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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 pliMegd, (R
=Er,Tm,Lu;x=4.2,4.6) 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 sampldgMn,H, ¢ show a long-range antiferromagnetic orderipgopagation vectok=1/3
1/3 0), whereas the sampl&dVin,H, , 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.
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[. INTRODUCTION scribed as a stacking of simple triangular planeskagbme

like planes either along the axis (C14 structurg or along

The Laves phasé’Mn, (R=rare earthhave been inten- the cubic diagonal €15 structur¢ Below, we will call
sively studied because of their unusual structural and magMn(1) the atoms belonging to the simple triangular planes

netic properties. These compounds have two magnetic sulgnd Mn2) the atoms belonging to thkagomeplanes. The
lattices: the first one is formed by well-localizedf 4 kagomeplanes are considerably denser than the triangular

magnetic moments of the rare earth, whereas the second oRB€s. The first-neighbor distances between thé2Viatoms
is formed by unstable ® magnetic moments of the Mn at- are 1¥3 times the first-neighbor distances between the

oms. The @ shells are close to the instability limit between MN(1) atoms.

localized and itinerant states and lose their intrinsic magnetic N Poth cases €14 or C15) the first-neighbor antiferro-
moments when first-neighbor Mn-Mn  distandebecomes magnetic interactions result in a fully degenerated magnetic

smaller than some critical distande~2.7 A. Consequently, ground state. The topological frustration could be released by

o : a structural distortion (YMy) (Refs. 6 and Y or by the
the(:?),\élizdco(rﬁsl(\)/ltrl\:dérﬁ:z bfﬁ?&’;jfd%ﬂéol\;?:iikﬂ;?tl:f;'is suppression of magnetic moments on some magnetic sites
(o] 1 1 .

. h d i (L (ThMn,).® The combined effect of topological frustration
nonmagnetu_:. T_ € compounds are nhonmagnetic (Lym and instability of magnetic moments in tHeMn, Laves
ferromagnetic if R=magnetic rare earth (ErMn and

1 compounds results in very peculiar magnetic propefiigs
TmMny). ant spin fluctuations, spin-liquid ground state, complicated

(1) d>d; (NdMny,PrMry). The Mn atoms carry stable magnetic ordering, etg.which have been intensively studied
magnetic moments. The Mn magnetism dominates and imduring the last two decades.
poses an antiferromagnetic ordering in the rare-earth sublat- The RMn, compounds can absorb large quantities of hy-
tice through theR-Mn magnetic exchange. drogen(up to 4—4.6 per formula upitInterstitial hydrogen

() d~d. (GdMn,,TbMn,,DyMn,,HoMn,,YMn,). leads to significant changes of the magnetic and structural
Mn moments are very close to the instability limit. In DyMn properties. Hydrogen occupies interstitial sites of the metal
and TbhMn the exchange field of the rare-earth momentshost and expands the lattice. The lattice expansion can stabi-
induces magnetic moments in the Mn sublattice. This groupize magnetic moments on the Mn sites. Moreover, hydrogen
is characterized by complicated noncollinear magnetic orderatoms form ordered superstructures and release frustration by
ing and/or by the coexistence of magnetic and nonmagnetichanging the local environment of the Mn atoms. The effect
Mn sites®~® of hydrogen absorption on the magnetic propertiesCab

Another important feature of thieRMn, compounds arises cubic RMn, compounds has been studied by different
from the topological properties of the Mn sublattice. ThetechniqueS-**Recently, a systematic study BMn,H, 3 hy-
RMn, (R=Y or rare earth compounds crystallize in the drides R=Y,Gd,Th,Dy,Ho) revealed a very intricate cou-
cubic C15 (R=Gd,Th,Dy,Ho) or hexagonalC14 (R  pling between magnetic and structural ordering. Magnetic
=Pr,Nd,Sm,Er,Tm,Lu) structures. In both structures the Mmand hydrogen superstructures have the same symmetry and
sublattice is formed by regular Mrtetrahedra. In the hex- appear at the same temperature through a first-order magne-
agonal structure the tetrahedra form chains alongcthgis,  tostructural transitioh®!2 This very intricate behavior was
whereas in the cubic structure the tetrahedra form a corneexplained by a model assuming that hydrogen influences the
sharing three-dimensional lattice. In another way, the Mmmagnetic ordering by releasing topological frustration in the
sublattices in both cubic and hexagonal phases could be déin sublattice.
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Very little is known about the structural and magnetic were mixtures of the low-contenk & 4.2) and high-content
properties of theCl1l4 hexagonal hydridesRMn,H, (R (x=4.6) phases. Even samples with the highest hydrogen
=Er,Tm,Lu). These compounds absorb hydrogen up to 4.@oncentration allowed by synthesix=4.6—4.7) contain
atoms per formula unit. The nonmonotonic lattice expansiosmall amounts of the low-content phasg=(4.2). The
upon hydrogenation suggests the presenc@abfeast two  amount increase$5% in ErMnH, ¢ and TmMnH, ¢ and
different phases with hydrogen contents=4-4.2 andx 2505 in LuMnH,¢ as the ionic radius of the rare earth
=4.5-4.6." However, nothing is known about the location gecreases. In order to obtain a single-phase hydride with
of hydrogen atoms in these phases and about the possiblgy,magneticR sublattice and hydrogen context=4.6 we

