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Pressure-induced magnetic collapse and hydrogen segregation in the frustrated Laves hydride
Tb„Mn0.88Al0.12…2Hx
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We have studied magnetic and crystal properties of the frustrated Laves hydrides Tb(Mn0.88Al0.12)2Hx (x
51 – 3) and HoFe2H1.5 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 Tb(Mn0.88Al0.12)2H1 , 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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I. INTRODUCTION

The Laves hydridesRT2Hx (R5Y or a rare-earth ion,T
5transition metal! recently attracted much attention becau
of an unusual coupling between the structural and magn
properties.1–6 The T sublattice in these compounds is top
logically frustrated for first-neighbor antiferromagnetic inte
actions, so that no one spin structure can minimize
Heisenberg energy, which results in a fully degenerated m
netic ground state.3–6 The topological frustration leads to
very intricate coupling between the magnetic and structu
properties. Hydrogen atoms occupy interstitial sites in
metal sublattice and can form ordered superstructures at
temperatures. In the cubic hydrideRMn2H4.4 (R
5Y,Gd,Tb,Dy,Ho), the magnetic and hydrogen sublattic
order at the same temperature through a first-order magn
structural transition.7,8 The symmetries of the hydrogen an
antiferromagnetic orders are closely related. Hydrogen di
der ~induced by a chemical doping in the Mn sublattic!
suppresses the long-range magnetic order and stabi
short-range antiferromagnetic correlations down toT50.9 In
the hexagonal hydridesRMn2Hx (R5Er,Tm,Lu;2,x
,4.6), different long-range or short-range ordered magn
structures are stabilized depending on the symmetries o
hydrogen superstructures.10,11 The strong coupling betwee
the chemical~hydrogen! and magnetic sublattices raises
intricate question about the microscopic origin of the int
play between the two sublattices. It was argued that the
mation of a hydrogen superstructure can release the topo
cal frustration by changing the local symmetry of t
magnetic atoms and therefore can stabilize some partic
magnetic structure.8 In this model, hydrogen order works a
a key parameter which governs the magnetic order.

The magnetic properties of the Laves phasesRMn2 and
their hydrides are very sensitive to the values of interato
distances. The Mn magnetic moments are close to the in
bility limit between the localized and itinerant states and lo
their intrinsic magnetic moments when first-neighb
0163-1829/2003/68~21!/214418~6!/$20.00 68 2144
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Mn-Mn distances become smaller than some critical dista
dc;2.7 Å.1 In the cubic compounds, the critical distanc
corresponds to the lattice constantaMn52)dMn57.6 Å. In
contrast, the well-localized magnetic moments of the ra
earth ions are not expected to be affected by pressure~at
least at pressures,100 GPa). Therefore, one can change
state of the Mn magnetic moments and the balance betw
the rare-earth sublattices and the Mn sublattices by apply
hydrostatic pressure. The rare-earth ions form a simple
mondlike sublattice which is not topologically frustrate
Therefore, by changing the balance between frustrated
nonfrustrated magnetic sublattices, the high-pressure stu
can give insight into the role of topological frustration in th
magnetostructural phenomena.

Recently, we studied the effect of pressure on the m
netic ordering in the Laves hydride Tb(Mn0.88Al0.12)2H1 .12

The small amount of Al was used to destroy hydrogen or
and to stabilize short-range magnetic correlations atP50. At
P56 GPa, we observed a first-order transition with a p
nounced volume effect (DV/V528%). Pressure suppresse
magnetic moments in the Mn sublattice and stabilizes sim
long-range ferromagnetic order in the nonfrustrated ra
earth sublattice. These results support the idea about
dominant role of the topological frustration in the formatio
of unusual short-range orders atP50.

