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Pressure-induced magnetic collapse and hydrogen segregation in the frustrated Laves hydrides
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We have studied magnetic and crystal properties of the frustrated Laves hydrides ;Ee&Ma,) -H, (X
=1-3) and HoFgH, 5 by x-ray diffraction up to 45 GPa and neutron diffraction up to 16 GPa. We found
magnetostructural transitions. When the lattice constant approaches some critical value, the hydrogen atoms
diffuse in the crystal lattice and form hydrogen-rich and hydrogen-poor domains. The chemical segregation
drastically affects the magnetic properties. In ThgMghl12)2H;, the hydrogen-rich domains show short-
range antiferromagnetic correlations, whereas hydrogen-poor domains show long-range ferromagnetic order.
We discuss the coupling between magnetic and structural phenomena and the possibility of a magnetically
induced chemical segregation.
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[. INTRODUCTION Mn-Mn distances become smaller than some critical distance
d.~2.7A.1 In the cubic compounds, the critical distance
The Laves hydrideRT,H, (R=Y or a rare-earth ion]  corresponds to the lattice constaf,=2v3dy,=7.6 A. In
= transition metalrecently attracted much attention becausecontrast, the well-localized magnetic moments of the rare-
of an unusual coupling between the structural and magnetiearth ions are not expected to be affected by pres@itre
properties® The T sublattice in these compounds is topo- least at pressures 100 GPa). Therefore, one can change the
logically frustrated for first-neighbor antiferromagnetic inter- state of the Mn magnetic moments and the balance between
actions, so that no one spin structure can minimize théhe rare-earth sublattices and the Mn sublattices by applying
Heisenberg energy, which results in a fully degenerated magdiydrostatic pressure. The rare-earth ions form a simple dia-
netic ground stat&.® The topological frustration leads to a mondlike sublattice which is not topologically frustrated.
very intricate coupling between the magnetic and structuralherefore, by changing the balance between frustrated and
properties. Hydrogen atoms occupy interstitial sites in thenonfrustrated magnetic sublattices, the high-pressure studies
metal sublattice and can form ordered superstructures at logan give insight into the role of topological frustration in the
temperatures. In the cubic hydrideRMn,H,, (R  magnetostructural phenomena.
=Y,Gd,Th,Dy,Ho), the magnetic and hydrogen sublattices Recently, we studied the effect of pressure on the mag-
order at the same temperature through a first-order magnetaetic ordering in the Laves hydride Tb(MgAly 12),H; .*
structural transitiod:® The symmetries of the hydrogen and The small amount of Al was used to destroy hydrogen order
antiferromagnetic orders are closely related. Hydrogen disorand to stabilize short-range magnetic correlatior3-an. At
der (induced by a chemical doping in the Mn sublatiice P=6 GPa, we observed a first-order transition with a pro-
suppresses the long-range magnetic order and stabilizesunced volume effectAV/V=—8%). Pressure suppresses
short-range antiferromagnetic correlations dowiT t00.° In magnetic moments in the Mn sublattice and stabilizes simple
the hexagonal hydridesRMn,H, (R=Er,Tm,Lu;2<x  long-range ferromagnetic order in the nonfrustrated rare-
<4.6), different long-range or short-range ordered magnetiearth sublattice. These results support the idea about the
structures are stabilized depending on the symmetries of thdominant role of the topological frustration in the formation
hydrogen superstructuré%!® The strong coupling between of unusual short-range orders Rt 0.
the chemical(hydrogen and magnetic sublattices raises an  The high-pressure transition in Tb(MgAlg.12)2H; is
intricate question about the microscopic origin of the inter-very interesting, first of all because of the huge volume
play between the two sublattices. It was argued that the foranomaly. This anomaly can be assigned to a difference be-
mation of a hydrogen superstructure can release the topologiween the ionic radii of the magnetic and nonmagnetic Mn
cal frustration by changing the local symmetry of theions. Nevertheless, studies of the nonhydrogenated Laves
magnetic atoms and therefore can stabilize some particulaompound Ho(MgdAly1),, where a similar pressure-
magnetic structur®.In this model, hydrogen order works as induced magnetic transition from short-range to long-range
a key parameter which governs the magnetic order. magnetic order was found, did not reveal any substantial
The magnetic properties of the Laves phaR#én, and  anomaly in the volume-pressure dependefidethe magne-
their hydrides are very sensitive to the values of interatomid¢ostructural transition is associated with some critical inter-
distances. The Mn magnetic moments are close to the instatomic distance in the Mn sublattice, it should also depend
bility limit between the localized and itinerant states and loseon the hydrogen content. Interstitial hydrogen expands the
their intrinsic magnetic moments when first-neighbormetal lattice and acts as “negative pressure,” therefore simi-
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lar transitions may occur in the higher-content hydrides T
Tb(Mng gdAlg.19)-Hy (x>1) at pressures above 6 GPa. To
get all the information on the origin of the magnetostructural
phenomena, one should study different hydrogen concentra-g |
tions in an extended pressure range and use neutron diffrac-"
tion to characterize both magnetic and hydrogen sublattices.
It would also be useful to change the balance between the