physical reasons for the existence of two separate phasgsqq 5 nartial Lu/Y substitution, which expands the unit cell
having very close hydrogen contents. It was suggested th%hile keeping the C14 structure. The sample

|nt_erst|t|al hydrogen strongly mflue.nce's the magnetic prop- LU 4¥ 6. )Mn,H, ¢ has a hexagonalQ14) structure and less
erties of theC14 phases. Magnetization measurements o o ;
han 5% of the low-content phase.

LuMn,H, (hydrogen content was not defined, but expecte Neutron diffraction experiments were performed on the
to be close to the maximal ohsuggested a transition from a . u drract Xpert w P . "
high-resolution diffractometer D2B at the Institute leau

paramagnetic to a ferromagnetic state below 206 K.con- S h And h
trast, 1%Er Mossbauer measurements did not show any evi-@ngevin(incident neutron wavelength 1.59)Aand on the
high-intensity diffractometer G6.1 at the Laboratoireohe

dence for a magnetic ordering in Erti, gatT=4 K and a )t ITHIETSTY
paramagnetic state of the rare-earth sublattice had bedgfillouin (incident neutron wavelength 4.74) ABoth mag-

claimed™ netic and crystal structures were analyzed usingFibie -

Neutron diffraction is the most suitable tool to study both PROFprogram based on the Rietveld mettidd.
hydrogen and magnetic ordering, since neutrons are well
scattered by light elements and by magnetic moments. Here
we present a systematic neutron diffraction study of the hex- ll. CRYSTAL STRUCTURE
agonal hydridedRMn,H,, and RMn,H, ¢ (R=Er,Tm,Lu). A RMn.H
We refined the magnetic and crystal structures and searched ' 242
for a possible interplay between magnetic and structural or- In the Laves structures, hydrogen atoms may occupy the
dering. 2R+2Mn, R+3Mn, and 4Mn interstitial sites in the metal
lattice. By analogy with the cubi®&Mn,H, compounds we
expected that the hydrogen would preferably occupy the
2R+ 2Mn sites.

The starting intermetallic compounds have been prepared The neutron diffraction patterns of the low-content
by arc melting from Mn of 99.99% purity and rare-earth samples ErMpH, » are shown in Fig. 1. Diffraction patterns
metals of 99.9% purity. In most cases, we used the deuteriummeasured aff =300 K do not show any additional peaks
isotope in order to decrease the incoherent scattering in newith respect to the space grol6;/mmc which could be
tron experiments. Below, we will speak of hydrogen andassociated with a hydrogen superstructure. A broad diffuse
deuterium indifferently. The hydrides were prepared by abpeak around 2=45° is attributed to short-range liquidlike
sorption of deuterium gas at the pressure 0.4-0.7 bar. Theorrelation in the disordered hydrogen sublattice. Analyzing
hydrogen content was estimated by measuring the volume dhe neutron diffraction data assuming a fully random distri-
the absorbed gas. By choosing an appropriate temperatubition of 16.8 hydrogen atoms among the 48422Mn in-
for the synthesisT=273 and 140 Kwe prepared samples tersites of the unit cell containing 4 formula units yielded a
with different hydrogen concentrationg£€4.2 and 4.6, re- good agreement between the calculated and experimental
spectively. The samples were exposed to hydrogen untilprofiles R,<5%).
equilibrium was attained. Below T=300 K we observed additional reflectiofishl