The high-pressure transition in Tb(Mn0.88Al0.12)2H1 is
very interesting, first of all because of the huge volum
anomaly. This anomaly can be assigned to a difference
tween the ionic radii of the magnetic and nonmagnetic M
ions. Nevertheless, studies of the nonhydrogenated La
compound Ho(Mn0.9Al0.1)2 , where a similar pressure
induced magnetic transition from short-range to long-ran
magnetic order was found, did not reveal any substan
anomaly in the volume-pressure dependence.13 If the magne-
tostructural transition is associated with some critical int
atomic distance in the Mn sublattice, it should also depe
on the hydrogen content. Interstitial hydrogen expands
metal lattice and acts as ‘‘negative pressure,’’ therefore si
©2003 The American Physical Society18-1



e
o

ra
tr

fra
ce
t
b

t

c
a
ig

b
th
l.

to
sib
s-
ide

re

e
t
ge
a

is
at
he
n

m
s
is
tio

te

’’
ut
r

gh
e.
u
m

th
ac
n

se
s
u

ion
eri-

tice
terize

the

en
pen-
eaks
the

ra-

GONCHARENKOet al. PHYSICAL REVIEW B 68, 214418 ~2003!
lar transitions may occur in the higher-content hydrid
Tb(Mn0.88Al0.12)2Hx (x.1) at pressures above 6 GPa. T
get all the information on the origin of the magnetostructu
phenomena, one should study different hydrogen concen
tions in an extended pressure range and use neutron dif
tion to characterize both magnetic and hydrogen sublatti
It would also be useful to change the balance between
magnetic and the hydrogen sublattices by replacing Mn
another transition element, for example Fe.

Here we present a systematic high-pressure study of
Laves hydrides Tb(Mn0.9Al0.1)2Hx (x51,2,3) and
HoFe2H1.5 in pressure ranges up to 45 GPa by x-ray diffra
tion and up to 16 GPa by neutron diffraction. The combin
tion of synchrotron and neutron techniques under such h
pressures is unique.

II. SAMPLE SYNTHESIS AND EXPERIMENTAL DETAILS

The starting intermetallic compounds were prepared
arc melting from Mn and Al of 99.99% purity and rare-ear
metals of 99.9% purity. We substituted 12% of Mn by A
Due to the very different chemical affinities of Al and Mn
hydrogen, the substitution is expected to suppress pos
hydrogen order.9,12 We used the Al substitution to avoid po
sible differences in hydrogen superstructures in the hydr
with different hydrogen contents. Otherwise it would be im
possible to compare high-pressure data obtained for diffe
hydrogen concentrations.

The hydrides were prepared by a reaction of the interm
tallic compounds with a fixed volume of hydrogen gas aT
5300 K and hydrogen pressure 0.2–0.5 bar. The hydro
content was estimated by measuring the volume of the
sorbed gas. In order to get a homogeneous hydrogen d
bution across the sample, we used additional annealingT
5400– 450 K. The sample quality and symmetry of t
metal lattice were checked by x-ray diffraction at ambie
temperature.

Neutrons are sensitive to light elements and magnetic
ments and therefore were used to characterize hydrogen
lattices and magnetic orderings. We used the deuterium
tope to decrease incoherent scattering in neutron-diffrac
patterns. The neutron experiments atP50 and high pres-
sures were performed on the high-intensity diffractome
G6.1 at the Laboratoire Le´on Brillouin.14 The incident neu-
tron wavelength was 4.74 Å. We used the ‘‘Kurchatov-LLB
pressure cells to generate pressure up to 16 GPa in ne
experiments.15 Sapphire anvils were used in the pressu
range up to 10 GPa and diamond anvils were used at hi
pressures. Pressure was measured by ruby fluorescenc
used a solid NaCl pressure-transmitting medium. A press
cell was inserted in a standard ILL-type cryostat and te
perature was varied from 1.4 K to 300 K.

High-pressure x-ray experiments were carried out at
beamline ID30 at the European Synchrotron Research F
ity ~ESRF!. We used the Le Toullec membrane diamond a
vil cells and the N2 pressure-transmitting medium. Becau
of the higher intensity of synchrotron radiation, we could u
smaller sample volumes and therefore reach higher press
~up to 45 GPa!. The monochromatic x-ray beam (l
21441
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50.3738 Å) was focused to the sample and the diffract
pattern was recorded by an image-plate detector. The exp
ments were carried out at room temperature.

