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Magnetic and hydrogen ordering in the frustrated Laves hydrides
RMn2H4.5 „R5Y, Gd, Tb, Dy, Ho…: A neutron-diffraction study
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We have studied the magnetic and crystal structures of different Laves hydridesRMn2H4.5 (R5Y, Gd, Tb,
Dy, Ho!, having the cubicC15 structure at high temperature. We observe a strong coupling between the
hydrogen and magnetic order in the frustrated Mn sublattice. The Ne´el temperature coincides with the ordering
temperature in the hydrogen sublattice, resulting in a single magnetostructural transition. In contrast to the
RMn2 compounds, in the hydrides the Mn-Mn magnetic interaction dominates and it imposes the magnetic
order in the rare-earth sublattice. On the other hand, the anisotropy of the rare-earth ion strongly influences the
orientation of the magnetic moments at low temperature. The Laves hydrides show a very unusual case where
the structural and magnetic orders strongly interact with each other. They also offer many examples of the
interplay between the localized Mn moments and the rare-earth moments.@S0163-1829~99!13213-2#
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I. INTRODUCTION

TheRT2 compounds, whereR is either a rare-earth meta
or yttrium, andT is a transition metal~Fe, Ni, Co, Mn!, have
been intensively studied for several reasons. First of all,
moments of the transition metal are close to the instab
limit between localized and itinerant moments. Con
quently, they become delocalized below some critical d
tancedc between first neighborsT atoms.1 In the RFe2 fam-
ily, well localized moments are observed in all compoun
whereas no magnetic moment exists for the Ni-based La
phases. For Mn and Co compounds, the first-neighbor
tances are very close todc . In most cases, Mn and Co atom
do not carry a magnetic moment, but it could be induced
the molecular field of the rare-earth sublattice.1,2 Secondly,
in the C15 structure of the cubic Laves phases, theT atoms
form a pyrochlore-like sublattice, which is known as ful
frustrated for first-neighbor antiferromagnetic interaction3

In the pyrochlore lattice, no spin arrangement minimizes
free energy, which results in a fully degenerated spin-liq
state atT50 K.4–6 Among the compounds where the tran
tion metal carries an intrinsic moment, YMn2 is the only one
where antiferromagnetic long-range order appears in
frustrated Mn sublattice. The frustration yields a complica
helicoidal order associated with a structural distortion at
Néel transition. YMn2 is situated very close to the limit o
instability, and its unusual magnetism was intensively st
ied using different chemical substitutions and press
measurements.7–11

Recently, the hydrides of Laves phases attracted m
PRB 590163-1829/99/59~14!/9324~8!/$15.00
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attention.12–15 Hydrogen occupies the interstitial sites in th
metal sublattices. It could influence the magnetic order
several ways. Firstly it expands the lattice, acting like
negative pressure, so that it could stabilize the localized m
ments. Secondly, it could change the magnetic interacti
by modifying the electronic structure. Furthermore, it cou
form ordered superstructures, changing the symmetry of
surroundings of the magnetic atoms and introducing str
tural distortions. These points are especially important w
regards to the magnetic interactions in the Mn lattice, sin
H order could act as a possible way to decrease the topo
cal frustration. It is important to note that the hydrogen su
lattice and the Mn magnetic sublattices are characterized
energy scales of the same order of magnitude and have a
the same ordering temperature~around 300 K!.

Some of the cubicRMn2Hx (R5Y, Gd, Tb, Dy, and Ho!
compounds have been studied by different techniques,
magnetic measurements,12,13 NMR and Mössbauer
spectroscopy,14 x-ray and neutron diffraction.15 From these
data, it was concluded that H doping stabilizes local m
ments and increases ordering temperatures. In YMn2Hx , de-
pending on H concentration, the hydrides either show a
rimagnetic behavior (1,x,3.5), or behave as
antiferromagnets at high doping content (x>4 to 4.5!.13 Up
to very recent times, there was no detailed characterizatio
the long-range-ordered structures, neither in the hydro
nor in the magnetic sublattices. Recently, the interplay
tween Mn and H orders was studied in detail in YMn2D4.3,
using neutron diffraction and isotopic contrast H/D to ide
tify magnetic and hydrogen superstructures.16 We found that
9324 ©1999 The American Physical Society
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the structural and magnetic orders have the same rhomb
dral symmetry. We observed a first-order magnetostruct
transition, where the magnetic sublattice changes from
paramagnetic state to an antiferromagnetic one, as the hy
gen forms an ordered superstructure.

