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Competing magnetic anisotropies in the mixed rare-earth Laves hydrides
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We have studied the temperature evolution of magnetic structure in mixed Laves hydrides (R1,R2)Mn2H4,
where R is a rare-earth ion, by powder neutron diffraction. The spin orientation results from a compromise
between the competing anisotropies of R1, R2, and Mn ions. The spin orientation at low temperature was
analyzed using a single-ion cubic crystal-field model. We found quite an original behavior in the hydrides: the
spin orientations differ from nonhydrogenated compounds, and cannot be explained by a unique set of crystal-
field parameters. This suggests that the hydrogen superstructure strongly influences the anisotropy.

DOI: 10.1103/PhysRevB.64.094419 PACS number�s�: 75.25.�z, 75.30.Gw, 61.12.Ld

I. INTRODUCTION

In Laves phases RMn2, Mn-Mn first-neighbor interactions
are antiferromagnetic, yielding a topological frustration of
the Mn pyrochlorelike sublattice.1 Moreover, Mn magnetism
is very sensitive to interatomic distances. The high hydroge-
nated compounds RMn2H4 (R�Y or a magnetic rare-earth
element such as Gd, Tb, Dy, Ho� were recently studied.2–4 H
atoms occupy interstitial sites, making an ordered superstruc-
ture which influences the magnetic order in several ways.
They act as a ‘‘negative pressure’’ which expands the lattice
and stabilizes localized Mn moments. H atoms close to Mn
pairs also modify Mn-Mn first-neighbor interactions, sup-
pressing the topological frustration.

In these compounds, neutron-diffraction studies showed
that magnetic and H sublattices order at the same tempera-
ture (TN�300–340 K). The unit cell undergoes a rhombo-
hedral distortion, and a simple long-range collinear antifer-

romagnetic structure with propagation vector k�( 1
2 , 1

2 , 1
2 )

sets in.
If R is magnetic, R and Mn moments are collinear and

order simultaneously at TN . The magnetic order and propa-
gation vector seem to be determined by dominant Mn-Mn
exchange interactions, while the temperature evolution of the
spin orientation is controlled by the competition between R
and Mn anisotropies, the rare-earth one dominating at low
temperature. For the Dy compound, moments are along the
�111� direction in the whole temperature range below TN .
For Tb and Ho, a reorientation transition is observed at TR
�TN . For TR�T�TN the spins are perpendicular to k,
whereas below TR they turn toward �110� and �100� direc-
tions, for Tb and Ho respectively. The axis notation is re-
ferred to the cubic cell. For simplicity, we will use Dy, Tb,
and Ho directions for spin orientations observed in pure
compounds at low temperature.

The purpose of this paper is to study in detail the anisot-
ropy properties of the Laves hydrides RMn2D4. In the rare-
earth hydrides RH2�x , strong changes of the crystal-field
�CF� symmetry of the R ion were observed depending on the
H content.5–8 They were partly attributed to a change in the
type of interstitial sites �tetrahedral or octahedral� occupied
by H atoms. Here we can study the influence of H on the

anisotropy behavior of a family of compounds, all having the
same homogeneous crystal structure and type of H interstitial
sites. The presence of a dominant Mn exchange interaction
allows one to keep the same isotropic contribution to the free
energy for all compounds. We will compare the hydride an-
isotropy properties with those of the reference systems, the
nonhydrogenated RT2 compounds (T�Fe, Co, Al�, having
close crystal structure and magnetic properties.

We have studied the mixed compounds (R1,R2)Mn2D4,
namely, �Tb,Ho�, �Ho,Dy�, and �Tb,Dy� systems, by powder
neutron diffraction. By varying the R1/R2 ratios, we can ob-
tain detailed information about the CF parameters by analyz-
ing the experimental spin orientation phase diagram.9 We
found important differences in the anisotropy behavior when
comparing them with the RT2 systems. We discuss the influ-
ence of H order on the crystalline anisotropy.