The sample quality and symmetry of the metal latticetype wherd is odd forbidden in the space grop6;/mmc
were checked by x-ray diffraction at ambient temperatureThey could be seen in the inset of Fig. 1. In the same tem-
All the samples retain the hexagonal symmetry of the unijperature range the intensity of the diffuse peak a=25°
cell. Thec/a ratios (c/a=1.66 and 1.64 fox=4.2 and 4.6, decreases. The appearance of the superstructural peaks and
respectively in the hydrides are slightly larger than in the the decrease of the diffuse scattering suggest the formation
parent compounds(a=1.63). The hydrogen absorption re- of hydrogen ordering. We searched for all possible variants
sults in an increase of the lattice constants. The unit-celbf hydrogen ordering in theR-+2Mn interstitial sites satis-
volumes of theRMn,H, , compounds are about 25% higher fying the following criteria: (i) hexagonal symmetry of the
than in the parent compounds. In the concentration range Qnit cell (i.e., the lowest possible symmetryR8), (ii) num-
<x<4.2 the volume increases almost linearly with the hy-ber of allowed hydrogen positions more than 16.8 per unit
drogen content. Adding an additional 0.4 atoms per formulaell containing 4 formula units, angii) the shortest H-H
unit results in an anomalous expansion of the unit celldistanced,;>2.1 A (so-called “blocking” conditiort).
AVIV=7.5%. This value is about 3 times larger than the We found only one modeishown in Fig. 2 providing a
value obtained by extrapolating the volume dependenceeasonable agreemeRf<10%) with the experimental data
V(X) measured in the concentration range<4.2. Al for the compoundsRMn,H,,. The best refinement
samples with hydrogen contents betweer 4.2 and 4.6 =5%) was obtained assuming a partial hydrogen disorder

Il. EXPERIMENTAL DETAILS
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FIG. 1. Observed, calculated, and difference neutron diffraction patterns of ,EyMmnd ErMnH, c measured at D2BN=1.59 A).
Insets: superstructural peaks forbidden in the space gh@ygmmec

among the & positions. The space group B65;/m. The  Above 340 K the hydrides are expected to decompose: there-
parameters of the crystal structuRMn,H,, are given in  fore, we conclude that the hydrogen ordering persists in the
Table I. whole temperature range up to the temperature of hydrogen
desorption.
B. RMn,Hy¢ We used the same procedure as above to search for a
possible hydrogen ordering. Since we did not observe any
the superstructural peakshl type) persist up to the highest zi%l::aZz/tmhfn:g;ig;al(gse\?vkesaivc\jlioi(?thztlrg\l/c-i%r:?:nlog\r/]zsggs)os

measured temperature 340($ee inset of Fig. IL The inten- Surprisingly, none of the possible hydrogen arrangements in

sities of the superstructural peaks are almost temperature if- . Lor 7
dependent. We did not observe any significant diffuse scattrlhe ZR+2Mn interstitial sites satisfying the3 symmetry

tering which could be associated with hydrogen disorderand the blocking _cond|t|onsd(|?H>2.1A) gave a sat|sfac-_
tory agreement with the experimental data. Then we consid-

ered structural models involving other kinds of interstitial
sites, namelyR+3Mn and 4Mn. We found a satisfactory
model assuming that some hydrogens occupyRHRe3MnN
sites. In this model, 17 hydrogen atokper unit cel) occupy
2R+ 2Mn sites in the same way as in the low-content phase,
except the atoms located in the positiofsdind lying in the
Mn(2) kagomeplane (see Fig. 2 The remaining hydrogen
atoms (1.6 per unit cell occupy one-quarter of thdR
+3Mn sites(positions 4 ) with occupancy 0.4. Although
the model qualitatively agrees with the experimental data,
the fits have relatively largR factors R,=12%). The
agreement could be improved by varying the positions of the
hydrogen atoms inside the tetrahedra. H atoms located in the
R+ 3Mn sites were found displaced towards the base of the
FIG. 2. Schematic drawing of the hydrogen superstructures ifétrahedra formed by three Mn atoms and lying in the(®/in
RMn,H, ¢ andRMn,H, . Right: filling of the hydrogen positions Plane. Each 3Mn triangle is shared by two neighboritg
between the Mn planes. These positions are occupied in the same3Mn tetrahedra. Each pair of tetrahedra forms B 2
way in the low-content X=4.2) and high-contentx=4.6) hy-  +3Mn bipyramide. In the best fit, the hydrogen atoms lie in
drides. Left: position of hydrogen atoms inside of the ®n the Mn(2) planes and occupy the centers of thR23Mn
kagomeplanes inRMn,H, ¢ (top) and RMn,H, , (bottom). bipyramidegpositions 21, occupancy 0.8 This model gave

In contrast with the low-content phase, in tR&n,H, ¢
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TABLE I. Crystal structural parameters of LuMi, , at T=2 K. Space grouf?65/m. Parameters given
without error bars in brackets were not fitted.

