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Interplay of magnetic and hydrogen ordering in the hexagonal Laves hydrides
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We have studied the magnetic and crystal structures of the hexagonal Laves phasesRMn2Hx (R
5Er,Tm,Lu; x54.2,4.6) by powder neutron diffraction. Hydrogen occupies interstitial sites of the metal lattice
and forms ordered superstructures. Hydrogen stabilizes localized magnetic moments on the Mn sites by ex-
panding the metal lattice. We have found a very strong coupling between the magnetic and structural properties
of the hydrides. Very small modifications in the hydrogen sublattice result in drastic changes in the magnetic
properties. The samplesRMn2H4.6 show a long-range antiferromagnetic ordering~propagation vectork51/3
1/3 0!, whereas the samplesRMn2H4.2 exhibit short-range magnetic correlations. We discuss our results in the
framework of a model assuming that the magnetic ordering is driven by hydrogen superstructure which
changes the local symmetries of the magnetic ions and releases the topological frustration in the Mn sublattice.

DOI: 10.1103/PhysRevB.66.104423 PACS number~s!: 75.25.1z, 75.50.Ee, 61.12.Ld
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I. INTRODUCTION

The Laves phasesRMn2 (R5rare earth! have been inten-
sively studied because of their unusual structural and m
netic properties. These compounds have two magnetic
lattices: the first one is formed by well-localized 4f
magnetic moments of the rare earth, whereas the second
is formed by unstable 3d magnetic moments of the Mn a
oms. The 3d shells are close to the instability limit betwee
localized and itinerant states and lose their intrinsic magn
moments when first-neighbor Mn-Mn distanced becomes
smaller than some critical distancedc;2.7 Å. Consequently,
the RMn2 compounds can be divided into three groups.

~I! d,dc (LuMn2,ErMn2 ,TmMn2). The Mn sublattice is
nonmagnetic. The compounds are nonmagnetic (LuMn2) or
ferromagnetic if R5magnetic rare earth (ErMn2 and
TmMn2).1

~II ! d.dc (NdMn2,PrMn2). The Mn atoms carry stable
magnetic moments. The Mn magnetism dominates and
poses an antiferromagnetic ordering in the rare-earth su
tice through theR-Mn magnetic exchange.2

~III ! d;dc (GdMn2,TbMn2,DyMn2,HoMn2,YMn2).
Mn moments are very close to the instability limit. In DyMn2
and TbMn2 the exchange field of the rare-earth mome
induces magnetic moments in the Mn sublattice. This gro
is characterized by complicated noncollinear magnetic ord
ing and/or by the coexistence of magnetic and nonmagn
Mn sites.3–6

Another important feature of theRMn2 compounds arises
from the topological properties of the Mn sublattice. T
RMn2 (R5Y or rare earth! compounds crystallize in the
cubic C15 (R5Gd,Tb,Dy,Ho) or hexagonalC14 (R
5Pr,Nd,Sm,Er,Tm,Lu) structures. In both structures the
sublattice is formed by regular Mn4 tetrahedra. In the hex
agonal structure the tetrahedra form chains along thec axis,
whereas in the cubic structure the tetrahedra form a cor
sharing three-dimensional lattice. In another way, the
sublattices in both cubic and hexagonal phases could be
0163-1829/2002/66~10!/104423~8!/$20.00 66 1044
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scribed as a stacking of simple triangular planes andkagome´-
like planes either along thec axis (C14 structure! or along
the cubic diagonal (C15 structure!. Below, we will call
Mn~1! the atoms belonging to the simple triangular plan
and Mn~2! the atoms belonging to thekagome´ planes. The
kagome´ planes are considerably denser than the triang
ones. The first-neighbor distances between the Mn~2! atoms
are 1/) times the first-neighbor distances between
Mn~1! atoms.

In both cases (C14 or C15) the first-neighbor antiferro
magnetic interactions result in a fully degenerated magn
ground state. The topological frustration could be released
a structural distortion (YMn2) ~Refs. 6 and 7! or by the
suppression of magnetic moments on some magnetic
(ThMn2).8 The combined effect of topological frustratio
and instability of magnetic moments in theRMn2 Laves
compounds results in very peculiar magnetic properties~gi-
ant spin fluctuations, spin-liquid ground state, complica
magnetic ordering, etc.!, which have been intensively studie
during the last two decades.