. A=1.542 R
Tb(MnO.SSAIO. 12)2H3.l

units

arb

magnetic and the hydrogen sublattices by replacing Mn by :; - a Tb(Mn . Al ).
another transition element, for example Fe. B 0.88° '0.12°2
Here we present a systematic high-pressure study of the &
Laves hydrides Tb(MgAlg)oHy (x=1,23) and E 380
292 422 440 +

HoFeH, 5 in pressure ranges up to 45 GPa by x-ray diffrac-

tion and up to 16 GPa by neutron diffraction. The combina-

tion of synchrotron and neutron techniques under such high
pressures is unique.
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FIG. 1. X-ray-diffraction patterns of Tb(MygAlg19), and

The starting intermetallic compounds were prepared b .
arc melting from Mn and Al of 99.99% purity and rare—earth)i[f;(e'vl'nO-E‘BAI0-12)2'_'3-1 measured at ambient pressure and tempera-

metals of 99.9% purity. We substituted 12% of Mn by Al. '

Due to the very different chemical affinities of Aland Mnto _ 5449 A) was focused to the sample and the diffraction

hydrogen, the substitution is expected_ to suppress pOSSibbeattern was recorded by an image-plate detector. The experi-
hydrogen ordet:*?We used the Al substitution to avoid pos- ments were carried out at room temperaure '

sible differences in hydrogen superstructures in the hydrides The data were treated by thrJLLPROF program'® We

with qn*ferent hydrogen contents. Otherwise I would b_e Im- L{sed x-ray data for high-precision measurements of lattice
possible to compare high-pressure data obtained for dlffererE)arameters whereas neutron data were used to characterize

hydrogen concentrations. : .
The hydrides were prepared by a reaction of the interme[nau‘:]netIC and hydrogen sublattices.

tallic compounds with a fixed volume of hydrogen gasrat
=300 K and hydrogen pressure 0.2—0.5 bar. The hydrogen !l MAGNETIC AND CRYSTAL STRUCTURE AT P=0
content was estimated by measuring the volume of the ab- A; P=0, all the Th(MnpghAloi),H, (1<x<3.8)

sorbed gas. In order to get a homogeneous hydrogen distiy mpjes have the same cubic symmetry of the unit cell as the
bution across the sample, we usgd additional annealifig at nonhydrogenated Th(Mrgl, 12, (Fig. 1). The lattice con-
=400-450 K. The sample quality and symmetry of thegianincreases linearly with hydrogen concentratfeig. 2).
metal lattice were checked by x-ray diffraction at ambientyaytron diffraction did not detect any traces of hydrogen
temperature. o _ _order. We observed neither anomalies in temperature depen-
Neutrons are sensitive to light elements and magnetic MOgences of the lattice constants nor any superstructural peaks

ments and therefore were used to characterize hydrogen subnich might be associated with a lowered symmetry of the
lattices and magnetic orderings. We used the deuterium iso-

tope to decrease incoherent scattering in neutron-diffraction 8.0
patterns. The neutron experimentsR#0 and high pres-
sures were performed on the high-intensity diffractometer
G6.1 at the Laboratoire lom Brillouin.** The incident neu-

tron wavelength was 4.74 A. We used the “Kurchatov-LLB” ¢
pressure cells to generate pressure up to 16 GPa in neutron
experiments® Sapphire anvils were used in the pressure
range up to 10 GPa and diamond anvils were used at higher
pressures. Pressure was measured by ruby fluorescence. Wi
used a solid NaCl pressure-transmitting medium. A pressure
cell was inserted in a standard ILL-type cryostat and tem-
perature was varied from 1.4 K to 300 K.