In the present paper, we present a systematic study o
the members of theRMn2Hx family having the cubicC15
structure, and the maximum hydrogen contentx
54.1– 4.5). At this high H content, the Mn-Mn distance
well above the critical distance, so that we could expect w
localized moments on Mn sites. This situation strongly d
fers from that in theRMn2 family1,2 where the Mn-Mn dis-
tances are about or belowdc , so that the rare-earth magn
tism dominates, inducing magnetic moments on some
sites. Moreover in the present case, the dense H pac
should strongly influence the magnetic interactions both
the Mn and in the rare-earth sublattice.

II. EXPERIMENTAL DETAILS

The starting intermetallic compounds have been prepa
by arc melting from Mn of 99.99% purity and rare-ear
metals with a typical of purity of 99.9%. For the Gd com
pound, we used the Gd160 isotope due to the huge neutro
absorption of natural Gd. The hydrides~deuterides! were
prepared by absorption of hydrogen~deuterium! gas at 273
K, at the pressure of 0.1–0.4 bar. For the neutron studies
used the deuterium isotope to decrease the incoherent
tering. In the following, we will speak about hydrogen, wha
ever isotope~H or D! was used. The hydrogen content w
estimated by measuring the volume of the absorbed
Usually, between 1 and 3 h were needed to obtain the h
dride with the maximal hydrogen content. The quality of t
samples was checked by x-ray-diffraction at ambient te
perature. The hydrides show narrow Bragg lines correspo
ing to a homogeneous hydrogen distribution within t
sample. The samples are single phase, besides a s
amount~of about 5%! of HoD3 in the Ho sample. HoD3 is
not magnetic down to 1 K, so that its presence does
influence the analysis of the magnetic scattering.

The powder neutron-diffraction measurements have b
carried out on the diffractometers D2B and D1B in ILL an
G6.1 in LLB. The high-resolution diffractometer D2B~with
an incident neutron wavelength of 1.593 Å! was used for the
full determination of the magnetic and crystal structures. T
high-flux diffractometers D1B and G6.1~of wavelength 2.4
and 4.734 Å, respectively! allowed us to study the tempera
ture dependence of the magnetic order in details. For the
and Gd samples, we used a double-cylinder sample hold
reduce the neutron absorption. Both crystal and magn
structure data were analyzed using theFULLPROF program.17

III. EXPERIMENTAL RESULTS

Typical neutron-diffraction spectra are shown in Figs
and 2. In all samples, we observe the same first-order m
netostructural transition around 270–350 K as found
YMn2D4.3 ~Ref. 16!. At the transition, several phenomen
occur simultaneously as the temperature decreases. Fir
all, we observe a strong decrease of the diffuse scatte
arising from the disordered hydrogen sublattice. This scat
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ing appears in Fig. 1~a! as a broad diffuse peak around 4
degrees. It is related with liquidlike short-range correlatio
and corresponds to a blocking distance between H atom
2.1 Å. Secondly, we observe a rhombohedral distortion
the unit cell, clearly seen by a split of the structural pea
Moreover, new sets of diffraction peaks appear, showin
superstructure with propagation vector12

1
2

1
2 . As in

YMn2D4.3 the transition can be described by simultaneo
hydrogen and antiferromagnetic~AF! orders~with propaga-
tion vectorsk50 andk5 1

2
1
2

1
2 , respectively!.

Above the transition, the crystal structure is describ
within the space groupFd3m, by assuming a random distri
bution of the 35 hydrogen atoms among the 96g positions of
the cubic unit cell~interstices 2R– 2Mn). To describe the
crystal structure below the transition, we used the sa
model as forYMn2D4.3, i.e., the space groupR3m where
hydrogen atoms occupy two kinds of positions 3b with oc-
cupancy 0.95 and one position 6c with occupancy 0.5. In all
cases we get a reasonable agreement with the experim
data (RF around 6% andRBragg below 10%!. Typical refine-
ments are shown in Figs. 1 and 2. The lattice constant
the rhombohedral angle deduced from these refinements
shown versus temperature in Fig. 3. They show an ab
change at the Ne´el temperature, characteristic of a first-ord
transition. The Ne´el transition remains in the same temper
ture range~260–360 K! for all compounds, close to the valu
in YMn2D4.3.