The RMn2 compounds can absorb large quantities of h
drogen~up to 4–4.6 per formula unit!. Interstitial hydrogen
leads to significant changes of the magnetic and struct
properties. Hydrogen occupies interstitial sites of the me
host and expands the lattice. The lattice expansion can s
lize magnetic moments on the Mn sites. Moreover, hydrog
atoms form ordered superstructures and release frustratio
changing the local environment of the Mn atoms. The eff
of hydrogen absorption on the magnetic properties ofC15
cubic RMn2 compounds has been studied by differe
techniques.9–11Recently, a systematic study ofRMn2H4.3 hy-
drides (R5Y,Gd,Tb,Dy,Ho) revealed a very intricate cou
pling between magnetic and structural ordering. Magne
and hydrogen superstructures have the same symmetry
appear at the same temperature through a first-order ma
tostructural transition.12,13 This very intricate behavior was
explained by a model assuming that hydrogen influences
magnetic ordering by releasing topological frustration in t
Mn sublattice.
©2002 The American Physical Society23-1
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Very little is known about the structural and magne
properties of theC14 hexagonal hydridesRMn2Hx (R
5Er,Tm,Lu). These compounds absorb hydrogen up to
atoms per formula unit. The nonmonotonic lattice expans
upon hydrogenation suggests the presence of~at least! two
different phases with hydrogen contentsx54 – 4.2 andx
54.5– 4.6.14 However, nothing is known about the locatio
of hydrogen atoms in these phases and about the pos
physical reasons for the existence of two separate ph
having very close hydrogen contents. It was suggested
interstitial hydrogen strongly influences the magnetic pr
erties of theC14 phases. Magnetization measurements
LuMn2Hx ~hydrogen content was not defined, but expec
to be close to the maximal one! suggested a transition from
paramagnetic to a ferromagnetic state below 200 K.15 In con-
trast, 166Er Mössbauer measurements did not show any e
dence for a magnetic ordering in ErMn2H4.6 at T54 K and a
paramagnetic state of the rare-earth sublattice had b
claimed.14

Neutron diffraction is the most suitable tool to study bo
hydrogen and magnetic ordering, since neutrons are
scattered by light elements and by magnetic moments. H
we present a systematic neutron diffraction study of the h
agonal hydridesRMn2H4.2 and RMn2H4.6 (R5Er,Tm,Lu).
We refined the magnetic and crystal structures and sear
for a possible interplay between magnetic and structural
dering.

II. EXPERIMENTAL DETAILS

The starting intermetallic compounds have been prepa
by arc melting from Mn of 99.99% purity and rare-ear
metals of 99.9% purity. In most cases, we used the deuter
isotope in order to decrease the incoherent scattering in
tron experiments. Below, we will speak of hydrogen a
deuterium indifferently. The hydrides were prepared by
sorption of deuterium gas at the pressure 0.4–0.7 bar.
hydrogen content was estimated by measuring the volum
the absorbed gas. By choosing an appropriate tempera
for the synthesis (T5273 and 140 K! we prepared sample
with different hydrogen concentrations (x54.2 and 4.6, re-
spectively!. The samples were exposed to hydrogen u
equilibrium was attained.

The sample quality and symmetry of the metal latt
were checked by x-ray diffraction at ambient temperatu
All the samples retain the hexagonal symmetry of the u
cell. Thec/a ratios (c/a51.66 and 1.64 forx54.2 and 4.6,
respectively! in the hydrides are slightly larger than in th
parent compounds (c/a51.63). The hydrogen absorption re
sults in an increase of the lattice constants. The unit-
volumes of theRMn2H4.2 compounds are about 25% high
than in the parent compounds. In the concentration rang
,x,4.2 the volume increases almost linearly with the h
drogen content. Adding an additional 0.4 atoms per form
unit results in an anomalous expansion of the unit c
DV/V57.5%. This value is about 3 times larger than t
value obtained by extrapolating the volume depende
V(x) measured in the concentration range 0,x,4.2. All
samples with hydrogen contents betweenx54.2 and 4.6
10442
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were mixtures of the low-content (x54.2) and high-content
(x54.6) phases. Even samples with the highest hydro
concentration allowed by synthesis (x54.6– 4.7) contain
small amounts of the low-content phase (x54.2). The
amount increases~5% in ErMn2H4.6 and TmMn2H4.6 and
25% in LuMn2H4.6) as the ionic radius of the rare ear
decreases. In order to obtain a single-phase hydride w
nonmagneticR sublattice and hydrogen contentx54.6 we
used a partial Lu/Y substitution, which expands the unit c
while keeping the C14 structure. The sample
(Lu0.4Y0.6)Mn2H4.6 has a hexagonal (C14) structure and less
than 5% of the low-content phase.