The data were treated by theFULLPROF program.16 We
used x-ray data for high-precision measurements of lat
parameters, whereas neutron data were used to charac
magnetic and hydrogen sublattices.

III. MAGNETIC AND CRYSTAL STRUCTURE AT PÄ0

At P50, all the Tb(Mn0.88Al0.12)2Hx (1,x,3.8)
samples have the same cubic symmetry of the unit cell as
nonhydrogenated Tb(Mn0.88Al0.12)2 ~Fig. 1!. The lattice con-
stant increases linearly with hydrogen concentration~Fig. 2!.
Neutron diffraction did not detect any traces of hydrog
order. We observed neither anomalies in temperature de
dences of the lattice constants nor any superstructural p
which might be associated with a lowered symmetry of

FIG. 1. X-ray-diffraction patterns of Tb(Mn0.88Al0.12)2 and
Tb(Mn0.88Al0.12)2H3.1 measured at ambient pressure and tempe
ture.

FIG. 2. Lattice parameter atT5300 K vs hydrogen content in
Tb(Mn0.88Al0.12)2Hx .
8-2
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unit cell due to formation of a hydrogen superstructure. T
relative intensities of the diffraction lines are in good agre
ment with a model assuming a random distribution of
hydrogen atoms among theR2Mn2 interstitial sites.

When temperature decreases, additional broad diff
peaks appear on the diffraction patterns~Fig. 3!. These peaks
develop belowTN5150– 220 K and are attributed to a sho
range magnetic ordering. The positions of the strong
peaks correspond to the propagation vectork51/2 1/2 1/2
~↑↑↓↓ stacking of the ferromagnetic planes along the cu
diagonal!, i.e., to the same type of antiferromagnetic order
found in the hydrogen-ordered samplesRMn2H4.4.8 The
samples with an intermediate hydrogen content (x52,3)
show some additional scattering at small angles. This s
tering is attributed to ferromagnetic correlations which pro
ably come from the Tb-Tb ferromagnetic interactions.
nally, in the sample with the lowest hydrogen contentx51, a
contribution from↑↓↑↓-type antiferromagnetic correlation
was observed~Fig. 3!.

In contrast with the hydrogen-ordered cubic hydrid
where the long-range antiferromagnetic structures w
observed,7,8,17,18the diffuse character of the diffraction pea
in hydrogen-disordered Tb(Mn0.88Al0.12)2Hx samples indi-
cates the short-range nature of the magnetic correlation
both Tb and Mn sublattices. The correlation lengths in
magnetic sublattice vary from 10 to 40 Å. It is difficult t
determine the exact values of the ordered magnetic mom
in the short-range ordered samples. We estimated the m
netic moments in Tb(Mn0.88Al0.12)2H1 at T510 K, and ob-
tained 2.5mB on the Mn sites and 7.4mB on the Tb sites.
These values are only slightly lower than the correspond
values measured in the hydrogen-ordered hydr
TbMn2H4.4 ~3.6 and 9mB on the Mn and Tb sites
respectively8!. It shows that atP50, the Mn moments are
stable in the whole concentration range 1,x,4. In nonhy-
drogenated TbMn2, the Mn moments close to the instabilit
limit and the Mn magnetism are stabilized by the exchan

FIG. 3. Magnetic neutron scattering in Tb(Mn0.88Al0.12)2Hx at
T510 K and P50. Spectra measured in the paramagnetic ra
were subtracted to separate the magnetic contribution. Inset: m
netic ordering temperature and magnetic correlation length vs
drogen content.
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field induced by the Tb sublattice.6 Details on the magnetic
properties of the hydrogen-disorderedR(Mn12yAl y)2Hx will
be published in a forthcoming paper.

Similar to Tb(Mn0.88Al0.12)2Hx , HoFe2H1.5 did not show
any clear evidence for a hydrogen order. Nevertheless,
magnetic properties of HoFe2H1.5 and Tb(Mn0.88Al0.12)2Hx
are very different. In HoFe2H1.5, we observe narrow mag
netic peaks located at the positions of the structural peaks
contrast with the Mn-based hydrides, the magnetic orde
long-range and is not substantially different from the ma
netic order in the nonhydrogenated compoundsRFe2 .19 The
magnetic structure of HoFe2H1.5 is ferrimagnetic. It consists
of two antiparallel ferromagnetic sublattices formed by H
and Fe moments.