FIG. 1. Neutron-diffraction spectra measured in HoMn2D4.5 at
299 K ~aboveTN) and 1.5 K with a neutron wavelength of 1.593 Å
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In contrast with the structural peaks, the magnetic int
sities and their temperature dependences~Fig. 4! show im-
portant differences with YMn2D4.3. First of all the 1

2
1
2

1
2

magnetic peak, the strongest one in YMn2D4.3, does not exist
in the Dy sample. In the Gd and Dy samples, the tempera
dependence of the magnetic intensities is monotonic, like
YMn2D4.3, whereas for Tb and Ho the intensity of the1

2
1
2

1
2

peaks decreases abruptly at some intermediate tempera
Since in all cases the magnetic peaks are indexed with
propagation vector12

1
2

1
2 , we conclude that the temperatu

FIG. 2. Neutron-diffraction spectra measured~a! in TbMn2D4.5

at three temperatures: 8.5 K (T,TR), 209 K (TR,T,TN), and
328 K (T.TN). ~b! in DyMn2D4.4 at two temperatures: 8.3 K (T
,TN) and 302 K (T.TN). The neutron wavelength is 4.734 Å
Solid lines correspond toFULLPROF refinements.
-
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behaviors of the magnetic intensities should be associ
either with a reorientation of the magnetic moments, or w
some interplay between the temperature dependence o
Mn and rare-earth moments. In order to describe the exp
mental data, we made a systematical search among the
ferent models of spin orientation within the high-symme
directions. We tried collinear Mn andR sublattices as well as
some noncollinear arrangements. The results are summa
in Table I. The final models give a good agreement with
experimental data for all samples in the whole temperat
range (Rmagn,10%). The temperature dependences of
magnetic moments obtained byFULLPROF are shown in Fig.
5. In all samples we found collinear arrangements ofR and
Mn spins, which order simultaneously atTN . The Gd sample
could be described by the same model as the Y sample,
all moments lying in the plane perpendicular to the@1 1 1#
direction. In the Dy sample, the magnetic moments are p
allel to the @1 1 1# direction. This explains why we do no
observe the1

2
1
2

1
2 reflection. In both Gd and Dy samples th

direction of magnetic moments does not change with te
perature. In contrast, we found a reorientation transition
the Tb and Ho samples, where the magnetic structure wh
takes place just belowTN is the same as in YMn2D4.3 and Gd
samples. At some intermediate temperatureTR the magnetic
moments reorient to the direction@1 0 0# and@1 21 1# in the
Tb and Ho samples, respectively. The reorientation tra
tions are sharp and the Mn andR magnetic moments remai
collinear throughout the transition. The magnitude of t
magnetic moments does not change atTR . The Mn moment
saturates rather quickly belowTN whereas the rare-earth mo
ment increases smoothly down to the lowest temperat
approaching the value of the free Gd, Tb, and Ho ions (gJ
57, 9, and 10mB , respectively!. Only in the Dy sample does
the moment at low temperature remain significantly sma
than the free-ion value (gJ510mB).