Position parameters .
Static or temperature

Atom Position Occupancy X y z displacement$A?)
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 —0.15Q9) —0.3259) 0.25Q0) 0.4
H, 12i 0.797) 0.0526) 0.3218) 0.5715) 1.0(5)
H, 12i 0.054) —0.3218) —0.0526) 0.5715) 1.0(5)
Hs 12i 0.185) 0.5604) 0.0954) 0.1455) 1.0(5)
H, 6h 0.742) 0.4488) 0.9349) 0.25Q0) 1.0(5)
Deuterium atoms per formula unit 4.14

Reliability factors(%) R,=4.7% Ri=6.51% Rz=7.39%

Lattice constantgA) a=5.571(4) ¢=9.268(8)

a satisfactory agreement between the calculated and metiie magnetic structure is purely antiferromagnetic. Narrow
sured spectraR,=5%). Filing the 2R+3Mn intersites  widths point out a long-range magnetic ordering. In contrast,
yields a considerable volume expansion and significant disthe low-content sampleBMn,H, , show no evidence of a
placements of the Mn atoms from their ideal positions. In theong-range magnetic ordering. In these samples, we observed
final model each M(2) plane hosts 3.8 hydrogen atoms perbroad diffuse peaks associated with presence of short-range
unit cell (3 in positions R+2Mn and 0.8 in positions R magnetic correlations.

+3Mn). Final parameters are given in Table II. In the long-range ordered hydridé&dMn,H, ¢ the mag-
netic peaks could be indexed by the propagation vektor
IV. MAGNETIC STRUCTURE =1/3 1/3 0. Neither the propagation vector nor the ordering

temperature depend on substitution in fReublattice. The
The magnetic neutron scattering in ErpHy, and  magnetic intensities and their temperature dependences show

ErMn,H, ¢ measured at the high-wavelength diffractometervery little difference between the compounds with non mag-
G6.1 is shown in Figs. 3 and@eft). In order to separate the netic (R=Lu or mixture Lu, Y) and magneticR=Tm,Er) R
magnetic contribution we subtracted spectra measured isublattice. Below 100 K we observed only very small con-
paramagnetic rangel 250 K). The magnetic peaks could tributions from the magneti® (R=Er,Tm) atoms to total
be easily distinguished from the superstructural peaks assoragnetic scatteringFig. 3, righy.
ciated with hydrogen ordering by their insensitivity to isoto- The propagation vectok=1/3 1/3 0 corresponds to a
pic H(D) substitution. We found very different magnetic be- 120° rotation of the magnetic moments in thle plane(see
haviors in the low-content and high-content hydrides. InFig. 5). A precise determination of the magnetic structure
RMn,H, s we observed sharp magnetic peaks in the temperawvas performed using the Rietveld technique. Refining the
ture rangelT <250 K. We do not observe any magnetic con-individual values of the magnetic moments and their orien-
tribution to the structural peaks: therefore, we conclude thatations for all magnetic atoms in the unit cell makes the

TABLE II. Crystal structural parameters of (LuY ¢ Mn,D,¢at T=2 K. Space grou?6;/m. Parameters given without error bars in
brackets were not fitted.

Position parameters Isotropic (B) or anisotropic()
displacement parameters

Atom Position Occupancy X y z (A% and A, respectively
Lu, Y 4f 1.00 0.333 0.667 0.0%2) B=0.2
Mn(1) 2b 1.00 0.000 0.000 0.000 B=0.6
Mn(2  6h 1.00 ~0.1494) -0.3123) 0.250 B1,=0.002(1)  B,,=0.008(2) PBas=0.003(1)
H, 12 0.982) 0.0527)  0.3478)  0.5748)  B1;=0.010(1)  Bp=0.033(2) Bss=0.004(1)
H, 6h 0.901) 0.1588)  0.4039)  0.250 B1;=0.006(2)  Br=0.016(3) Bas=0.006(2)
Hy 2d 0.783) 0.6670)  0.3330)  0.250 1,=0.000 B,=0.000 Bas=0.049(1)
Deuterium atoms per formula unit 4.68
Reliability factor (%) R,=5.24% Rgypi=6.79% Rg=14.4%
Lattice constantA) a=5.789(2) c=9.536(3)