High-pressure x-ray experiments were carried out at the
beamline ID30 at the European Synchrotron Research Facil-
ity (ESRB. We used the Le Toullec membrane diamond an- ) ' ) ) '

: i . 0 1 2 3 4
vil cells and the N pressure-transmitting medium. Because Hydrogen content per f.u.
of the higher intensity of synchrotron radiation, we could use
smaller sample volumes and therefore reach higher pressures FIG. 2. Lattice parameter &=300 K vs hydrogen content in
(up to 45 GPa The monochromatic x-ray beam\ (  Tb(MngggAlg12),Hy.

II. SAMPLE SYNTHESIS AND EXPERIMENTAL DETAILS
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FIG. 3. Magnetic neutron scattering in Th( WAl .10 .H, at 20 (deg')
T=10K andP=0. Spectra measured in the paramagnetic range g\ 4. X-ray-diffraction patterns in Th(MygAlg.10),H, at 2.6
were subtracted to separate the magnetic contribution. Inset: magsp, and 45 GPa.T=300K. Inset: (11'1) reflection  in

netic ordering temperature and magnetic correlation length vs hyTb(MnO 5l 0 19 2Ho 1 and Tb(MmseAlg 19,Hs 1 at 45 GPa.
drogen content. : : : . : .

unit cell due to formation of a hydrogen superstructure. Theield induced by the Tb sublattieDetails on the magnetic
relative intensities of the diffraction lines are in good agree-Properties of the hydrogen-disorder@@vn; _yAly),Hy will
ment with a model assuming a random distribution of thePe published in a forthcoming paper.
hydrogen atoms among tti&,Mn, interstitial sites. Similar to Th(Mm ggAl .12 2Hx, HoFgH; 5 did not show
When temperature decreases, additional broad diffus@ny clear evidence for a hydrogen order. Nevertheless, the
peaks appear on the diffraction patte(Riy. 3). These peaks Mmagnetic properties of Hokl; s and Th(Mn ggAlg.12) 2Hy
develop belowTl y=150—220 K and are attributed to a short- are very different. In HoFg1, 5, we observe narrow mag-
range magnetic ordering_ The positions of the Strongeﬁetic peaks located at the positions of the structural peakS. In
peaks Correspond to the propagation vedterl/2 1/2 1/2 contrast with the Mn-based hydrides, the magnetic order is
(111] stacking of the ferromagnetic planes along the cubidong-range and is not substantially different from the mag-
diagona), i.e., to the same type of antiferromagnetic order agetic order in the nonhydrogenated compouR##®, .* The
found in the hydrogen-ordered samplBdn,H,,.2 The  magnetic structure of HokH, 5 is ferrimagnetic. It consists
samples with an intermediate hydrogen context 2,3) of two antiparallel ferromagnetic sublattices formed by Ho
show some additional scattering at small angles. This sca@nd Fe moments.
tering is attributed to ferromagnetic correlations which prob-

ably come from the Tb-Tb ferromagnetic interactions. Fi- IV, Th (Mn g Al 19 ,Hy (0<x<4): CRYSTAL STRUCTURE

nally,_in t_he sample with the Iow_est hydrogen_ conbeﬁtl,_a UNDER HIGH PRESSURE
contribution from1|7]-type antiferromagnetic correlations
was observedFig. 3). The x-ray-diffraction spectra collected at high pressures