Neutron diffraction experiments were performed on t
high-resolution diffractometer D2B at the Institute Lau¨e
Langevin ~incident neutron wavelength 1.59 Å! and on the
high-intensity diffractometer G6.1 at the Laboratoire Le´on
Brillouin ~incident neutron wavelength 4.74 Å!. Both mag-
netic and crystal structures were analyzed using theFULL-

PROFprogram based on the Rietveld method.16

III. CRYSTAL STRUCTURE

A. RMn2H4.2

In the Laves structures, hydrogen atoms may occupy
2R12Mn, R13Mn, and 4Mn interstitial sites in the meta
lattice. By analogy with the cubicRMn2Hx compounds we
expected that the hydrogen would preferably occupy
2R12Mn sites.

The neutron diffraction patterns of the low-conte
samples ErMn2H4.2 are shown in Fig. 1. Diffraction pattern
measured atT5300 K do not show any additional peak
with respect to the space groupP63 /mmc which could be
associated with a hydrogen superstructure. A broad diff
peak around 2u545° is attributed to short-range liquidlik
correlation in the disordered hydrogen sublattice. Analyz
the neutron diffraction data assuming a fully random dis
bution of 16.8 hydrogen atoms among the 48 2R12Mn in-
tersites of the unit cell containing 4 formula units yielded
good agreement between the calculated and experime
profiles (Rp,5%).

Below T5300 K we observed additional reflections~hhl
type wherel is odd! forbidden in the space groupP63 /mmc.
They could be seen in the inset of Fig. 1. In the same te
perature range the intensity of the diffuse peak at 2u545°
decreases. The appearance of the superstructural peak
the decrease of the diffuse scattering suggest the forma
of hydrogen ordering. We searched for all possible varia
of hydrogen ordering in the 2R12Mn interstitial sites satis-
fying the following criteria: ~i! hexagonal symmetry of the
unit cell ~i.e., the lowest possible symmetry isP3), ~ii ! num-
ber of allowed hydrogen positions more than 16.8 per u
cell containing 4 formula units, and~iii ! the shortest H-H
distancedH-H.2.1 Å ~so-called ‘‘blocking’’ condition17!.

We found only one model~shown in Fig. 2! providing a
reasonable agreement (Rp,10%) with the experimental dat
for the compoundsRMn2H4.2. The best refinement (Rp
55%) was obtained assuming a partial hydrogen disor
3-2
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FIG. 1. Observed, calculated, and difference neutron diffraction patterns of ErMn2H4.2 and ErMn2H4.6 measured at D2B (l51.59 Å).
Insets: superstructural peaks forbidden in the space groupP63 /mmc.
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among the 6h positions. The space group isP63 /m. The
parameters of the crystal structureRMn2H4.2 are given in
Table I.

B. RMn2H4.6

In contrast with the low-content phase, in theRMn2H4.6
the superstructural peaks~hhl type! persist up to the highes
measured temperature 340 K~see inset of Fig. 1!. The inten-
sities of the superstructural peaks are almost temperatur
dependent. We did not observe any significant diffuse s
tering which could be associated with hydrogen disord

FIG. 2. Schematic drawing of the hydrogen superstructure
RMn2H4.6 andRMn2H4.2. Right: filling of the hydrogen positions
between the Mn planes. These positions are occupied in the s
way in the low-content (x54.2) and high-content (x54.6) hy-
drides. Left: position of hydrogen atoms inside of the Mn~2!
kagome´ planes inRMn2H4.6 ~top! andRMn2H4.2 ~bottom!.
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Above 340 K the hydrides are expected to decompose: th
fore, we conclude that the hydrogen ordering persists in
whole temperature range up to the temperature of hydro
desorption.