104423-4



INTERPLAY OF MAGNETIC AND HYDROGEN ORDERING . . . PHYSICAL REVIEW B 66, 104423 (2002
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— | J ¢ - (LuY)
~ } —_ A -Tm
‘—‘Z - 13 |1/30 173 2/13/311/3_2_ é e -Er ] FIG. 3. Leftt magnetic scattering in
3 - (Lu,Y) I Z RMn,H, ¢ measured on the long-wavelength dif-
5 b S i fractometer G6.1X=4.74 A) atT=10K. The
2 2 spectra are subtracted from the neutron diffrac-
g g tion patterns measured in the paramagnetic range
£ £ | peak (T=280-290K). Right: integrated intensities
- =L 1/31/31 of the 1/3 1/3 1 peak vs temperature. Solid lines
! are guides to the eye.
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fitting procedure unstable. Therefore we constrained the vala physical point of view. If we assume first-neighbor inter-
ues of MnR) moments to be the same for all MRY sites  actions only, an incommensurate rotation between the neigh-
and to be lying in the basal planes. We also constrained thieoring kagomeplanes should yield an incommensurate spiral
angles between the directions of the magnetic moments imagnetic modulation along the axes, 230° &;+a,
differentab planes to be equal to/2n (n=1,2,3,4,6). The 360°), and additional magnetic peaks on neutron diffrac-
refined parameters for ErMH, g are given in Table Ill. Spin  tjon patterns which were not observed experimentally. More-
directions in (Ly4YoeMn,H,e and TmMnH, ¢ are the  over, this model assumes very different magnetic moments
same as in ErMgH, 5. Values of ordered magnetic moments on Mn(1) and Mn(2) sites. Notice that when we constrained
measured at different temperatures in BMn;H;6 cOM- a4, to “commensurate” values ¢, ,=360h) and allowed
pounds are shown in Fig. 6. The values of magnetic momentghe magnetic moments on the ki and Mn(2) sites to vary

on the Mn sites y,~2.5ug) are close to the values found independently we always obtaingd,,;~ uwn.. The above

in other RMn, compounds having well-localized Mn mag- ambiguity concerns the magnetic stackibgsweerthe mag-
netic shells. The values of magnetic moments on the rarenetic planes, but does not concern the magnetic ordéming
earth sites are significantly lower than the free ion values: side the kagomeplanes. The analysis of magnetic ordering
M(r)y=2.6 ug for ErMn;H, g and TmMnH, ginstead of Jug inside thekagomeplanes given in the Discussion could be
and 7ug for EFT and Tntt, respectively. applied indifferently to the models 1 and 2.

The above model gives reliability factolR,;=14%, The diffuse magnetic peaks observed in the low-content
17%, and 20% for Lgi,YoeMnoHse, TMMnH,g, and  samplesRMn,H, , are attributed to magnetic correlations
ErMn,H, ¢ respectively. TheR factors could be slightly im- having the same propagation veckor 1/3 1/3 0, but a very
proved by allowing nonequivalent values of magnetic mo-short correlation lengtli30—70 A). As for the high-content
ments on the ML) and Mn(2) sites and by allowing an phases, we did not find any magnetic scattering which could
arbitrary rotation between the magnetic moments lying inbe associated with a ferromagnetic orderifmgither long
neighboring ab planes 2w/n). The best fits Ry, range nor short rangeWe observe the onset of magnetic
=10%, 14%, and 17% for (LguYoeMnsoH, 6, ErMnH, 6, ordering (T\) in the temperature range 150-200 K, well
and TmMnH, g, respectively were obtained for a model as- below the ordering transition in the hydrogen sublattice
suming nonmagnetic M) sites and an angular shiét; ,  (Ty~300 K). The values off are significantly lower than
between the neighboringagomeplanes equal to 130° and in the high-content phas€3$50—200 K compared to 250)K
230° (a;+ a»=360°). Although the later model provides and(as in high-content phasedo not depend on the substi-
slightly lower R factors, the “incommensurate” angular tution in the R sublattice. In contrast with the high-content
shifts between th&agomeplanes is difficult to explain from phases, the rare-earth atoms significantly contribute to the

