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Magnetic and hydrogen ordering in the frustrated Laves hydrides
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We have studied the magnetic and crystal structures of different Laves hy&fdiedd, s (R=Y, 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. Tl tdmperature coincides with the ordering
temperature in the hydrogen sublattice, resulting in a single magnetostructural transition. In contrast to the
RMn, 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 morh®0#63-18209)13213-2

l. INTRODUCTION attention*?~'® Hydrogen occupies the interstitial sites in the
metal sublattices. It could influence the magnetic order in
The RT, compounds, wherR is either a rare-earth metal several ways. Firstly it expands the lattice, acting like a
or yttrium, andT is a transition metalFe, Ni, Co, Mp, have  negative pressure, so that it could stabilize the localized mo-
been intensively studied for several reasons. First of all, thenents. Secondly, it could change the magnetic interactions
moments of the transition metal are close to the instabilitypy modifying the electronic structure. Furthermore, it could
limit between localized and itinerant moments. Conseform ordered superstructures, changing the symmetry of the
guently, they become delocalized below some critical dissurroundings of the magnetic atoms and introducing struc-
tanced, between first neighbors atoms! In the RFe, fam-  tural distortions. These points are especially important with
ily, well localized moments are observed in all compoundsfegards to the magnetic interactions in the Mn lattice, since
whereas no magnetic moment exists for the Ni-based Laved order could act as a possible way to decrease the topologi-
phases. For Mn and Co compounds, the first-neighbor dissal frustration. It is important to note that the hydrogen sub-
tances are very close th . In most cases, Mn and Co atoms lattice and the Mn magnetic sublattices are characterized by
do not carry a magnetic moment, but it could be induced byenergy scales of the same order of magnitude and have about
the molecular field of the rare-earth sublattideSecondly, the same ordering temperatui@@ound 300 K.
in the C15 structure of the cubic Laves phases, Thatoms Some of the cubi®Mn,H, (R=Y, Gd, Tb, Dy, and Hp
form a pyrochlore-like sublattice, which is known as fully compounds have been studied by different techniques, like
frustrated for first-neighbor antiferromagnetic interactidns. magnetic ~measuremeris’> NMR and  Misshauer
In the pyrochlore lattice, no spin arrangement minimizes thespectroscopy, x-ray and neutron diffractiof® From these
free energy, which results in a fully degenerated spin-liquiddata, it was concluded that H doping stabilizes local mo-
state afT=0 K.%*® Among the compounds where the transi- ments and increases ordering temperatures. In ynde-
tion metal carries an intrinsic moment, YMis the only one  pending on H concentration, the hydrides either show a fer-
where antiferromagnetic long-range order appears in thémagnetic behavior (£x<3.5), or behave as
frustrated Mn sublattice. The frustration yields a complicatecantiferromagnets at high doping contemi(4 to 4533 Up
helicoidal order associated with a structural distortion at thdo very recent times, there was no detailed characterization of
Neel transition. YMn is situated very close to the limit of the long-range-ordered structures, neither in the hydrogen
instability, and its unusual magnetism was intensively studhor in the magnetic sublattices. Recently, the interplay be-
ied using different chemical substitutions and pressurédween Mn and H orders was studied in detail in Y)d 5,
measurements.! using neutron diffraction and isotopic contrast H/D to iden-
Recently, the hydrides of Laves phases attracted muctify magnetic and hydrogen superstructut®sve found that
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the structural and magnetic orders have the same rhomboh: 780 \ ] ‘ —_ .
dral symmetry. We observed a first-order magnetostructura ] HoMn, D, 5 e
transition, where the magnetic sublattice changes from the ss0 | - Yobs.
paramagnetic state to an antiferromagnetic one, as the hydrcs T=299K T B e s

gen forms an ordered superstructure.