We used the same procedure as above to search f
possible hydrogen ordering. Since we did not observe
split of the structural peaks, we constrained the lowest p
sible symmetry toP3 ~as we did for the low-content phases!.
Surprisingly, none of the possible hydrogen arrangement
the 2R12Mn interstitial sites satisfying theP3 symmetry
and the blocking conditions (dH-H.2.1 Å) gave a satisfac-
tory agreement with the experimental data. Then we con
ered structural models involving other kinds of interstit
sites, namelyR13Mn and 4Mn. We found a satisfactor
model assuming that some hydrogens occupy theR13Mn
sites. In this model, 17 hydrogen atoms~per unit cell! occupy
2R12Mn sites in the same way as in the low-content pha
except the atoms located in the positions 6h and lying in the
Mn~2! kagome´ plane ~see Fig. 2!. The remaining hydrogen
atoms ~1.6 per unit cell! occupy one-quarter of theR
13Mn sites ~positions 4f ! with occupancy 0.4. Although
the model qualitatively agrees with the experimental da
the fits have relatively largeR factors (Rp512%). The
agreement could be improved by varying the positions of
hydrogen atoms inside the tetrahedra. H atoms located in
R13Mn sites were found displaced towards the base of
tetrahedra formed by three Mn atoms and lying in the Mn~2!
plane. Each 3Mn triangle is shared by two neighboringR
13Mn tetrahedra. Each pair of tetrahedra forms aR
13Mn bipyramide. In the best fit, the hydrogen atoms lie
the Mn~2! planes and occupy the centers of the 2R13Mn
bipyramides~positions 2d, occupancy 0.8!. This model gave

in

me
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TABLE I. Crystal structural parameters of LuMn2H4.2 at T52 K. Space groupP63 /m. Parameters given
without error bars in brackets were not fitted.

Atom Position Occupancy

Position parameters
Static or temperature
displacements~Å2!x y z

Lu 4f 1.00 0.333 0.667 0.0625 0.2
Mn~1! 2b 1.00 0.000 0.000 0.000 0.4
Mn~2! 6h 1.00 20.150~9! 20.325~9! 0.250~0! 0.4
H1 12i 0.78~7! 0.052~6! 0.321~8! 0.571~5! 1.0~5!

H2 12i 0.05~4! 20.321~8! 20.052~6! 0.571~5! 1.0~5!

H3 12i 0.18~5! 0.560~4! 0.095~4! 0.145~5! 1.0~5!

H4 6h 0.74~2! 0.448~8! 0.934~9! 0.250~0! 1.0~5!

Deuterium atoms per formula unit 4.14
Reliability factors~%! Rp54.7% Rf56.51% RB57.39%
Lattice constants~Å! a55.571(4) c59.268(8)
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a satisfactory agreement between the calculated and m
sured spectra (Rp55%). Filling the 2R13Mn intersites
yields a considerable volume expansion and significant
placements of the Mn atoms from their ideal positions. In
final model each Mn~2! plane hosts 3.8 hydrogen atoms p
unit cell ~3 in positions 2R12Mn and 0.8 in positions 2R
13Mn). Final parameters are given in Table II.

IV. MAGNETIC STRUCTURE

The magnetic neutron scattering in ErMn2H4.2 and
ErMn2H4.6 measured at the high-wavelength diffractome
G6.1 is shown in Figs. 3 and 4~left!. In order to separate th
magnetic contribution we subtracted spectra measure
paramagnetic range (T.250 K). The magnetic peaks coul
be easily distinguished from the superstructural peaks a
ciated with hydrogen ordering by their insensitivity to isot
pic H~D! substitution. We found very different magnetic b
haviors in the low-content and high-content hydrides.
RMn2H4.6 we observed sharp magnetic peaks in the temp
ture rangeT,250 K. We do not observe any magnetic co
tribution to the structural peaks: therefore, we conclude t
10442
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the magnetic structure is purely antiferromagnetic. Narr
widths point out a long-range magnetic ordering. In contra
the low-content samplesRMn2H4.2 show no evidence of a
long-range magnetic ordering. In these samples, we obse
broad diffuse peaks associated with presence of short-ra
magnetic correlations.

In the long-range ordered hydridesRMn2H4.6 the mag-
netic peaks could be indexed by the propagation vectok
51/3 1/3 0. Neither the propagation vector nor the order
temperature depend on substitution in theR sublattice. The
magnetic intensities and their temperature dependences s
very little difference between the compounds with non ma
netic (R5Lu or mixture Lu, Y! and magnetic (R5Tm,Er) R
sublattice. Below 100 K we observed only very small co
tributions from the magneticR (R5Er,Tm) atoms to total
magnetic scattering~Fig. 3, right!.

The propagation vectork51/3 1/3 0 corresponds to
120° rotation of the magnetic moments in theab plane~see
Fig. 5!. A precise determination of the magnetic structu
was performed using the Rietveld technique. Refining
individual values of the magnetic moments and their orie
tations for all magnetic atoms in the unit cell makes t
in
TABLE II. Crystal structural parameters of (Lu0.4Y0.6)Mn2D4.6 at T52 K. Space groupP63 /m. Parameters given without error bars
brackets were not fitted.