II. EXPERIMENT

A. Experimental details

The starting intermetallics (R1,R2)Mn2 were prepared by
arc melting from Mn of 99.99% purity, and rare-earth metals
with a typical of purity of 99.9%. The deuterides were pre-
pared by absorption of deuterium gas at 273 K, at a pressure
of 0.1–0.4 bar. For the neutron study, we used the deuterium
isotope to decrease the incoherent scattering. In the follow-
ing we will speak of hydrogen or deuterium indifferently.
The sample quality was checked by X-ray diffraction at am-
bient pressure.

We have studied the samples (TbxDy1�x)Mn2D4 ,
(HoxDy1�x)Mn2D4, and (TbxHo1�x)Mn2D4, with x�0.2,
0.4, 0.6, and 0.8. The exact D content varies between 4.3 and
4.5. As found before, this small variation affects neither the
crystal structure nor the magnetic structure.

The powder neutron-diffraction study was carried out on
the diffractometer G6-1 in LLB, with an incident neutron
wavelength of 4.738 Å. For the samples containing Dy, we
used a double-cylinder sample holder to reduce the neutron
absorption.

Both crystal and magnetic structures were analyzed using
the FULLPROF program.10 We refined the cell parameter and
the rhombohedral splitting as well as the value and direction
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of the R and Mn magnetic moments. In the rhombohedral
cell there are two different sites for both R and Mn ions.
Based on the results found in Ref. 3, we have considered
averaged R and Mn ordered moments. A good agreement
was reached between the calculated model and the experi-
mental data (Rmagn�10%).

B. Results

All compounds show a first-order transition accompanied
by a rhombohedral distortion of the unit cell. Therefore, we
expect the same crystal structure and H superstructure as in
all pure compounds. That is, in the rhombohedral unit cell
�containing two formula units�, nine H atoms occupy some
of the 24 A2B2 interstitial sites. Below the transition, hydro-
gen forms an ordered superstructure, with two kinds of 3b
positions fully occupied and 6c positions halfly occupied. In
the refinement, we imposed the crystal structure parameters
obtained in Ref. 2.

As in RMn2H4, the mixed compounds show a long-range

magnetic order with k�( 1
2 , 1

2 , 1
2 ) and TN around 300 K. R

and Mn magnetic moments are collinear in the whole tem-
perature range below TN .

The ordered Mn magnetic moment �Mn saturates quickly
below TN , while the R moment �R increases continuously
when cooling, approaching the free-ion value at low tem-
perature. The temperature evolution of moments shows no
anomalies at the spin reorientation transitions, which con-
firms the validity of the refinement. A typical result is shown
in Fig. 1.

We show the temperature variation of the � angle in Fig.
2. All samples show a reorientation transition at TR , above
which the moments align perpendicular to the �111� direc-
tion. In the systems containing Dy, TR draws closer to TN
when the Dy content increases. In the �Tb,Ho� system, TR is
practically independent of the concentration. Below TR , the
three systems behave in different ways. In �Tb,Ho�, a con-
centration of 20% of Tb is enough to stabilize the Tb direc-
tion �110� below TR . In contrast, in �Ho,Dy�, we observe a

second reorientation transition at TR� . The spin orientation is
close to the Dy one in the range TR��T�TR , then rotates in
a direction close to the Ho one below TR� . TR� increases
with the Ho content. Finally, in �Tb,Dy�, we observe an in-
termediate behavior. At a high Tb content (x�0.8), the
variation of � is similar to that in �Tb,Ho�. When the Dy
concentration increases, the moments draw closer to the Dy
direction. The spin orientation is practically constant with
temperature below TR , except for x�0.6, for which we ob-
serve a second reorientation transition, above which the mo-
ments start to approach the �111� axis.

C. Qualitative analysis

In these mixed compounds, we observe the same type of
magnetic ordering and the same value of TN as in YMn2D4.3
�Y is nonmagnetic�. This suggests that Mn-Mn exchange in-

FIG. 1. Experimental variation of �R and �Mn with temperature
in Tb0.2Dy0.8Mn2D4. Error bars are given by FULLPROF. The con-
tinuous line is a fit of �R assuming a free R ion in the Mn molecular
exchange field �Ref. 3 and 11�. The fitted parameter is JR-Mn

�19.1 K�B
�2 .