In the present paper, we present a systematic study of a
the members of th&Mn,H, family having the cubicC15
structure, and the maximum hydrogen contenk (
=4.1-4.5). At this high H content, the Mn-Mn distance is
well above the critical distance, so that we could expect well
localized moments on Mn sites.l ;I'his situation strongly dif- B 4" PRI e
fers from that in theRMn, family>* where the Mn-Mn dis- RSO I | b ]
tances are about or belody,, so that the rare-earth magne- : WW B i
tism dominates, inducing magnetic moments on some Mn 0 40 80 120
sites. Moreover in the present case, the dense H packin 26 (deg)
should strongly influence the magnetic interactions both in
the Mn and in the rare-earth sublattice.
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Il. EXPERIMENTAL DETAILS
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K, at the pressure of 0.1-0.4 bar. For the neutron studies wi - %ﬁ%wwwwwww
used the deuterium isotope to decrease the incoherent sce ‘ | ‘ 1 ‘ )
tering. In the following, we will speak about hydrogen, what- 0 40 80 120
ever isotopgH or D) was used. The hydrogen content was 20 (deg)

estimated by measuring the volume of the absorbed gas.
Usually, between 1 ah3 h were needed to obtain the hy-  FIG. 1. Neutron-diffraction spectra measured in HoMps at
dride with the maximal hydrogen content. The quality of the299 K (aboveTy) and 1.5 K with a neutron wavelength of 1.593 A
samples was checked by x-ray-diffraction at ambient tem-
perature. The hydrides show narrow Bragg lines correspondng appears in Fig. (B as a broad diffuse peak around 45
ing to a homogeneous hydrogen distribution within thedegrees. It is related with liquidlike short-range correlations
sample. The samples are single phase, besides a smalid corresponds to a blocking distance between H atoms of
amount(of about 5% of HoD; in the Ho sample. HoRPis 2.1 A. Secondly, we observe a rhombohedral distortion of
not magnetic down to 1 K, so that its presence does nothe unit cell, clearly seen by a split of the structural peaks.
influence the analysis of the magnetic scattering. Moreover, new sets of diffraction peaks appear, showing a
The powder neutron-diffraction measurements have beesuperstructure with propagation vectof 3 2. As in
carried out on the diffractometers D2B and D1B in ILL and YMn,D, 5 the transition can be described by simultaneous
G6.1 in LLB. The high-resolution diffractometer D2Briith  hydrogen and antiferromagneti&F) orders(with propaga-
an incident neutron wavelength of 1.593 kas used for the tion vectorsk=0 andk=1% % 1, respectively.
full determination of the magnetic and crystal structures. The Above the transition, the crystal structure is described
high-flux diffractometers D1B and G6(bf wavelength 2.4  within the space groupd3m, by assuming a random distri-
and 4.734 A, respectivelyallowed us to study the tempera- bution of the 35 hydrogen atoms among thegdositions of
ture dependence of the magnetic order in details. For the Dyhe cubic unit cell(interstices B—2Mn). To describe the
and Gd samples, we used a double-cylinder sample holder rystal structure below the transition, we used the same
reduce the neutron absorption. Both crystal and magnetimodel as forYMn,D, 5, i.e., the space grouR3m where
structure data were analyzed using HueLPROFprogram.’  hydrogen atoms occupy two kinds of positions ®ith oc-
cupancy 0.95 and one positiom 6vith occupancy 0.5. In all
cases we get a reasonable agreement with the experimental
data R around 6% anRg,qq below 10%. Typical refine-
Typical neutron-diffraction spectra are shown in Figs. 1ments are shown in Figs. 1 and 2. The lattice constant and
and 2. In all samples, we observe the same first-order madghe rhombohedral angle deduced from these refinements are
netostructural transition around 270-350 K as found inshown versus temperature in Fig. 3. They show an abrupt
YMn,D, ; (Ref. 16. At the transition, several phenomena change at the N# temperature, characteristic of a first-order
occur simultaneously as the temperature decreases. First w@nsition. The Nel transition remains in the same tempera-
all, we observe a strong decrease of the diffuse scatterinyire rangg260—360 K for all compounds, close to the value
arising from the disordered hydrogen sublattice. This scattelin YMn,D, 5.