Atom Position Occupancy

Position parameters Isotropic ~B! or anisotropic~b!
displacement parameters
~Å2 and Å, respectively!x y z

Lu, Y 4 f 1.00 0.333 0.667 0.059~2! B50.2
Mn~1! 2b 1.00 0.000 0.000 0.000 B50.6
Mn~2! 6h 1.00 20.149~4! 20.312~3! 0.250 b1150.002(1) b2250.008(2) b3350.003(1)
H1 12i 0.98~2! 0.052~7! 0.347~8! 0.572~8! b1150.010(1) b2250.033(2) b3350.004(1)
H2 6h 0.90~1! 0.158~8! 0.403~9! 0.250 b1150.006(2) b2250.016(3) b3350.006(2)
H3 2d 0.78~3! 0.667~0! 0.333~0! 0.250 b1150.000 b2250.000 b3350.049(1)

Deuterium atoms per formula unit 4.68
Reliability factor ~%! Rp55.24% Rexpt56.79% RB514.4%
Lattice constant~Å! a55.789(2) c59.536(3)
3-4
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FIG. 3. Left: magnetic scattering in
RMn2H4.6 measured on the long-wavelength di
fractometer G6.1 (l54.74 Å) at T510 K. The
spectra are subtracted from the neutron diffra
tion patterns measured in the paramagnetic ra
(T5280– 290 K). Right: integrated intensitie
of the 1/3 1/3 1 peak vs temperature. Solid lin
are guides to the eye.
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fitting procedure unstable. Therefore we constrained the
ues of Mn(R) moments to be the same for all Mn(R) sites
and to be lying in the basal planes. We also constrained
angles between the directions of the magnetic moment
different ab planes to be equal to 2p/n (n51,2,3,4,6). The
refined parameters for ErMn2H4.6 are given in Table III. Spin
directions in (Lu0.4Y0.6)Mn2H4.6 and TmMn2H4.6 are the
same as in ErMn2H4.6. Values of ordered magnetic momen
measured at different temperatures in allRMn2H4.6 com-
pounds are shown in Fig. 6. The values of magnetic mom
on the Mn sites (mMn'2.5mB) are close to the values foun
in other RMn2 compounds having well-localized Mn mag
netic shells. The values of magnetic moments on the r
earth sites are significantly lower than the free ion values
m (R)52.6mB for ErMn2H4.6 and TmMn2H4.6 instead of 9mB
and 7mB for Er31 and Tm31, respectively.

The above model gives reliability factorsRmag514%,
17%, and 20% for Lu0.4Y0.6Mn2H4.6, TmMn2H4.6, and
ErMn2H4.6 respectively. TheR factors could be slightly im-
proved by allowing nonequivalent values of magnetic m
ments on the Mn~1! and Mn~2! sites and by allowing an
arbitrary rotation between the magnetic moments lying
neighboring ab planes (Þ2p/n). The best fits (Rmag
510%, 14%, and 17% for (Lu0.4Y0.6)Mn2H4.6, ErMn2H4.6,
and TmMnH4.6, respectively! were obtained for a model as
suming nonmagnetic Mn~1! sites and an angular shifta1,2
between the neighboringkagome´ planes equal to 130° an
230° (a11a25360°). Although the later model provide
slightly lower R factors, the ‘‘incommensurate’’ angula
shifts between thekagome´ planes is difficult to explain from
10442
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a physical point of view. If we assume first-neighbor inte
actions only, an incommensurate rotation between the ne
boringkagome´ planes should yield an incommensurate spi
magnetic modulation along thec axes, 230° (a11a2
Þ360°), and additional magnetic peaks on neutron diffr
tion patterns which were not observed experimentally. Mo
over, this model assumes very different magnetic mome
on Mn~1! and Mn~2! sites. Notice that when we constraine
a1,2 to ‘‘commensurate’’ values (a1,25360/n) and allowed
the magnetic moments on the Mn~1! and Mn~2! sites to vary
independently we always obtainedmMn1'mMn2 . The above
ambiguity concerns the magnetic stackingsbetweenthe mag-
netic planes, but does not concern the magnetic orderingin-
side the kagome´ planes. The analysis of magnetic orderin
inside thekagome´ planes given in the Discussion could b
applied indifferently to the models 1 and 2.