In contrast with the hydrogen-ordered cubic hydrides,are shown in Fig. 4. The nonhydrogenated compound
where the long-range antiferromagnetic structures werdb(MngggAlg 1), shows a smooth variation of the unit-cell
observed;®1"8the diffuse character of the diffraction peaks volume without any volume anomaly or structural distortion.
in hydrogen-disordered Th(MRdAlg12)2Hy samples indi- In Th(MngggAlg19),H; and Th(MryggAlg12)2H, 1, we ob-
cates the short-range nature of the magnetic correlations iserve a pressure-induced transition. When the lattice constant
both Th and Mn sublattices. The correlation lengths in theapproaches some critical value.=7.6 A, the structural
magnetic sublattice vary from 10 to 40 A. It is difficult to peaks split and new sets of diffraction peaks appear. These
determine the exact values of the ordered magnetic momenthffraction peaks should be attributed to a new phase having
in the short-range ordered samples. We estimated the matjie same cubic symmetry as the low-pressure phase but a
netic moments in Toh(MggsAlg 19),H; at T=10 K, and ob- smaller lattice parameter. The low-pressité’) and the
tained 2.5 on the Mn sites and 744 on the Tb sites. high-pressurdHP) phases coexist in a wide range of pres-
These values are only slightly lower than the correspondingures(Fig. 5). The transition is reversible when pressure de-
values measured in the hydrogen-ordered hydridereases. In Th(MgggAlg.19)-Hs 1, the transition does not oc-
TbMn,H,, (3.6 and Qg on the Mn and Tb sites, cur or is shifted to much higher pressures. At 45 GPa, we
respectivelf). It shows that aP=0, the Mn moments are observed only minor traces of the HP phase in
stable in the whole concentration range£<4. In nonhy-  Tb(MngggAlg19)2Hs 1. As was shown in Ref. 12, the LP
drogenated ThMp, the Mn moments close to the instability phase(at least forx=1) retains the short-range antiferro-
limit and the Mn magnetism are stabilized by the exchangenagnetic correlations both in Mn and Tb sublattices,
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P (GPa) FIG. 6. Structural reflections (111) and (220 in
Th(Mny gAlg19)2H; measured in the paramagnetic rang€ (
FIG. 5. Lattice parameter vs pressure in Th@dghlg 12)oHy - =300 K) atP=7.2 GPa. The solid lines are the fits of the LP and

Filled symbols correspond to the LP phases while open symbolthe HP phases assuming that hydrogen atoms diffuse from the LP
correspond to HP phases. The dotted lines show the onsets of tiphase to the HP phase.
LP-HP transition.
creases, the hydrogen gradually transfers from the LP phase

whereas in the HP phases the Mn moments vanish and the To the HP phase. Under very high pressures, the hydrogen
moments order in a long-range ferromagnetic structure.  contents in the LP and HP phases approach the extreme con-

Comparison of the compressibility curves measured forcentrationsx=0 andx>3, respectively. Therefore, samples
different hydrogen contents leads to very intricate observahaving different hydrogen concentrations in the initial homo-
tions. At small pressures, the differences in lattice constantgeneous phases under very high pressures will consist essen-
(a) measured at the same pressure for different hydrogetially of the same hydrogen-rich and hydrogen-poor phases.
contents are almost pressure-independent, that isa¢R¢  The only difference will be in the relative proportions of the
curves are almost parallel to each otligig. 5. The differ- HP and the LP phases.
ences in the lattice parameters should be attributed to an
additional “hydrogen volume” occupied by hydrogen atoms
in the unit cell. As was shown for many other metal
hydrides>?°=22 this “hydrogen volume” depends only
weakly on pressure. In contrast, at pressures above the tran- The high-pressure transition affects both hydrogen and
sition, thea(P) curves are not parallel anymore. This is true magnetic sublattice@Figs. 6 and 7. Moreover, the segrega-
for both HP and LP phases. The LP phase intion occurs exactly when the lattice constant approaches the
Th(Mng ggAlg12),H, 1 is more compressible than the LP region of magnetic instabilitya.~ay,=2v3d.=7.6 A
phase in the lower-content hydride Th(hgAlg129,H; but  where the Mn moments are expected to vanish. This raises a
less compressible than the higher-content hydridesery interesting question about the possible magnetic origin
Tb(Mng gAlg 19 2H3 1. At very high pressures-40 GPa, the  of the hydrogen segregation. To our knowledge, it would be
lattice parameters of these three compounds approach the
same value. In the same way, the lattice parameters of the HP

V. DISCUSSION: MAGNETIC AND CRYSTAL
STRUCTURES OF HoFeH; 5

phases in Tb(MaiggAlo.19),H; and Th(Mn g6Alo 19 ,Ha 1 ap- @~ AFTILL ToMn Al ) H
proach the value of the lattice parameter of the nonhydroge- g P-29GPa T=14K
nated compound Th(MzAlg19). (Fig. 5. It means that S " s
under very high pressures, there is no additional volume as- 8 e
signed to hydrogen atoms in the HP phases. -