The rhombohedral unit cell contains twoR atoms occupy-
ing two positions 1a, and four Mn atoms with positions 1a
and 3b of the space groupR3m. The magnitude of the mag
netic moments at the various sites,@as calledR1, R2, Mn~1!
and Mn~2! in the following#, are not necessarily the sam
Nevertheless, our fits do not show significant differences
tween the magnetic moments corresponding to nonequ
lent positions both inR and in Mn sublattices. In Fig. 5 we
present results assuming only oneR moment and two differ-
ent moments at Mn 1a and Mn 3b sites@Mn~1! and Mn~2!,
respectively#. Although in the Tb and Ho samples, the Mn~1!
moments seem to be systematically smaller than the Mn~2!
ones, the difference does not go far from the experime
error. In the Dy sample, the high absorption of Dy increa
both statistical and systematical error, and we have c
strained Mn~1! and Mn~2! moments to the same value. Fig
ure 6 shows the resulting magnetic structures ofRMn2D4.3.
The R and Mn ferromagnetic~111! planesR1 Mn~1! R2
Mn(2)-R1 Mn~1! R2 Mn(2)-R1 Mn~1! R2 Mn~2!-. . . are
ordered in the1122 sequence for each type of magne
atom~R or Mn!, leading to the following packing↑↓↑↑-↓↑↓↓-
↑↓↑↑-↓↑↓↓-↑↓↑↑-↓↑↓↓ along the@1 1 1# axis, where↑ and ↑
correspond toR and Mn moments, respectively. A schema
drawing of the magnetic structure is shown
Fig. 6.
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FIG. 3. Lattice constanta ~Å! and rhombohedral anglea ~deg! versus temperatureT in the RMn2Dx family. Error bars are the standar
deviations given byFULLPROF refinement. Solid lines are guides to the eye.
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FIG. 4. Integrated intensity of the12

1
2

1
2 peak versus tempera

ture. Solid lines are guides to the eye.
IV. DISCUSSION

In order to analyze the magnetic order, we must consi
both Mn andR sublattices. In the general case, we have
consider the Mn-Mn,R-Mn, andR-R exchange interactions
altogether:

H5HMn-Mn1HR-Mn1HR-R . ~1!

In the RMn2 compounds, the interactions involve most
first-neighbor exchange, mediated byd orbitals of Mn and
the outer 5d shell of the rare earth~through intra-atomic
4 f -5d exchange!. Then we note that the type of magnet
order, with a propagation vector1

2
1
2

1
2 , remains the same in

YMn2D4.3 and in the rare-earth compounds. Moreover,
ordering temperature does not change significantly by rep
ing Y with a magnetic rare-earth atom. It means that
contribution ofHMn-Mn is predominant. So we first discus
the magnetic interaction in the Mn sublattice (HMn-Mn) with-
out any influence of the rare-earth magnetism.

A. Magnetic interactions in the Mn sublattice

If we consider the piling of the Mn layers perpendicular
the @1 1 1# axes, we see that the Mn~2! sites form a sequenc
of kagome´ planes alternating with the hexagonal layers of t
Mn~1! sites~Figs. 6 and 7!. Each Mn~2! atom has six neares
Mn neighbors. Four of them belong to the same Mn~2! plane
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TABLE I. Néel temperatureTN , reorientation temperatureTR , spin directions and low-temperatur
values of the magnetic moments in theRMn2Dx family. Rmagnis the magnetic reliability factor obtained in th
FULLPROF refinement.

Chemical
formula TN ~K! TR ~K!

Direction of magnetic moments Magnetic moments at 8.5 K (mB)

Rmagn ~%!T,TR TR,T R Mn~1! Mn~2!

GdMn2D4.1 358 @22 1 1# @22 1 1# 7.5~7! 3.3~5! 3.4~3! 6.6
TbMn2D4.5 300 180 @1 0 0# @22 1 1# 9.0~5! 3.6~4! 2.8~3! 3.3
DyMn2D4.4 265 @1 1 1# @1 1 1# 7.7~10! 3.8~5! 3.5~3! 6.6
HoMn2D4.5 280 160 @1 1 21# @22 1 1# 8.7~5! 3.9~5! 3.5~3! 7.6
o
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t

~top of Fig. 7!, whereas the remaining two belong to the tw
neighboring Mn~1! planes. In contrast, the Mn~1! atoms have
no nearest neighbors inside the Mn~1! plane. Each Mn~1!
atom has three nearest neighbors in the Mn~2! plane above
and three Mn~2! nearest neighbors in the plane below~bot-
tom of Fig. 7!. The wave vector12

1
2

1
2 corresponds to the

stacking sequence1122 of ferromagnetic~1 1 1! planes. It
is easy to see that the observed magnetic structure cann
explained by considering only first-neighbor isotrop
be

Mn-Mn interactions. As noticed in the Introduction, the p
rochlore lattice is fully frustrated to AF first-neighbor inte
actions and ferromagnetic Mn-Mn interactions should yiel
casual ferromagnetic order~like in YFe2). The problem can-
not be solved simply by involving the rhombohedral disto
tion. As discussed above, the Mn~1! atoms have neares
neighbors only in the neighboring Mn~2! planes. Since in the
magnetic structure, the magnetic moments in these Mn~2!
planes are antiparallel, the resulting interaction on the Mn~1!
ing

FIG. 5. Temperature dependences of the magnetic moments in theRMn2Dx family. ~s! rare-earth moment.~m! Mn~1! moment;~d!