lll. EXPERIMENTAL RESULTS
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T T T ] behaviors of the magnetic intensities should be associated
L ] either with a reorientation of the magnetic moments, or with
3105 b DyMn_D ] some interplay between the temperature dependence of the
[ 2 44 ] Mn and rare-earth moments. In order to describe the experi-
[ 1 mental data, we made a systematical search among the dif-
210° ] ferent models of spin orientation within the high-symmetry
i 302K directions. We tried collinear Mn ari@ sublattices as well as
1 some noncollinear arrangements. The results are summarized
] in Table I. The final models give a good agreement with the
fL A experimental data for all samples in the whole temperature
N range Rmagr<10%). The temperature dependences of the
magnetic moments obtained bByLLPROF are shown in Fig.
5. In all samples we found collinear arrangementfaind
83K ] Mn spins, which order simultaneously By . The Gd sample
1 could be described by the same model as the Y sample, i.e.,

110° 5 : . 7 all moments lying in the plane perpendicular to fiel 1]
i N A ﬁ ] direction. In the Dy sample, the magnetic moments are par-
[ ot ] allel to the[1 1 1] direction. This explains why we do not
observe thé 3 3 reflection. In both Gd and Dy samples the
direction of magnetic moments does not change with tem-
2 8 (deg) perature. In contrast, we found a reorientation transition in
the Tb and Ho samples, where the magnetic structure which
] takes place just below is the same as in YMyiD, ; and Gd
TbMn_D . ] samples. At some intermediate temperafliggthe magnetic
] moments reorient to the directi¢m 0 0] and[1 —1 1] in the
Th and Ho samples, respectively. The reorientation transi-
L ! tions are sharp and the Mn aRimagnetic moments remain
— -~ collinear throughout the transition. The magnitude of the
. magnetic moments does not changd at The Mn moment
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] saturates rather quickly beloW whereas the rare-earth mo-
209K ment increases smoothly down to the lowest temperature,
] approaching the value of the free Gd, Tb, and Ho iogd (

T

510°

i ] =7,9, and 1@z, respectively. Only in the Dy sample does
- e M; JL A A the moment at low temperature remain significantly smaller
110° than the free-ion valuegd=10ug).
The rhombohedral unit cell contains twatoms occupy-
I 85K | ing two positions &, and four Mn atoms with positionsal
510° ] and J of the space group3m. The magnitude of the mag-
1 netic moments at the various sitg¢as calledRr1, R2, Mn(1)
I JL L JL A ] and Mn(2) in the following], are not necessarily the same.

0 =t ‘ — Nevertheless, our fits do not show significant differences be-
0 50 100 150 tween the magnetic moments corresponding to honequiva-
2 @ (deg) lent positions both irR and in Mn sublattices. In Fig. 5 we

present results assuming only oRenoment and two differ-

FIG. 2. Neutron-diffraction spectra measur@iin ToMn,D,s €Nt moments at Mnd and Mn J sites[Mn(1) and Mr(2),
at three temperatures: 8.5 K€ Tg), 209 K (Ts<T<T,), and  respectively. Although in the Tb and Ho samples, the Mp
328 K (T>Ty). (b) in DyMn,D, , at two temperatures: 8.3 KT( moments seem to be systematically smaller than th€2Mn
<Ty) and 302 K T>T,). The neutron wavelength is 4.734 A. ones, the difference does not go far from the experimental
Solid lines correspond tBULLPROF refinements. error. In the Dy sample, the high absorption of Dy increases
both statistical and systematical error, and we have con-
In contrast with the structural peaks, the magnetic intenstrained Mril) and Mn2) moments to the same value. Fig-
sities and their temperature dependen@ég. 4 show im-  ure 6 shows the resulting magnetic structurefRbn,D, 5.
portant differences with YMyD, 5 First of all the3 33  The R and Mn ferromagneti¢111) planesR1 Mn(1) R2
magnetic peak, the strongest one in YJ@p 5, does not exist Mn(2)-R1 Mn(1) R2 Mn(2)-R1 Mn(1) R2 Mn(2)-... are
in the Dy sample. In the Gd and Dy samples, the temperaturerdered in thet+ +—— sequence for each type of magnetic
dependence of the magnetic intensities is monotonic, like imtom(R or Mn), leading to the following packing|11-|1/1-
YMn,D, 5, whereas for Tb and Ho the intensity of thé 3 TI111-1111-T171-11// along the[11 1] axis, wherel and 1
peaks decreases abruptly at some intermediate temperatuoerrespond td&R and Mn moments, respectively. A schematic
Since in all cases the magnetic peaks are indexed with thérawing of the magnetic structure is shown in

