be attributed to
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-
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FIG. 2. Schematic drawing of the magnetic and crystal structu
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FIG. 3. Neutron-diffraction spectrum and pro
file refinement of YMn2D4.3, measured at 300 K
(l51.5932 Å). Tick marks correspond to th
positions of the structural~top! and the magnetic
~bottom! peaks.
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change in the domain population. As shown by the tempe
ture dependences of the magnetic intensities@Fig. 5~b!# the
Néel temperatureTN rapidly decreases with pressure@inset,
Fig 5~b!#. Since the rhombohedral splitting clearly persis
above TN , we conclude that high pressuredecouplesthe
structural and magnetic transitions. At high pressure hyd
gen order should contribute alone to the cubic-rhombohe
transition, which occurs in the paramagnetic state. The m
netic transition which occurs at a lower temperature, see
to be closer to a second-order type, in contrast with the d
at ambient pressure.

The most interesting phenomenon is the interplay of m
netic and hydrogen orders. From the coincidence of
structural and magnetic transitions at ambient pressure
could expect some interaction between hydrogen and m
netic sublattices. This could also explain why both hydrog
and magnetic orders have the same rhombohedral symm
Applying a pressure helps to understand the relation betw
these two types of orders. The observed decoupling of
magnetic and structural transitions at high pressure could
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understood as follows. Since hydrogen atoms inter
through the local distortions of the cell, decreasing the s
of interstices under applied pressure should enhance
interactions and could favor ahigherhydrogen ordering tem-
perature. In contrast, from the general trends of the magn
order inRMn2 compounds, we expect adecreaseof the or-
dering temperature with decreasingdMn under pressure. The
change of the balance between the energy scales of the
sublattices results in a decoupling of the unique magne
structural transition above some critical pressure~about 2
GPa from our data!.

Since at high pressure the structural transition occurs
the paramagnetic state, we could suggest that the rhomb
dral splitting is an intrinsic feature of the order in hydrog
sublattice. Under pressure,TN varies as a function of the
Mn-Mn distances in the same way as with changing hyd
gen content. Nevertheless, the type of magnetic order
mains antiferromagnetic, whereas hydrides with smaller
drogen content, having at ambient pressure the same Mn
distances but a cubic structure, show ferromagnetic pro
e

ation
t.
TABLE I. Crystal and magnetic structure parameters of YMn2D4.3, T5300 K. Crystal structure: spac
group R3m, a55.5713(13) Å,a560.845(16)°,Z52. In the cubic phase (a560°), the atoms Y~1! and
Y~2! will occupy the special positions 0.125 0.125 0.125 and20.12520.12520.125, whereas Mn~1! and
Mn~2! will occupy positions 0.5 0.5 0.5 and 0.5 0.5 0, respectively. Magnetic structure with propag
vectork51/2 1/2 1/2. The parameters for which the errors are not given were fixed in the refinemen

Atom Site p x y z B(Å 2) mx (mB) my (mB) mz (mB)

Y~1! 1a 1 0.1240~3! 0.1240~3! 0.1240~3! 0.1
Y~2! 1a 1 20.1240(3) 20.1240(3) 20.1240(3) 0.1
Mn~1! 1a 1 0.4927~7! 0.4927~7! 0.4927~7! 0.35 3.44~3! 21.72(3) 21.72(3)
Mn~2! 3b 1 0.4945~8! 0.4945~8! 0.0033~13! 0.35 23.44(3) 1.72~3! 1.72~3!

D~1! 3b 0.94 0.1247~6! 0.1247~6! 0.5042~9! 1.34~5!

D~2! 3b 0.94 20.1422(6) 20.1422(6) 0.2867~9! 1.34~5!

D~3! 6c 0.5 20.2985(12) 0.1437~12! 0.5150~12! 1.34~5!

Rwp516.4%, Rexpt529.4%, RF55.5%, RBragg56.2%, Rmagn59.2%



de

it
c

a
d

an
s,

ves
tic
o-
r
tic

ns,
he
re.
In

t a
ure
the

in

da-

ti

s
cu

k

plit-
ity
, the

56 2583INTERPLAY OF MAGNETIC AND HYDROGEN ORDERS . . .
ties. Therefore, we conclude that antiferromagnetic or
with rhombohedral propagation vectork51/2 1/2 1/2 is
closely related with the symmetry of distortion of the un
cell and with the distribution of hydrogen atoms in the stru
turally ordered phase.

In conclusion, we found that in the hydrogen-rich com
pound YMn2H4.3, magnetic and hydrogen orders occur
ambient pressure at the same temperature. To understan

FIG. 4. ~a! Temperature evolution of the structural and magne
peaks, measured in YMn2D4.3 with l54.743 Å in the region of the
magnetostructural transition.~b! Lattice parametera, rhombohedral
splitting a, and Mn magnetic momentM vs temperature. Large dot
refer to the rhombohedral phase, squares and small dots to the
phase.
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interplay between the two sublattices, we could consider
interaction through two types of crystallographic distortion
either induced by hydrogens, or by Mn moments themsel
to reduce the topological frustration in the magne
sublattice.10 The two types of order have the same rhomb
hedral symmetry~antiferromagnetic order with wave vecto
k51/2 1/2 1/2 corresponding to a stacking of ferromagne
planes perpendicular to a rhombohedral axis 1 1 1, and hy-
drogen order withk50 and rhombohedralR3m space
group!. An applied pressure decouples these two transitio
showing that the rhombohedral splitting is related with t
hydrogen order which favors an antiferromagnetic structu
Studies of other Laves hydrides are now in progress.
RMn2Hx whereR is a magnetic rare earth, we could expec
decoupling of the two transitions even at ambient press
due to the shortening of Mn-Mn distances. Moreover,
magnetic order of the rare earth could also affect orders
both Mn and hydrogen sublattices.

This work was partly supported by the Russian Foun
tion for Basic Research, Grant No. 96-02-19775.
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FIG. 5. ~a! Integrated intensity of the magnetic pea
1/2 1/2 1/2~divided by the intensity of the structural peak 111! vs
pressure at 300 K. In the inset, evolution of the rhombohedral s
ting a with pressure.~b! Temperature dependence of the intens
of the magnetic peak 1/2 1/2 1/2 at 2.9 and 4.8 GPa. In the inset
Néel temperatureTN vs pressure.
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