IV. Tb „Mn0.88Al0.12…2Hx „0ËxË4…: CRYSTAL STRUCTURE
UNDER HIGH PRESSURE

The x-ray-diffraction spectra collected at high pressu
are shown in Fig. 4. The nonhydrogenated compou
Tb(Mn0.88Al0.12)2 shows a smooth variation of the unit-ce
volume without any volume anomaly or structural distortio
In Tb(Mn0.88Al0.12)2H1 and Tb(Mn0.88Al0.12)2H2.1, we ob-
serve a pressure-induced transition. When the lattice cons
approaches some critical valueac57.6 Å, the structural
peaks split and new sets of diffraction peaks appear. Th
diffraction peaks should be attributed to a new phase hav
the same cubic symmetry as the low-pressure phase b
smaller lattice parameter. The low-pressure~LP! and the
high-pressure~HP! phases coexist in a wide range of pre
sures~Fig. 5!. The transition is reversible when pressure d
creases. In Tb(Mn0.88Al0.12)2H3.1, the transition does not oc
cur or is shifted to much higher pressures. At 45 GPa,
observed only minor traces of the HP phase
Tb(Mn0.88Al0.12)2H3.1. As was shown in Ref. 12, the LP
phase~at least forx51) retains the short-range antiferro
magnetic correlations both in Mn and Tb sublattice

e
g-

y-

FIG. 4. X-ray-diffraction patterns in Tb(Mn0.88Al0.12)2Hx at 2.6
GPa and 45 GPa.T5300 K. Inset: ~111! reflection in
Tb(Mn0.88Al0.12)2H2.1 and Tb(Mn0.88Al0.12)2H3.1 at 45 GPa.
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whereas in the HP phases the Mn moments vanish and th
moments order in a long-range ferromagnetic structure.

Comparison of the compressibility curves measured
different hydrogen contents leads to very intricate obser
tions. At small pressures, the differences in lattice consta
(a) measured at the same pressure for different hydro
contents are almost pressure-independent, that is, thea(P)
curves are almost parallel to each other~Fig. 5!. The differ-
ences in the lattice parameters should be attributed to
additional ‘‘hydrogen volume’’ occupied by hydrogen atom
in the unit cell. As was shown for many other met
hydrides,15,20–22 this ‘‘hydrogen volume’’ depends only
weakly on pressure. In contrast, at pressures above the
sition, thea(P) curves are not parallel anymore. This is tr
for both HP and LP phases. The LP phase
Tb(Mn0.88Al0.12)2H2.1 is more compressible than the L
phase in the lower-content hydride Tb(Mn0.88Al0.12)2H1 but
less compressible than the higher-content hydr
Tb(Mn0.88Al0.12)2H3.1. At very high pressures;40 GPa, the
lattice parameters of these three compounds approach
same value. In the same way, the lattice parameters of the
phases in Tb(Mn0.88Al0.12)2H1 and Tb(Mn0.88Al0.12)2H2.1 ap-
proach the value of the lattice parameter of the nonhydro
nated compound Tb(Mn0.88Al0.12)2 ~Fig. 5!. It means that
under very high pressures, there is no additional volume
signed to hydrogen atoms in the HP phases.

In order to search for the possible origins of this high
unusual behavior, we studied hydrogen sublattices in the
and LP phases in Tb(Mn0.88Al0.12)2H1 at P57.2 GPa by
powder neutron diffraction. As seen in Fig. 6, the relati
intensities of the~111! and ~200! peaks in the LP and HP
phases are very different. We refined the hydrogen cont
in the HP and LP phases using our neutron data. We obta
x51.6(3) for the HP phase andx50.1(3) for the LP phase
at P57.2 GPa.