propagation vectog 3 3, we conclude that the temperature Fig. 6.
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IV. DISCUSSION

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

H=Hpn.mntHr-mnt Hr-r- 1)

In the RMn, compounds, the interactions involve mostly
first-neighbor exchange, mediated Hyorbitals of Mn and
the outer & shell of the rare eartlithrough intra-atomic
4f-5d exchangge Then we note that the type of magnetic
order, with a propagation vectgrs 3, remains the same in
YMn,D, ; and in the rare-earth compounds. Moreover, the
ordering temperature does not change significantly by replac-
ing Y with a magnetic rare-earth atom. It means that the
contribution ofHy,.un is predominant. So we first discuss
the magnetic interaction in the Mn sublattidd f,.\,) 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 to
the[1 1 1] axes, we see that the NB) sites form a sequence
of kagomeplanes alternating with the hexagonal layers of the
Mn(1) sites(Figs. 6 and Y. Each Mr{2) atom has six nearest
Mn neighbors. Four of them belong to the same(®Implane
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TABLE |. Néel temperatureT,, reorientation temperatur€g, spin directions and low-temperature
values of the magnetic moments in tR¥IN,D, family. Ry,40iS the magnetic reliability factor obtained in the

FULLPROF refinement.
) Direction of magnetic moments Magnetic moments at 8.5u§)(
Chemical
formula Ty (K) Tg (K) T<Tg Tr<T R Mn(1) Mn(2)  Rpagn (%)

GdMn,D,, 358 [-211] [-211] 7.57) 3.35) 3.4(3) 6.6
TbMn,D,5s 300 180 [100] [-211] 9.005) 3.64) 2.83) 3.3
DyMn,D,, 265 [111] [111] 7.7(10) 3.855 3.53) 6.6
HoMn,D,5 280 160 [11-1] [-211] 8.7(5) 3.95) 3.53) 7.6

(top of Fig. 9, whereas the remaining two belong to the two Mn-Mn interactions. As noticed in the Introduction, the py-
neighboring Mii1) planes. In contrast, the Mb) atoms have rochlore lattice is fully frustrated to AF first-neighbor inter-
no nearest neighbors inside the (@n plane. Each M(L) actions and ferromagnetic Mn-Mn interactions should yield a
atom has three nearest neighbors in the(iplane above casual ferromagnetic ordéike in YFe,). The problem can-
and three M(R) nearest neighbors in the plane bel@wot-  not be solved simply by involving the rhombohedral distor-
tom of Fig. 7. The wave vector 3 3 corresponds to the tion. As discussed above, the ki atoms have nearest
stacking sequence +—— of ferromagneti€1 1 1) planes. It  neighbors only in the neighboring M) planes. Since in the

is easy to see that the observed magnetic structure cannot beagnetic structure, the magnetic moments in thesé¢2Mn
explained by considering only first-neighbor isotropic planes are antiparallel, the resulting interaction on thé1yin
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FIG. 5. Temperature dependences of the magnetic moments RMingD,  family. (O) rare-earth momentA) Mn(1) moment;(®)

Mn(2) moment. Error bars are the standard deviations giverunyPRoF refinement. Solid line are fits of the rare-earth moment according
to Eq. (2).