Mn~2! moment. Error bars are the standard deviations given byFULLPROF refinement. Solid line are fits of the rare-earth moment accord
to Eq. ~2!.
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site should be zero for any direction of the magnetic m
ments in the Mn~1! plane. The rhombohedral distortion cou
make the Mn-Mn interaction in-plane and out-of-plane no
equivalent, but it will not affect the cancellation of the inte
actions on the Mn~1! site, since these interactions have t
same symmetry regarding the axis of the rhombohedral
tortion. The only way to make Mn-Mn interactions no
equivalent is to consider the influence of hydrogen ord
Since hydrogen order decreases the symmetry of the cr
structure toR3m, the hydrogen sublattice is not symmetr

FIG. 6. Schematic drawing of the magnetic sublattices in
RMn2Dx family. The spin orientation corresponds to the Gd samp

FIG. 7. Hydrogen and Mn environment of the Mn atoms. T
first-neighbor surrounding in the Mn~2! ~kagome´! plane is shown at
the top. The first-neighbor surrounding of the Mn~1! atom is shown
at the bottom. The black, gray, and half filled symbols corresp
to the 3b in-plane, 3b out-of-plane, and 6c half-filled positions of
the hydrogen atoms, respectively.
-

-

s-

r.
tal

with respect to an inversion of the@1 1 1# axis. The details of
the hydrogen surrounding are shown in Fig. 7. Each Mn-
couple could form two 2Mn-2Y tetrahedra. Hydrogen cou
occupy one or none of them, but it cannot occupy two, sin
the H-H distance would be smaller than 2 Å. In the order
structure, each Mn~2!-Mn~2! couple in the Mn~2! plane has
one hydrogen neighbor at the shortest Mn-H distance. Th
fore, we could expect that all Mn~2!-Mn~2! interactions in
the plane will be the same. In contrast, the interactions
tween the Mn~1! and Mn~2! planes are strongly anisotropic
The couples consisting of one Mn~1! atom and one Mn~2!
atom in the plane ‘‘down’’ also have one H neighbo
whereas the couples Mn~1!-Mn~2! ~up! have not. In order to
describe the observed structure, we only need to assume
Mn-Mn interactions involving one H neighbor are ferroma
netic (J1.0), whereas Mn-Mn interactions ‘‘without H’’
are antiferromagnetic (J0,0), like in the YMn2 compound.
Consequently, the in-plane Mn interaction is ferromagne
whereas the out-of-plane interactions could be either fe
magnetic or antiferromagnetic.

The total energy,H52(Ji j SiSj per unit cell is expressed
asH5S2(@3J123J0#13@5J12J0#) for the 1122 stack-
ing sequence, assuming the same magnitude of magnetic
ments at all sites. The first term corresponds to the sum
tion over the first neighbors of the Mn~1! site, and the second
term is the summation over the neighbors of the three Mn~2!
sites of the unit cell. Obviously, the above spin arrangem
corresponds to the minimal possible energy value whenJ1
,0 andJ0.0.

B. Magnetic interactions in the rare-earth sublattice

From above, we conclude that Mn-Mn interaction is pr
dominant. To describe the magnetic order in the rare-e
sublattice, we need to considerR-Mn andR-R interactions.
Depending on the respective strengths of these two inte
tions, we should expect different magnetic behaviors. If
R-R interaction was much stronger than theR-Mn one, the
Mn andR sublattices could order independently with diffe
ent ordering temperatures. With respect to the situation in
RT2 compounds whereT is nonmagnetic, we could expec
that the order in theR sublattice will occur at a much lowe
temperature than in the present case. Our results show
both R and Mn sublattices order simultaneously. This su
gests thatR-Mn interactions are strong and likely domina
R-R interactions. In this case we can describe the magn
order in theR sublattice as an ordering of theR moments in
the molecular field of the Mn sublattice, neglecting any
fluence of the rare earth on the Mn sublattice~besides the
direction of the magnetic moments, which will be discuss
later!. The orderedR moment could be considered as a fr
localized moment in the exchange field of the Mn sublatti
The energy of the J state of the magnetic rare-earth ion co
be written as follows:

EJ52(
i

JR-Mn
i SMnSJ

R522JR-Mn~gJ21!JmBMMn, ~2!

whereMMn and JR-Mn are the ordered Mn moment and th
effective exchange constant derived from the sum overi -Mn
atoms. J is the quantum number andgJ is the Lande´ factor.

The temperature dependence of the rare-earth-ord
moment is calculated through the partition function:

e
.

d



da
ex
.

st

nc
ra
a
.
g

ur

e
-
s
he

rs

l
th
rt
ld
ti
th
n
ve

-

the
ne

ag-

y

r-
e

ing
ori-
he
ith

es-
ider
ien-
ta-
l to

Dy
gh-
ides
re
n
to

stal
In

tal
is

eld
e-

o,

n-

sing

nta-
to
Gd

om
3

9330 PRB 59GONCHARENKO, MIREBEAU, IRODOVA, AND SUARD
mR5F(
J

gJmBJ exp~2EJ/kT!G Y F(
J

exp~2EJ/kT!G .
~3!

We have fitted the temperature dependences of theR mo-
ments using the above formulas, taking the experimental
for the Mn-ordered moments and adjusting the effective
change constantJR-Mn for each rare earth. As shown in Fig
5 we obtain good fits, which reproduce the characteri
features of the measured temperature dependences. We
very similar values of theJR-Mn for the different rare-earth
atoms, namely 23.2, 22.4, 19.1, and 21.1kmB

22 for Gd, Tb,
Dy, and Ho, respectively. From the temperature depende
we cannot conclude about the sign of the exchange inte
tion. The saturated moments obtained with this model
close to the free-ion moments, except for the Dy sample

In order to discuss the microscopic origin of the exchan
between Mn andR sublattices, we need to consider the s
rounding of the rare-earth atoms. EachR atom has 12 Mn
neighbors. Six of them belong to the closest Mn~2! plane,
three to the Mn~1! plane, and the remaining three to anoth
Mn~2! plane ~Fig. 8!. We immediately notice that the ob
served 1122 stacking of the ferromagnetic Mn plane
~Fig. 6! leads to nonequivalent effective interaction on t
two R sites, if we consider the Mn-R interactions as isotropic
ones. One of the two rare-earth sites will have nine Mn fi
neighbors with the same direction of magnetic moments~and
opposite to the rare-earth moment! whereas another site wil
have six neighbors in one direction and six neighbors in
opposite direction. Consequently, for half of the rare-ea
atoms theR-Mn interactions should cancel, and we shou
expect these atoms to remain paramagnetic, in contradic
with the experimental data. When fitting the moments on
two rare-earth sites independently, we never get a differe
larger than 20%. The most significant difference is obser
at the reorientation point and close to the Ne´el temperature
and could be associated with experimental errors~when the
R moments are small or not fully reoriented!. Possible
sources of the anisotropy of theR-Mn interactions could be
the distortion of the unit cell~making theR-Mn distances
different for about 1%! and the hydrogen order. If we con
sider the hydrogen surrounding of theR-Mn pairs in the

FIG. 8. Hydrogen and Mn environment of a rare-earth at
~R2!. The black, gray, and half filled symbols correspond to theb
in-plane, 3b out-of-plane, and 6c half-filled positions of the hydro-
gen atoms, respectively.
ta
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same way as for the Mn sublattice, we see that some of
R-Mn links have two hydrogen neighbors and some only o
~Fig. 8!. Assuming thatR-Mn interactions are AF~like in
RFe2), but that hydrogen neighbors increase the ferrom
netic contribution to the exchange interaction~as for Mn-Mn
exchange!, we can explain the magnetic order in theR sub-
lattice. If J1 is the R-Mn exchange interaction modified b
one H neighbor andJ2 is the interaction involving two H
neighbors, the resulting interaction on the twoR sites is writ-
ten as

J~R1!523J113J116J256J2 ,

J~R2!526J213J113J1526J216J1 . ~4!