Our neutron data unambiguously show that the hi
pressure transitions in the Tb(Mn0.88Al0.12)2Hx are associated
with a chemical segregation in the hydrogen sublattice. T
hydrogen segregation naturally explains the unusual volu
pressure dependences at high pressures. As pressur

FIG. 5. Lattice parameter vs pressure in Tb(Mn0.88Al0.12)2Hx .
Filled symbols correspond to the LP phases while open sym
correspond to HP phases. The dotted lines show the onsets o
LP-HP transition.
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creases, the hydrogen gradually transfers from the LP ph
to the HP phase. Under very high pressures, the hydro
contents in the LP and HP phases approach the extreme
centrationsx50 andx.3, respectively. Therefore, sample
having different hydrogen concentrations in the initial hom
geneous phases under very high pressures will consist es
tially of the same hydrogen-rich and hydrogen-poor phas
The only difference will be in the relative proportions of th
HP and the LP phases.

V. DISCUSSION: MAGNETIC AND CRYSTAL
STRUCTURES OF HoFe2H1.5

The high-pressure transition affects both hydrogen a
magnetic sublattices~Figs. 6 and 7!. Moreover, the segrega
tion occurs exactly when the lattice constant approaches
region of magnetic instabilityac'aMn52)dc57.6 Å
where the Mn moments are expected to vanish. This rais
very interesting question about the possible magnetic or
of the hydrogen segregation. To our knowledge, it would

ls
the

FIG. 6. Structural reflections ~111! and ~220! in
Tb(Mn0.88Al0.12)2H1 measured in the paramagnetic rangeT
5300 K) atP57.2 GPa. The solid lines are the fits of the LP a
the HP phases assuming that hydrogen atoms diffuse from the
phase to the HP phase.

FIG. 7. Magnetic neutron scattering in Tb(Mn0.88Al0.12)2Hx

measured atT51.4 K and pressures 2.9 and 8.3 GPa. Spectra m
sured in the paramagnetic range were subtracted to separat
magnetic contribution AtP55.9 GPa, magnetic moments in th
Mn sublattice vanish and the initial short-range antiferromagn
order transforms to long-range ferromagnetic order.
8-4
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the only case where magnetic order would affect the che
cal composition.

Although this scenario is very unusual, this possibil
should not be ruled out. In general, the nonmagnetic ions
expected to occupy smaller volumes in crystal structu
than the magnetic ones. The transformation from a magn
to a nonmagnetic state could occur through a sharp fi
order transition~as in YMn2, see Ref. 21! or through a con-
tinuous step-by-step variation of the magnetic moment@as
seems to occur in Ho(Mn0.9Al0.1)2 , see Ref. 13#. In the first
case, one should expect a volume decrease through the
netic transition, whereas in the second case one can ex
an enhanced compressibility in the pressure range of the
tinuous transition. In both cases, the volume decrease~jum-
plike or continuous! will influence the ground state of th
system through thePV term in the free energy atT50. If
DVM is the difference in volumes between the magnetic a
nonmagnetic states of the Mn ion, the gain in energy per
ion will be equal to2PDVM . Below, we will show that the
hydrogen sublattice can interfere with the magnetic sub
tice through the magnetovolume effects.

In the case of a linear variation of the sample volume w
hydrogen content, every hydrogen atom brings an additio
volumeVH to the total volume of the hydride. Without con
sidering the magnetic phenomena, the volume increase in
HP phase is exactly compensated by the volume decrea
the LP phase. In this case, the change in the free energ
the system due to chemical segregation will be equa
DF5NPVH2NPVH1Nm5Nm, and the ‘‘high-pressure’
PV term will not play any role in the stabilization of th
chemically segregated state. HereN is the number of atoms
transferred to the hydrogen-rich phase andm is the chemical
potential~per transferred atom! associated with the transfe
Finally, the only condition for the stability of the initial ho
mogeneous state ism.0. This is the trivial condition for a
phase stability.