PRB 59 MAGNETIC AND HYDROGEN ORDERING IN THE . .. 9329

with respect to an inversion of tHé 1 1] axis. The details of
the hydrogen surrounding are shown in Fig. 7. Each Mn-Mn
couple could form two 2Mn-2Y tetrahedra. Hydrogen could
occupy one or none of them, but it cannot occupy two, since
the H-H distance would be smaller than 2 A. In the ordered
structure, each M2)-Mn(2) couple in the Mii2) plane has
one hydrogen neighbor at the shortest Mn-H distance. There-
fore, we could expect that all MB)-Mn(2) interactions in
the plane will be the same. In contrast, the interactions be-
tween the Miil) and Mn(2) planes are strongly anisotropic.
The couples consisting of one NI atom and one M(®)
atom in the plane “down” also have one H neighbor,
whereas the couples MB-Mn(2) (up) have not. In order to
describe the observed structure, we only need to assume that
Mn-Mn interactions involving one H neighbor are ferromag-
FIG. 6. Schematic drawing of the magnetic sublattices in thenetic (J;>0), whereas Mn-Mn interactions “without H”
RMn,D, family. The spin orientation corresponds to the Gd sampleare antiferromagneticJg<<0), like in the YMn, compound.
Consequently, the in-plane Mn interaction is ferromagnetic,
site should be zero for any direction of the magnetic mo-whereas the out-of-plane interactions could be either ferro-

ments in the Mil) plane. The rhombohedral distortion could Magnetic or antiferromagnetic. . .

make the Mn-Mn interaction in-plane and out-of-plane non-  The total energyt=—XJ;SS; per unit cell is expressed
equivalent, but it will not affect the cancellation of the inter- 8H=S([3J1—3Jo]+3[5J,—J,]) for the ++—— stack-
actions on the M¢l) site, since these interactions have theind sequence, assuming the same magnitude of magnetic mo-
same symmetry regarding the axis of the rhombohedral dighents at all sites. The first term corresponds to the summa-
tortion. The 0n|y way to make Mn-Mn interactions non- tion over the first neighbors of the M[b Site, and the second
equivalent is to consider the influence of hydrogen orderterm is the summation over the neighbors of the thre¢2yin
Since hydrogen order decreases the symmetry of the crystgites of the unit cell. Obviously, the above spin arrangement

structure toR3m, the hydrogen sublattice is not symmetric corresp()jonds to the minimal possible energy value wien
<0 andJy>0.

B. Magnetic interactions in the rare-earth sublattice

From above, we conclude that Mn-Mn interaction is pre-
dominant. To describe the magnetic order in the rare-earth
sublattice, we need to considBrMn andR-R interactions.
Depending on the respective strengths of these two interac-
tions, we should expect different magnetic behaviors. If the
R-R interaction was much stronger than tReMn one, the
Mn andR sublattices could order independently with differ-
ent ordering temperatures. With respect to the situation in the
RT, compounds wher& is nonmagnetic, we could expect
that the order in th& sublattice will occur at a much lower
temperature than in the present case. Our results show that
both R and Mn sublattices order simultaneously. This sug-
gests thaR-Mn interactions are strong and likely dominate
R-R interactions. In this case we can describe the magnetic
order in theR sublattice as an ordering of tiemoments in
the molecular field of the Mn sublattice, neglecting any in-
fluence of the rare earth on the Mn sublattibesides the
direction of the magnetic moments, which will be discussed
laten. The orderedR moment could be considered as a free
localized moment in the exchange field of the Mn sublattice.
The energy of the J state of the magnetic rare-earth ion could
be written as follows:

E=— 2| JrunSM"SE = — 235 pn(95— 1) JugM™, (2)