The diffuse magnetic peaks observed in the low-cont
samplesRMn2H4.2 are attributed to magnetic correlation
having the same propagation vectork51/3 1/3 0, but a very
short correlation length~30–70 Å!. As for the high-content
phases, we did not find any magnetic scattering which co
be associated with a ferromagnetic ordering~neither long
range nor short range!. We observe the onset of magnet
ordering (TN) in the temperature range 150–200 K, we
below the ordering transition in the hydrogen sublatt
(TH'300 K). The values ofTN are significantly lower than
in the high-content phases~150–200 K compared to 250 K!
and~as in high-content phases! do not depend on the subst
tution in theR sublattice. In contrast with the high-conte
phases, the rare-earth atoms significantly contribute to
u-
a-

vs
FIG. 4. Left: magnetic scattering in
RMn2H4.2 measured on G6.1 (l54.74 Å) at T
510 K. The spectra are subtracted from the ne
tron diffraction patterns measured in the par
magnetic range (T5280– 290 K). Right: int-
egrated intensities of the 1/3 1/3 1 diffuse peak
temperature. Solid lines are guides to the eye.
3-5
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O. L. MAKAROVA et al. PHYSICAL REVIEW B 66, 104423 ~2002!
magnetic intensities at the lowest temperatures. Moreo
the nature of the short-range spin correlation significan
changes with rare-earth substitution~Fig. 4!. In LuMn2H4.2
the diffuse magnetic peaks are well described by Gauss
like profiles. In contrast, in TmMn2H4.2 and ErMn2H4.2 we
observe Lorentzian-like contributions to the magnetic pea
These contributions are much sharper than the Gaussian
peaks observed in the LuMn2H4.2 and become more impor
tant at low temperaturesT!TN . The correlation lengths~es-
timated from the widths of the diffuse peaks! are signifi-
cantly higher in compounds with magnetic rare-earth ato
~see Table IV!. The relative intensities of the diffuse mag

FIG. 5. Hydrogen environments in the high-content and lo
content phases and the spin arrangement in the high-content p
inside the Mn~2! kagome´ planes. Only hydrogen atoms occupyin
2R12Mn sites are shown. We also show projections of the ra
earth and Mn~1! atoms lying below and above thekagome´ planes.
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r,
y

n-

s.
ike

s

netic peaks observed in TmMn2H4.2 and ErMn2H4.2 differ
from those measured in LuMn2H4.2. The ~1/3 1/3 0! peak
which is very strong in the LuMn2H4.2 does not exist in
ErMn2H4.2 in the whole temperature range. In TmMn2H4.2
the 1/3 1/3 0 reflection has nonzero intensity in the tempe
ture range 70,T,200 K, but does not exist in the temper
ture rangeT,70 K. The variation of the magnetic intensitie
could be assigned to a reorientation of the rare-earth and
moments~while keeping the same propagation vector of t
magnetic modulation! induced by the magnetic anisotropy o
rare-earth ions, as previously observed in the cubic hydri
RMn2H4.5.13,18

V. DISCUSSION

The results show that interstitial hydrogen drastically
fluences the magnetic properties of the hexagonal La
compoundsRMn2 (R5Er,Tm,Lu). First of all, hydrogen in-
duces localized magnetic moments on the Mn sites by
panding the lattice. In the hydrides with hydrogen conte
x54.2 and 4.6 the first-neighbor Mn-Mn distances (d52.9
and 3.1 Å, respectively! are much larger than in the non
doped compounds (d52.6 Å) and significantly larger than
the critical valuedc52.68 Å. Ordering temperatures in hy
drides are much higher than in the parent compounds an
not depend on the rare earth. We conclude that in the
drides the Mn magnetism dominates and imposes magn
ordering on the rare-earth sublattice as in the cubic hydrid
The magnetic properties of hexagonal Laves hydrides co
be compared with the magnetic properties of the Laves c
pounds formed by light rare-earth or 5f elements (R
5Pr,Nd,Th) having larger ionic radii and localized Mn m
ments.

There is an important difference between the cubic a
hexagonal Laves hydridesRMn2H41x . In the cubic hydrides
RMn2H4.5 the magnetic and hydrogen sublattices order
multaneously through a first-order magnetostructural tra

-
ase

-

TABLE III. Magnetic structure parameters of ErMn2D4.6 at T510 K. Propagation vectork51/3 1/3 0.