In order to search for the possible origins of this highly G [ FTTTT
unusual behavior, we studied hydrogen sublattices in the HP E — P=8.3 GPa ]
and LP phases in Th(Mnrgly1),H; at P=7.2 GPa by £ '
powder neutron diffraction. As seen in Fig. 6, the relative s & o, . ]
intensities of the(111) and (200 peaks in the LP and HP N NNt YR
phases are very different. We refined the hydrogen contents ‘ ' ‘ : ‘ . : =
in the HP and LP phases using our neutron data. We obtained 20 4029 (de%o) 80

x=1.6(3) for the HP phase and=0.1(3) for the LP phase

atP=7.2 GPa. ) ) FIG. 7. Magnetic neutron scattering in Tbh(¥§Alg 12 2Hy

Our neutron data unambiguously show that the highmeasured af=1.4 K and pressures 2.9 and 8.3 GPa. Spectra mea-
pressure transitions in the Th(MgAl o 12 ,Hy are associated sured in the paramagnetic range were subtracted to separate the
with a chemical segregation in the hydrogen sublattice. Thenagnetic contribution AP=5.9 GPa, magnetic moments in the
hydrogen segregation naturally explains the unusual volumewvin sublattice vanish and the initial short-range antiferromagnetic
pressure dependences at high pressures. As pressure dmder transforms to long-range ferromagnetic order.
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the only case where magnetic order would affect the chemi- e P-0 GPa ‘ 1
cal composition. 1400 — p-s3gpal 23 .

Although this scenario is very unusual, this possibility %1200 | ——p-16GPa | S
should not be ruled out. In general, the nonmagnetic ions are > = g 2 i
expected to occupy smaller volumes in crystal structures gwoo | = 1
than the magnetic ones. The transformation from a magnetic = | HoFeZH1 5 e |
to a nonmagnetic state could occur through a sharp first- % 800 L T ' € 1-P=16 GPa d
order transitionas in YMn,, see Ref. 2Jlor through a con- g ] T=1.4K o700 200 300
tinuous step-by-step variation of the magnetic mormniest E 600 (A Temperature (K)

(¢

seems to occur in Ho(MpAlg 1),, see Ref. 1B In the first I
case, one should expect a volume decrease through the magg 400
netic transition, whereas in the second case one can expectZ I N
an enhanced compressibility in the pressure range of the con- i ” | es——
tinuous transition. In both cases, the volume decrépse- 60 65 70 75 80
plike or continuous will influence the ground state of the 26 (deg.)

‘Z{jtem ttﬁm;.?fh thePV_terml n thebfrf:e enetLgy ai[=0.t!f FIG. 8. Neutron diffraction patterns in Hoft¢, s measured at
m 1S e_ inerence n vo um_es e Ween . € magnetic andl'=1.4 K and pressures 0, 8.3, and 16 GPa. Inset: integrated inten-
nonmagnetic states of the Mn ion, the gain in energy per M%ities of(111) reflections in the HP and LP phasesPat 16 GPa vs

ion will be equal to— PAV)y . Below, we will show that the  temperature. The intensities are normalized to their value§ at
hydrogen sublattice can interfere with the magnetic sublat-=300 K.

tice through the magnetovolume effects.

In the case of a linear variation of the sample volume withang therefore makes the homogenous phase unstable upon
hydrogen content, every hydrogen atom brings an additionadhemical segregation.
volume V4, to the total volume of the hydride. Without con-  (ii) x does not change sign under pressure and the chemi-
sidering the magnetic phenomena, the volume increase in thgl segregation is driven by the magnetovolume phenomena.
HP phase is exactly compensated by the volume decrease in One can think about the possible experimental ways to
the LP phase. In this case, the change in the free energy @trify the above scenarios. For example, one could try to
the system due to chemical segregation will be equal t@lecouple the magnetic and hydrogen sublatticd®TsH, by
AF=NPV,—NPVy+Nu=Ngu, and the “high-pressure” choosing anotheT element that would be less sensitive to
PV term will not play any role in the stabilization of the applied pressureRFe, compounds are expected to keep
chemically segregated state. Heédeis the number of atoms  magnetic moments on the Fe sites up to pressures as high as
transferred to the hydrogen-rich phase ani the chemical 50 GPa23 We studied the magnetic and structural transitions
potential (per transferred atojrassociated with the transfer. in HoFeH, s under pressures up to 16 GPa using powder
Finally, the only condition for the stability of the initial ho- neutron diffraction. In Fig. 8, we show neutron-diffraction
mogeneous state jg>0. This is the trivial condition for a spectra collected at ambient pressure, 8.3 GPa and 16 GPa.
phase stability. At 8.3 GPa, we observe the first traces of a structural transi-