T T T T T T T T 1 * T T T
131/30 ¢-Lu
e | 13131 3231 a-Tm
j2l [21
2 | Lu [ | = F eo-Er . . .
E it o0 cemsem S FIG. 4. Leftt magnetic scattering in
s £ RMn,H, , measured on G6.IN=4.74A) atT
E (Tm L ] g peak 131/31  _ =10 K. The spectra are subtracted from the neu-
g‘ st 5 tron diffraction patterns measured in the para-
5 [ 1 5 i =280-290 K). Right: int-
3 |g 8 magnetic range T .
= '-:——-&l"h— = egrated intensities of the 1/3 1/3 1 diffuse peak vs
i temperature. Solid lines are guides to the eye.
[ | 1 1 1 1 L 1 7N

20 40 60 80 0 50 100 150 200 250
20 (deg.) Temperature (K)
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netic peaks observed in TmMiH,, and ErMnH, , differ
from those measured in LUMH,,. The (1/3 1/3 Q peak
which is very strong in the LuMyH,, does not exist in
ErMn,H,, in the whole temperature range. In Tmj#y ,

the 1/3 1/3 0 reflection has nonzero intensity in the tempera-
ture range 780 T<200 K, but does not exist in the tempera-
ture rangelr <70 K. The variation of the magnetic intensities
could be assigned to a reorientation of the rare-earth and Mn
moments(while keeping the same propagation vector of the
magnetic modulationinduced by the magnetic anisotropy of
rare-earth ions, as previously observed in the cubic hydrides
RMn2H4I5.13'18

V. DISCUSSION

o H (RMn,H, ) @ Mn(1) (projection) The results show that interstitial hydrogen drastically in-
o H (RanH“) R (projection) fluences the magnetic properties of the hexagonal Laves
Sl compoundsRMn, (R=Er,Tm,Lu). First of all, hydrogen in-

duces localized magnetic moments on the Mn sites by ex-
FIG. 5. Hydrogen environments in the high-content and low-panding the lattice. In the hydrides with hydrogen content
content phases and the spin arrangement in the high-content phase=4.2 and 4.6 the first-neighbor Mn-Mn distances=2.9
inside the Mii2) kagomieplanes. Only hydrogen atoms occupying and 3.1 A, respective)yare much larger than in the non-
2R+2Mn sites are shown. We also show projections of the raredoped compoundsdE=2.6 A) and significantly larger than
earth and Mfl) atoms lying below and above th@gomeplanes.  the critical valued,=2.68 A. Ordering temperatures in hy-
drides are much higher than in the parent compounds and do
magnetic intensities at the lowest temperatures. Moreovenot depend on the rare earth. We conclude that in the hy-
the nature of the short-range spin correlation significantiydrides the Mn magnetism dominates and imposes magnetic
changes with rare-earth substituti@fig. 4). In LuMn,H,,  ordering on the rare-earth sublattice as in the cubic hydrides.
the diffuse magnetic peaks are well described by GaussiarFhe magnetic properties of hexagonal Laves hydrides could
like profiles. In contrast, in TmMiH,, and ErMnH,, we  be compared with the magnetic properties of the Laves com-
observe Lorentzian-like contributions to the magnetic peakspounds formed by light rare-earth orf 5elements R
These contributions are much sharper than the Gaussian-likePr,Nd,Th) having larger ionic radii and localized Mn mo-
peaks observed in the LUMH, , and become more impor- ments.
tant at low temperatureB<T,. The correlation length&es- There is an important difference between the cubic and
timated from the widths of the diffuse peakare signifi- hexagonal Laves hydridé&dMn,H,. .. In the cubic hydrides
cantly higher in compounds with magnetic rare-earth atom&Mn,H, 5 the magnetic and hydrogen sublattices order si-
(see Table IV. The relative intensities of the diffuse mag- multaneously through a first-order magnetostructural transi-

TABLE lll. Magnetic structure parameters of EryD, ¢ at T=10 K. Propagation vectdt=1/3 1/3 0.