Atom x y z

Model 1 Model 2

mx(mB) my(mB) mz(mB) mx(mB) my(mB) mz(mB)

Er~1! 0.333 0.667 0.059 22.5~6! 0.00 0.00 22.9~2! 0.00 0.00
Er~2! 0.333 0.667 0.441 2.5~6! 2.5~6! 0.00 2.9~2! 2.9~2! 0.00
Er~3! 0.667 0.333 20.059 0.00 22.5~6! 0.00 0.000 22.9~2! 0.00
Er~4! 0.667 0.333 0.559 22.5~6! 0.0 0.00 22.9~2! 0.00 0.00
Mn~1-1! 0.000 0.000 0.000 1.5~1! 3.0~2! 0.00 0.000 0.00 0.00
Mn(1-2) 0.000 0.000 0.500 1.5~1! 3.0~2! 0.00 0.000 0.00 0.00

Mn(2-1,2,3)
20.158
0.317
20.158

20.317
0.158
0.158

0.250
0.250
0.250

J 2.6~2! 0.000 0.00 2.7~2! 0.00 0.00

Mn(2-4,5,6)
20.317
0.158
0.158

20.158
0.317

20.158

20.250
20.250
20.250

J 22.6~2! 0.000 0.00 20.5~3! 2.4~1! 0.00

Reliability factor Rm520% Rm514%
3-6



d
n

a
e

ri
th

r
e

cur

ery
ns
su-
su-
ob-

e
nd
ob-
ced
a

red
ong-

er-
s-

ogi-
in

ro-

o
r-

the

tic
, so
in-

es

een

can
use

tifer-
on

-
ites.
rre-
cise

be
er-
be-
-
of

tri-

-
Mn

-

a

INTERPLAY OF MAGNETIC AND HYDROGEN ORDERING . . . PHYSICAL REVIEW B 66, 104423 ~2002!
tion. In the hexagonal compounds the two sublattices or
at different temperatures by second-order-like transitio
These phenomena could be well explained in the frame
the model proposed in Ref. 13. One can calculate a me
field exchange energyEMF in the ordered hydride and th
corresponding characteristic temperature (3/2)kTMF5EMF.
If we assume that hydrogen atoms are always ordered,TMF

will be equal to the experimentally measured Ne´el tempera-
ture TN . In reality, in the cubic hydridesTMF is higher than
the hydrogen ordering temperatureTH . As shown in Ref. 19,
hydrogen disorder suppresses magnetic long-range orde
Therefore no long-range magnetic ordering is expected in
temperature rangeT.TH . Consequently,TMF corresponds
only to a ‘‘virtual’’ Néel temperature and the magnetic orde
ing occurs atTH together with the hydrogen ordering. In th

FIG. 6. Temperatures dependences of the Mn and rare-e
magnetic moments~j and d, respectively! in the RMn2H4.6

compounds.

TABLE IV. Spin correlation lengths in theRMn2H4.2 com-
pounds.

Compounds Peak shape Correlation lengths~Å!

LuMn2H4.2 Gaussian 32
TmMn2H4.1 Lorentzian 38
ErMn2H4.2 Lorentzian 73
10442
er
s.
of
n-

ng.
e

-

hexagonal hydrides, the magnetic energy is lower~because
of shorter Mn-Mn distances and weaker Mn moments! and
TMF,TH . Therefore magnetic and hydrogen orderings oc
at different temperaturesTN5TMF andTH , respectively.

The most surprising and interesting feature is the v
high sensitivity of the magnetic ordering to small variatio
of hydrogen content and to particular types of hydrogen
perstructure. The strong coupling between the hydrogen
perstructure and the magnetic ordering has been already
served in the cubic hydridesRMn2H4.5.12,13,19It was found
that hydrogen disorder~induced by chemical doping in th
Mn sublattice! destroys long-range magnetic ordering a
stabilizes short-range magnetic correlations. Here we
serve a breakdown of long-range magnetic ordering indu
by a structural transition which is not associated with
chemical disorder. The simple transition from one orde
hydrogen superstructure to another one suppresses l
range magnetic ordering.