Assuming that J1 ,J2,0 and J25 1
2J1 , we get J(R1)

5J(R2)53J1 , showing that the anisotropy of the H su
rounding may modify theR-Mn exchange enough to induc
similar moments on the twoR sites.

C. Reorientation transitions

In the above description, we considered only the stack
sequence of the moments but still did not consider their
entation with respect to the crystallographic axis. T
Heisenberg Hamiltonian written above is degenerated w
respect to all orientations of the magnetic lattice. The pr
ence of spin reorientations shows that we need to cons
anisotropic terms in the magnetic interactions. Since reor
tation transitions occur at low temperature and the orien
tion depends on the nature of the rare earth, it is natura
expect that the orientation atT50 K is controlled by the
rare-earth anisotropy. On the other hand, besides the
sample the direction of the magnetic moments in the hi
temperature phase is the same in all samples, and it coinc
with that in YMn2D4.3. This suggests that in the temperatu
rangeTR,T,TN the spin orientation is governed by M
anisotropy. The simplest way to involve anisotropy is
write the Hamiltonian as

H5H isotrop1Hanisot5$HMn-Mn1HR-Mn%1FR1FMn , ~5!

whereFR and FMn are the anisotropic terms for theR and
Mn sublattices, respectively. For the rare earth the cry
field is supposed to be the main origin of the anisotropy.
the cubic structureFR may be written asFR5V41V6 where
V4 andV6 are the fourth- and six-order terms of the crys
field.18 When considering only the fourth term, the energy
minimized for the directions of@1 0 0#, @1 1 0# or @1 1 1#, de-
pending on the type of rare earth and on the crystal-fi
parameters.19 The above directions in the cubic cell corr
spond to the directions@121 1#, @1 0 0#, and @1 1 1# of the
rhombohedral unit cell, i.e., the directions observed in H
Tb, and Dy samples, respectively, atT,TR ~Fig. 9!.

A reorientation transition may be expected since the M
ordered moments saturate very rapidly belowTN , whereas
the rare-earth moments continue to increase with decrea
temperature. Consequently the balance betweenFR andFMn
may change at some temperature, resulting in the reorie
tion transition. If the rare-earth anisotropy is mostly due
crystal field, no reorientation should be expected in the
sample, since the moment of the Gd31 ion has only a spin
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component. In the Dy sample, the anisotropy of the Dy ion
strong enough to orient the moments already atTN .

The above situation may be compared with that inRFe2
compounds.19–21In bothRMn2D4.3 andRFe2 systems, stable
moments exist on the transition metalsT, the R-T interac-
tions are much smaller than theT-T ones, and theR-R in-
teractions are negligible. However, in theRFe2 compounds
ferrimagnetic structures are observed, the spin directions
imposed by theR anisotropy up to the Ne´el temperature, and
the Fe anisotropy only induces small shifts in the boundari
of the spin orientation diagrams.19 In our case, the influence

FIG. 9. Spin orientations at low temperature in theRMn2Dx

family, as shown with respect to the rhombohedral and the cub
unit cell.
n

p

d

A
n

G

re

s

of the anisotropy of the transition metal seems to be mu
stronger.

V. CONCLUSION

We have observed a strong coupling between rare ea
and Mn sublattices. The two sublattices order at the sam
temperature and remain collinear through the reorientati
transition. The behavior of theR moments is rather different
from that inRMn2 compounds, where the coupling betwee
R and Mn sublattices is ferromagnetic. It seems to be mu
closer to the behavior inRFe2 systems, having well localized
Fe moments. Both inRFe2 and RMn2D4.3 the coupling be-
tween theR andT sublattices is antiferromagnetic. However
in RMn2D4.3 the order inside each sublattice is antiferromag
netic whereas inRFe2 it is ferromagnetic.

Therefore, the studied Laves hydrides represent a ve
interesting case when Mn drives a simple long-range antife
romagnetic order in a pyrochlore-like sublattice. The resul
can be explained only by involving the mutual influences o
hydrogen and magnetic orders which release the frustratio
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