Model 1 Model 2
Atom X y z bx(pe)  my(me)  mus) ux(us)  wy(pe)  wus)
Er(1) 0.333 0.667 0.059 —256) 0.00 0.00 —-2.92) 0.00 0.00
Er(2) 0.333 0.667 0.441 2(6) 2.56) 0.00 2.92) 2.92) 0.00
Ern(3) 0.667 0.333 —0.059 0.00 -2.56) 0.00 0.000 —2.92) 0.00
Er(4) 0.667 0.333 0559 -256) 0.0 0.00 -2.92) 0.00 0.00
Mn(1-1) 0.000 0.000 0.000 1(%) 3.02) 0.00 0.000 0.00 0.00
Mn(1-2) 0.000 0.000 0.500 1(%) 3.02) 0.00 0.000 0.00 0.00
Mn(2-1,2,3) 0.317 0.158 (250 2.62) 0.000 0.00 2.2) 0.00 0.00

—0.158 -0.317 0.250]

~0.158 0.158 (250

Mn(2-4,5,6) 0.158  0.317 _go50y —2.62) 0.000 0.00 -053) 2.41) 0.00

0.158  —0.158 _( 250
Reliability factor Rn=20% Rn=14%

—0.317 -0.158 _0_250]
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3 hexagonal hydrides, the magnetic energy is lowmscause
B Lu,, Y, Mn,H, ¢ of shorter Mn-Mn distances and weaker Mn momgatsd
EEEEE TMF<T,,. Therefore magnetic and hydrogen orderings occur

Magnetic moment (u B)
—
—e—
——]|
—e—|

3:I:

E at different temperatureBy=T"F and Ty, respectively.
A E o The most surprising and interesting feature is the very
EE high sensitivity of the magnetic ordering to small variations
of hydrogen content and to particular types of hydrogen su-
perstructure. The strong coupling between the hydrogen su-
perstructure and the magnetic ordering has been already ob-
) I NP R NI R served in the cubic hydrideBMn,H, 5.%*3°It was found
that hydrogen disordefinduced by chemical doping in the
TmMn,H, ¢ Mn sublattice destroys long-range magnetic ordering and
EEE stabilizes short-range magnetic correlations. Here we ob-
E serve a breakdown of long-range magnetic ordering induced
by a structural transition which is not associated with a
chemical disorder. The simple transition from one ordered
E hydrogen superstructure to another one suppresses long-
17 1’ range magnetic ordering.
1 d lg 1 g1 We analyze the coupling of magnetic and structural order-
L l ings within the model proposed in Ref. 13. This model as-
E sumes that the valuéand possibly the signof the first-
> E E ErMn,H, ¢ neighbor Mn-Mn exchange interactiodf,.yn) depends on
the local hydrogen environment. By makidg,,.\, interac-
' E tions nonequivalent, hydrogen ordering releases the topologi-
1L E cal frustration and induces long-range magnetic ordering in
the Mn sublattice. In the hexagonal compounds, the hydro-
I ¥ gen atoms fill some of theR+2Mn interstitial sites in the
ol 1 T kagorﬁeplanes and form “hydrogen triangles” coupled to
0 50 100 150 200 250 300 “Mn triangles” (Fig. 5. Some of the Mn triangles are sur-
Temperature (K) rounded by hydrogen atoms, whereas others are not. In the
high-content x=4.6) phase the “H-surrounded” and “H-
FIG. 6. Temperatures dependences of the Mn and rare-earfionsurrounded” Mn triangles correspond to ferromagnetic
magnetic moment{M and @, respectively in the RMn,H,6  and antiferromagnetic triangles in the magnetic structure, so
compounds. the symmetries of the magnetic and structural orderings in-
i i side thekagomeplanes coincide. The ferromagnetic triangles
tion. In the hexagonal compounds the two sublattices Ordef)elong to the Mf2)-Mn(1) chains which develop along tie
at different temperatures by second-order-like transitions,, o< and mediate the interplane magnetic exchange between
These phenomena cc_)uld be well explained in the frame of,o Mn(2) planes through the first-neighbor K&)-Mn(1) in-
the model proposed mMIEe_f. 13. One can calculate a meang actions. Therefore the intraplane magnetic ordering can
field exchange energf™ in the ordered hydndFe anhtﬂthhe transform to a three-dimensional magnetic structure. Because
corresponding characteristic temperature (BR2f"=E™". 0 1316 earth atoms are located at the centers of the antifer-
If we assume that hydrogen atoms are always ordeF, romagnetic triangles, the mean field of the Mn sublattice on
will be equal to the experimentally meafﬂlér_edeﬂ_\ltempera- the rare-earth sites should be equal to zéfove assume
ture Ty . In reality, in the cubic hydride$™" is higher than  fjst_neighbor interactions onlylt explains the strong reduc-
the hydrogen ordering temperatufg. As shown in Ref. 19, on of the ordered magnetic moments on the rare-earth sites.
hydrogen disorder suppresses magnetic long-range ordering. gecause of the short-range nature of the magnetic corre-
Therefore no long-range magnetic ordering is expected in thgytion in the low-content phases, we cannot prove a precise
temperature rang@>T,. ConsequentlyT"" corresponds model for the spin arrangements in tR&n,H, , samples.
only to a “virtual” Neel temperature and the magnetic order-op|y the propagation vector and correlation length could be
ing occurs aff, together with the hydrogen ordering. In the getermined unambiguously from our diffraction data. Never-
theless, our structural data show an important difference be-
tween “low-content” and “high-content” hydrogen super-