FIG. 7. Hydrogen and Mn environment of the Mn atoms. The
first-neighbor surrounding in the M®) (kagomg plane is shown at WhereM M" and Jg.un are the ordered Mn moment and the
the top. The first-neighbor surrounding of the (natom is shown  €ffective exchange constant derived from the sum ovén
at the bottom. The black, gray, and half filled symbols correspondatoms. J is the quantum number agyis the Landefactor.
to the 3 in-plane, 3 out-of-plane, and 6 half-filled positions of The temperature dependence of the rare-earth-ordered
the hydrogen atoms, respectively. moment is calculated through the partition function:
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o O)——3)..e HE same way as for the Mn sublattice, we see that some of the
@ e R-Mn links have two hydrogen neighbors and some only one

. Mn2 (Fig. 8. Assuming thatR-Mn interactions are AKRlike in
g RFe), but that hydrogen neighbors increase the ferromag-

H(3b) netic contribution to the exchange interacti@s for Mn-Mn

exchangg we can explain the magnetic order in tResub-

) . lattice. If J; is the R-Mn exchange interaction modified by
yd Jp ~, Mnl one H neighbor and, is the interaction involving two H
@ - neighbors, the resulting interaction on the tR@ites is writ-
o 4 ten as
@ JI/ H (6c)
™, J(R1)=-3J,+3J;,+6J,=6J,,

FIG. 8. Hydrogen and Mn environment of a rare-earth atom J(R2)==6J,+3J,+3J,=~6J,16J;. @)
(R2). The black, gray, and half filled symbols correspond to the 3 Assuming thatJ;,J,<0 and J,=3J;, we get J(R1)
in-plane, 3 out-of-plane, and 6 half-filled positions of the hydro- =J(R2)=3J;, showing that the anisotropy of the H sur-

gen atoms, respectively. rounding may modify thdR-Mn exchange enough to induce
similar moments on the twR sites.

uR= EJ gJ,u,BJexr(—EJ/kT)}/ [EJ exp(—EJ/kT)}

3) In the above description, we considered only the stacking

_ sequence of the moments but still did not consider their ori-
We have fitted the temperature dependences ofRTBO-  gniation with respect to the crystallographic axis. The

ments using the above formulas, taking the experimental daiggjsenberg Hamiltonian written above is degenerated with

for the Mn-ordered moments and adjusting the effective extegpect to all orientations of the magnetic lattice. The pres-

change constarl v, for each rare earth. As shown in Fig. ence of spin reorientations shows that we need to consider
5 we obtain good fits, which reproduce the characteristiynisotropic terms in the magnetic interactions. Since reorien-
features of the measured temperature dependences. We fipgion transitions occur at low temperature and the orienta-
very similar values of theg.y, for the d|ffer2ent rare-earth  tjon depends on the nature of the rare earth, it is natural to
atoms, namely 23.2, 22.4, 19.1, and 2kdg” for Gd, Tb,  expect that the orientation &t=0K is controlled by the

Dy, and Ho, respectively. From the temperature dependencggre-earth anisotropy. On the other hand, besides the Dy
we cannot conclude about the sign of the exchange interagzmple the direction of the magnetic moments in the high-
tion. The saturated moments obtained with this model argemperature phase is the same in all samples, and it coincides
close to the free-ion moments, except for the Dy sample. \ith that in YMn,D, 5. This suggests that in the temperature

In order to discuss the microscopic origin of the exchanggange T,<T<T, the spin orientation is governed by Mn
between Mn andR sublattices, we need to consider the sur-gpisotropy. The simplest way to involve anisotropy is to