We analyze the coupling of magnetic and structural ord
ings within the model proposed in Ref. 13. This model a
sumes that the value~and possibly the sign! of the first-
neighbor Mn-Mn exchange interaction (JMn-Mn) depends on
the local hydrogen environment. By makingJMn-Mn interac-
tions nonequivalent, hydrogen ordering releases the topol
cal frustration and induces long-range magnetic ordering
the Mn sublattice. In the hexagonal compounds, the hyd
gen atoms fill some of the 2R12Mn interstitial sites in the
kagome´ planes and form ‘‘hydrogen triangles’’ coupled t
‘‘Mn triangles’’ ~Fig. 5!. Some of the Mn triangles are su
rounded by hydrogen atoms, whereas others are not. In
high-content (x54.6) phase the ‘‘H-surrounded’’ and ‘‘H-
nonsurrounded’’ Mn triangles correspond to ferromagne
and antiferromagnetic triangles in the magnetic structure
the symmetries of the magnetic and structural orderings
side thekagome´ planes coincide. The ferromagnetic triangl
belong to the Mn~2!-Mn~1! chains which develop along thec
axes and mediate the interplane magnetic exchange betw
the Mn~2! planes through the first-neighbor Mn~2!-Mn~1! in-
teractions. Therefore the intraplane magnetic ordering
transform to a three-dimensional magnetic structure. Beca
the rare-earth atoms are located at the centers of the an
romagnetic triangles, the mean field of the Mn sublattice
the rare-earth sites should be equal to zero~if we assume
first-neighbor interactions only!. It explains the strong reduc
tion of the ordered magnetic moments on the rare-earth s

Because of the short-range nature of the magnetic co
lation in the low-content phases, we cannot prove a pre
model for the spin arrangements in theRMn2H4.2 samples.
Only the propagation vector and correlation length could
determined unambiguously from our diffraction data. Nev
theless, our structural data show an important difference
tween ‘‘low-content’’ and ‘‘high-content’’ hydrogen super
structures, which could be responsible for the breakdown
the long-range magnetic ordering. The ways how the H
angles~lying in the kagome´ planes! surround the Mn tri-
angles are different in thex54.2 and 4.6 phases. In the low
content samples the hydrogen triangles surround the
triangles which form the Mn(2)-R interplane chains,
whereas the Mn~2!-Mn~1! chains have no hydrogen neigh

rth
3-7
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bors in thekagome´ planes: i.e., the Mn-H coupling is exactl
opposite to that found in the high-content samples. There
we might expect opposite effects of the hydrogen order
on the magnetic properties of the low-content phas
namely, a nonzero exchange field on the rare earths, b
reduced magnetic exchange along the Mn~2!-Mn~1! chains.
A nonzero exchange field on theR sites could explain the
larger values of the ordered rare-earth moments~compared to
the x54.6 samples!, whereas the suppression of the ma
netic ordering along the Mn~2!-Mn~1! chains could be re-
sponsible for the breakdown of the long-range magnetic
dering.

In the above models we considered the coupling of m
netic and hydrogen ordering inside thekagome´ ab planes. It
is less obvious to explain the influence of hydrogen ato
lying out of the kagome´ planes on the magnetic interaction
between the Mn~1! and Mn~2! planes. For the high-conten
samples~model 1: see Table III!, the relative orientations o
the magnetic moments in the neighboringab planes are ei-
ther parallel or antiparallel. Parallel and antiparallel orien
tions alternate along thec axis: therefore, the magnetic su
rounding of each Mn plane is nonsymmetric with respect
the c axis, whereas hydrogen surroundings are always s
metric. This disagreement could be attributed to the rest
tions of the above model which takes into account the fi
neighbor Mn-Mn interactions and the first-neighbor Mn-
surroundings only. We note that the second-neighbor m
netic exchange could play a role for interplane magnetic
teractions in the hexagonal Laves compounds. In particu
an antiferromagnetic coupling~similar to that found in the
d
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hydrides! between kagome´ planes had been found i
ThMn2.8 In ThMn2 the Mn~1! atoms are believed to be non
magnetic, so that the interplane magnetic interactions ca
be mediated by the first-neighbor exchange in this samp

In conclusion, our data show the very strong sensitivity
magnetic ordering to very small modifications of hydrog
superstructures. Some of these features could be unders
by a model taking into account the local influence of hyd
gen atoms on the Mn-Mn exchange interactions. The ab
model is still obviously oversimplified as it takes into a
count first-neighbor interactions only and fully ignores t
influence of hydrogen superstructures on the band struc
The high-content hexagonal hydrides bring another inter
ing feature which was not considered up to now. Filling t
2R13Mn interstitial sites could influence the magne
properties of both Mn and rare-earth sublattices. In parti
lar, hydrogen located in the 2R13Mn sites could contribute
to the strong suppression of the rare-earth magnetic mom
in the high-content samples.

Ab initio calculations of influence of the hydrogen supe
structures on the band structure and experimental study o
interplay of magnetic and hydrogen ordering in the hydrid
having lower hydrogen contents 0,x,4 ~now in progress!
could help in a further understanding of the problem.
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