Bringing the magnetovolume phenomena into consid
ation changes the situation drastically. If the lattice param
of the initial homogeneous phaseahomog is only slightly
larger than the critical parameter of the magnetic instabi
ahomog.aMn , the hydrogen segregation can move part of
sample through the magnetic instability limit:aLP.aMn ,
aHP,aMn . Although the chemical segregation itself is n
expected to change the total volume of the system, the a
tional volume effect associated with the magne
→nonmagnetic transition could bring about some gain in
free energy. In this case, every hydrogen atom transfe
from the homogeneous phase to the HP phase will transf
2N/Dx Mn atoms to the nonmagnetic state, and the cha
in the free energy due to chemical segregation will beDF
5Nm22NPDVM /Dx. HereDx is the difference in hydro-
gen contents in the homogeneous and the hydrogen-
phasesDx5x2xHP. As seen from the above expression, u
der some conditions onm, DVM , and Dx, the segregation
will help to minimize the energy of the system.

Finally, we propose two possible scenarios for the hig
pressure transition in Tb(Mn0.88Al0.12)2Hx .

~i! Pressure changes the sign of the chemical potentim
21441
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and therefore makes the homogenous phase unstable
chemical segregation.

~ii ! m does not change sign under pressure and the ch
cal segregation is driven by the magnetovolume phenom

One can think about the possible experimental ways
verify the above scenarios. For example, one could try
decouple the magnetic and hydrogen sublattices inRT2Hx by
choosing anotherT element that would be less sensitive
applied pressure.RFe2 compounds are expected to kee
magnetic moments on the Fe sites up to pressures as hig
50 GPa.23 We studied the magnetic and structural transitio
in HoFe2H1.5 under pressures up to 16 GPa using pow
neutron diffraction. In Fig. 8, we show neutron-diffractio
spectra collected at ambient pressure, 8.3 GPa and 16
At 8.3 GPa, we observe the first traces of a structural tra
tion. At 16 GPa, we clearly observe the same split of
diffraction peaks as in the Mn-based compounds, wh
shows that the hydrogen segregation also occurs
HoFe2H1.5. Both LP and HP phases are long-range magn
cally ordered and ferro~ferri!magnetic, so the magnetic an
structural sublattices contribute to the same diffraction pea
In the inset of Fig. 8, one can see the temperature variat
of the diffraction peaks at 16 GPa. The decrease in inten
is associated with the decrease of values of the ordered m
netic moments with temperature. The Curie temperatur
well above room temperature, therefore we could not se
rate the magnetic and structural contributions by measu
spectra in the paramagnetic range. Consequently, we did
measure the exact values of the magnetic moments in the
and Fe sublattices. One can notice that the magnetic co
bution atT51.4 K in the diffraction peaks of the HP phase
considerably smaller than in the LP phase.

The chemical segregation in HoFe2H1.5 supports scenario
~i!. Assuming this scenario, one should search for a poss
physical reason why under high pressures the homogen
states become systematically unstable. As was shown ab
when neglecting magnetovolume effects, the specific ‘‘h

FIG. 8. Neutron diffraction patterns in HoFe2H1.5 measured at
T51.4 K and pressures 0, 8.3, and 16 GPa. Inset: integrated in
sities of~111! reflections in the HP and LP phases atP516 GPa vs
temperature. The intensities are normalized to their values aT
5300 K.
8-5
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GONCHARENKOet al. PHYSICAL REVIEW B 68, 214418 ~2003!
pressure’’ does not produce any gain in the free energy w
the hydrogen segregation. AtP50, the AB2Hx Laves hy-
drides form many different phases which have different
drogen contents 0,x,xmax and different values of lattice
parameters.24,25 There is no trivial explanation why thes
intermediate-concentration phases should be unstable u
high pressures.

We notice that the possible influence of magnetovolu
effects @and therefore the scenario~ii !# in HoFe2H1.5 is not
completely impossible. Although the Fe sublattice is mo
stable magnetically than the Mn sublattice, it is not fu
independent of the values of interatomic distances. Fr
high-pressure data obtained inRFe2 ~Ref. 23!, we estimated
the magnetic moments on the Fe sites in the HP phase
found that the volume change due to the hydrogen segr
tion may induce a significant decrease of the Fe momen
about 20–30%. Therefore, scenario~ii ! cannot be fully ruled
out.

In conclusion, we observed an unusual magnetost
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