rounding of the rare-earth atoms. EaRhatom has 12 Mn  \yrite the Hamiltonian as

neighbors. Six of them belong to the closest (Mnplane,

three to the Mfil) plane, and the remaining three to another =H. =

Mn(2) plane (Fig. 8. We immediately notice that the ob- H=Hisotrop™ Hanisor= {Hwmn-n+ Hromny + Frt Fun, (5)
served ++—— stacking of the ferromagnetic Mn planes whereFy and F,, are the anisotropic terms for thHe and
(Fig. 6) leads to nonequivalent effective interaction on theMn sublattices, respectively. For the rare earth the crystal
two R sites, if we consider the MiR interactions as isotropic field is supposed to be the main origin of the anisotropy. In
ones. One of the two rare-earth sites will have nine Mn firsthe cubic structur€&z may be written agg=V,+ Vg where
neighbors with the same direction of magnetic moméatsl  V, and Vg are the fourth- and six-order terms of the crystal
opposite to the rare-earth momenthereas another site will  field.X® When considering only the fourth term, the energy is
have six neighbors in one direction and six neighbors in theminimized for the directions of1 00], [110] or [11 1], de-
opposite direction. Consequently, for half of the rare-eartlpending on the type of rare earth and on the crystal-field
atoms theR-Mn interactions should cancel, and we shouldparameters® The above directions in the cubic cell corre-
expect these atoms to remain paramagnetic, in contradictiospond to the directiongl —11], [100], and[1 1 1] of the
with the experimental data. When fitting the moments on thehombohedral unit cell, i.e., the directions observed in Ho,
two rare-earth sites independently, we never get a differenc&b, and Dy samples, respectively, Bt Ty (Fig. 9).

larger than 20%. The most significant difference is observed A reorientation transition may be expected since the Mn-
at the reorientation point and close to theeNeemperature ordered moments saturate very rapidly bel®y, whereas
and could be associated with experimental erfarisen the the rare-earth moments continue to increase with decreasing
R moments are small or not fully reorienjedPossible temperature. Consequently the balance betwaeandF,,
sources of the anisotropy of th& Mn interactions could be may change at some temperature, resulting in the reorienta-
the distortion of the unit cel(making theR-Mn distances tion transition. If the rare-earth anisotropy is mostly due to
different for about 1% and the hydrogen order. If we con- crystal field, no reorientation should be expected in the Gd
sider the hydrogen surrounding of tfieMn pairs in the sample, since the moment of the Gdon has only a spin

C. Reorientation transitions
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of the anisotropy of the transition metal seems to be much
stronger.

V. CONCLUSION

We have observed a strong coupling between rare earth
and Mn sublattices. The two sublattices order at the same
temperature and remain collinear through the reorientation
transition. The behavior of the moments is rather different
from that inRMn, compounds, where the coupling between
R and Mn sublattices is ferromagnetic. It seems to be much
closer to the behavior iRFe, systems, having well localized
Fe moments. Both ilRFe, and RMn,D, 5 the coupling be-
tween theR andT sublattices is antiferromagnetic. However,
in RMn,D, ; the order inside each sublattice is antiferromag-

FIG. 9. Spin orientations at low temperature in tR&n,D, netic whereas irRFe; it .'S ferromagned“(.:d
family, as shown with respect to the rhombohedral and the cubic Ther?‘fore’ the studied L‘f’wes hy, rides represent a very
unit cell. interesting case when Mn drives a simple long-range antifer-

romagnetic order in a pyrochlore-like sublattice. The results
an be explained only by involving the mutual influences of
ydrogen and magnetic orders which release the frustration.

component. In the Dy sample, the anisotropy of the Dy ion isﬁ
strong enough to orient the moments already at

The above situation may be compared with thaRire,
compound$?~2!In bothRMn,D, ; andRFe, systems, stable
moments exist on the transition metdlsthe R-T interac- We appreciate the contribution of A. S. Markosyan in the
tions are much smaller than tHeT ones, and th&k-R in-  preparation of the starting GdMicompound. We also thank
teractions are negligible. However, in tiR¥e, compounds R. V. Gladkich and G. V. Laskova for their help in the
ferrimagnetic structures are observed, the spin directions asample preparation and x-ray experiments. This work was
imposed by theR anisotropy up to the Na temperature, and partly supported by the Russian foundation for Basic Re-
the Fe anisotropy only induces small shifts in the boundariesearch, Grant No. 96-02-19775 and the Russian State Pro-
of the spin orientation diagram8.In our case, the influence gram “Neutron Investigations of Condensed Matter.”
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