Bringing the magnetovolume phenomena into considertion. At 16 GPa, we clearly observe the same split of the
ation changes the situation drastically. If the lattice parametegiifiraction peaks as in the Mn-based compounds, which
of the initial homogeneous phas®meg is only slightly  shows that the hydrogen segregation also occurs in
larger than the critical parameter of the magnetic instabilityHoFe,H, 5. Both LP and HP phases are long-range magneti-
anomog™ amn» the hydrogen segregation can move part of thecally ordered and fer(gerriymagnetic, so the magnetic and
sample through the magnetic instability limia p>ay,,  structural sublattices contribute to the same diffraction peaks.
ayp<ayn. Although the chemical segregation itself is not In the inset of Fig. 8, one can see the temperature variations
expected to change the total volume of the system, the addpf the diffraction peaks at 16 GPa. The decrease in intensity
tional volume effect associated with the magneticis associated with the decrease of values of the ordered mag-
—nonmagnetic transition could bring about some gain in thenetic moments with temperature. The Curie temperature is
free energy. In this case, every hydrogen atom transferrediell above room temperature, therefore we could not sepa-
from the homogeneous phase to the HP phase will transformate the magnetic and structural contributions by measuring
2N/Ax Mn atoms to the nonmagnetic state, and the changspectra in the paramagnetic range. Consequently, we did not
in the free energy due to chemical segregation willA¥fe = measure the exact values of the magnetic moments in the Ho
=Nu—2NPAV),, /Ax. HereAx is the difference in hydro- and Fe sublattices. One can notice that the magnetic contri-
gen contents in the homogeneous and the hydrogen-podution atT=1.4 K in the diffraction peaks of the HP phase is
phases\x=x—Xyp. As seen from the above expression, un-considerably smaller than in the LP phase.
der some conditions op, AV),, andAx, the segregation The chemical segregation in Hoffé 5 supports scenario

will help to minimize the energy of the system. (). Assuming this scenario, one should search for a possible
Finally, we propose two possible scenarios for the high-physical reason why under high pressures the homogeneous
pressure transition in Th(MmgAlg.12)Hy - states become systematically unstable. As was shown above,

(i) Pressure changes the sign of the chemical potential when neglecting magnetovolume effects, the specific “high
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pressure” does not produce any gain in the free energy witlural transition in the frustrated Laves hydrides
the hydrogen segregation. R=0, the AB,H, Laves hy-  Th(MnggsAlg19)-Hy (Xx=1,2). The unique combination of
drides form many different phases which have different hy-neutron and x-ray diffraction under very high pressures al-
drogen contents € x<Xxpax and different values of lattice lowed us to obtain complete information about the structural
parameteré*?® There is no trivial explanation why these and magnetic properties of the high-pressure phases. At high
intermediate-concentration phases should be unstable undgressures, the hydrogen sublattice segregates into hydrogen-
high pressures. rich and hydrogen-poor regions. This transition is accompa-
We notice that the possible influence of magnetovolumenied by a magnetic collapse in the Mn sublattice and the
effects[and therefore the scenari@)] in HoFgH; 5 is not  formation of a long-range ordered ferromagnetic state. We
completely impossible. Although the Fe sublattice is morespeculate about the possible influence of the magnetovolume
stable magnetically than the Mn sublattice, it is not fully effect in the chemical segregation. Our results show that high
independent of the values of interatomic distances. Fronpressure is a powerful tool to study exotic phenomena in
high-pressure data obtainedRiFe, (Ref. 23, we estimated magnetically unstable systems.
the magnetic moments on the Fe sites in the HP phase. We
found that the volume change due to the hydrogen segrega-
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