TABLE IV. Spin correlation lengths in th&kMn,H,, com-

pounds. structures, which could be responsible for the breakdown of
. the long-range magnetic ordering. The ways how the H tri-
Compounds Peak shape Correlation lend#is angles(lying in the kagomeplane$ surround the Mn tri-
LuMn,H, » Gaussian 32 angles are different in the=4.2 and 4.6 phases. In the low-
TmMn,H, ; Lorentzian 38 content samples the hydrogen triangles surround the Mn
ErMn,H, » Lorentzian 73 triangles which form the M{R)-R interplane chains,

whereas the M{2)-Mn(1) chains have no hydrogen neigh-
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bors in thekagomeplanes: i.e., the Mn-H coupling is exactly hydrides between kagome planes had been found in
opposite to that found in the high-content samples. Therefor&hMn, .8 In ThMn, the Mn(1) atoms are believed to be non-
we might expect opposite effects of the hydrogen orderingnagnetic, so that the interplane magnetic interactions cannot
on the magnetic properties of the low-content phasesbe mediated by the first-neighbor exchange in this sample.
namely, a nonzero exchange field on the rare earths, but a In conclusion, our data show the very strong sensitivity of
reduced magnetic exchange along the(®#Mn(1) chains. Magnetic ordering to very small modifications of hydrogen

A nonzero exchange field on tHR sites could explain the Superstructures. Some of these features could be understood
larger values of the ordered rare-earth moméraspared to by a model taking into account the Io_cal mfIqence of hydro-
the x=4.6 samples whereas the suppression of the mag-gen atoms on the' Mn-Mn exchangg interactions. The above
netic ordering along the M@)-Mn(1) chains could be re- model is still obviously oversimplified as it takes into ac-
sponsible for the breakdown of the long-range magnetic orcount first-neighbor interactions only and fully ignores the
dering. influence of hydrogen superstructures on the band structure.

In the above models we considered the coupling of rnag_:I'he high-content hexagonal hydrides bring another interest-

netic and hydrogen ordering inside tkagomeab planes. It ng feature_which_ was not consider_ed up to now. Filling the
is less obvious to explain the influence of hydrogen atom R+3Mn interstitial sies could influence -the magnetic
lying out of the kagomeplanes on the magnetic interactions properties of both Mn' and rare—earth.sublattlces. In .partlcu—
between the ML) and Mr(2) planes. For the high-content lar, hydrogen located in theRA+ 3Mn sites could cor_1tr|bute
samplegmodel 1: see Table I)] the relative orientations of FO the st_rong suppression of the rare-earth magnetic moments
the magnetic moments in the neighborialy planes are ei- in the _h|g.h-content_sample.s.

ther parallel or antiparallel. Parallel and antiparallel orienta- Ab initio calculations of influence of the .hydrogen super-
tions alternate along the axis: therefore, the magnetic sur- §tructures on the b?”d structure and expe_nmgntal study.of an
rounding of each Mn plane is nonsymmetric with respect tolnte_rplay of magnetic and hydrogen ordermg.m the hydrides
the ¢ axis, whereas hydrogen surroundings are always synhav'ng Iowgr hydrogen contents<0_<<4 (now in progresp
metric. This disagreement could be attributed to the restricSuld help in a further understanding of the problem.

tions of the above model which takes into account the first-
neighbor Mn-Mn interactions and the first-neighbor Mn-H
surroundings only. We note that the second-neighbor mag- This work was partly supported by the Russian foundation
netic exchange could play a role for interplane magnetic infor Basic Research, Grant No. 02-02-06085, and the Russian
teractions in the hexagonal Laves compounds. In particulaState Program “Neutron Investigations of Condensed
an antiferromagnetic couplingsimilar to that found in the Matter.”
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