FIG. 2. Experimental variation of the spin orientation � with
temperature for all mixed compounds. Arrows indicate the reorien-
tation transitions; black ones correspond to TR , and white ones to
TR� . We indicate the Ho, Tb, and Dy directions; the Mn direction
corresponds to the on-plane direction ��211� , perpendicular to
�111�.
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teractions are dominant with respect to the R-Mn and R-R
ones. The temperature dependence of the magnetic order in
the R sublattice is well described by assuming that R mo-
ments order in the molecular field of the Mn sublattice �Fig.
1 and Refs. 3 and 11�. Therefore, we deduce that the R-R
interaction is negligible with respect to the R-Mn interaction.

Despite the random occupancy of the R site with either R1

or R2, with different anisotropy directions, we always ob-
serve a long-range magnetic order with collinear R and Mn
moments. This suggests that the anisotropy energy is much
smaller than the exchange energy. The anisotropy energy
which controls the spins orientation results from a compro-
mise between the competing anisotropies of R1, R2, and Mn.

The spin orientation perpendicular to �111�, observed in
all mixed compounds above TR , is the same as in YMn2D4.3
or GdMn2D4.1 �Gd is an L�0 ion�. This suggests that the
Mn anisotropy dominates above TR . As shown in Fig. 1, �R
increases quickly with decreasing temperature, while �Mn
practically does not vary. This could explain why Mn anisot-
ropy dominates at high temperature.

Below TR , different behaviors are observed versus T, de-
pending on the ratio of R1 to R2 contents and on the type of
rare-earth ion �Fig. 2�. These behaviors are analyzed within
the single-ion anisotropy model described below.

III. MAGNETOCRYSTALLINE MODEL

A. Description

We consider the rare-earth Hamiltonian as the sum of an
isotropic exchange term and an anisotropic crystal-field one,9

H�2�gJ�1 �HeJ•n�HCF
R , �1�

where n is the unit vector along the quantification axis, and
He is the molecular field created by Mn moments on R ions,
with quantum number J and Landé factor gJ . The second
term in expression �1� is the crystal field acting on the R
sites. We neglect the Mn anisotropy, since we are interested
in the low-temperature regime.

We consider a cubic potential, neglecting the rhombohe-
dral distortion in a first step. If the quantification axis is
along the �111� directions we have12

HCF�A4�r
4	�4�O4

0�20�2O4
3�

�A6�r
6	�6�O6

0��35�2/4�O6
3��77/8�O6

6� , �2�

where Ol
m are the Stevens operators,13 and � l are constants

depending on the free ion quantum numbers.12,13 The aver-
aged radial wave functions �r l	 were calculated for several
rare-earth ions �Ref. 14�. For Dy, the value is given, whereas
for Tb and Ho we interpolated between values of neighbor-
ing elements. The CF parameters Al contain information
about the environmental charges. Here we average the two
rare-earth sites of the rhombohedral cell, neglecting their dif-
ferent hydrogen environments.2,3

For a given set of CF parameters (A4 ,A6) and at a given
temperature T, the direction of moments is that which mini-
mizes the system’s free energy F(T,n) calculated as in Ref.

15 from the Hamiltonian in expression �1�. For the mixed
compounds (Rx

1 ,R1�x
2 ) the free energy is given by

F�T,n��xF1�T,n���1�x�F2�T,n� �3�

For a rare-earth ion in a cubic potential, F(T,n) is mini-
mized for one of the cubic easy-axis directions: �111�, �110�,
or �100�. For the mixed compounds, spin directions along the
nonmajor axis can be favored.16

The classical approach of this model provides an insight
into the temperature dependence of the CF parameters. This
consists of expanding expression �1� in spherical harmonics
Yl

m(� ,
), where � and 
 are the polar and azimuthal angles
referred to the quantification axis.17 We can write

HCF�d4Z4�� ,
��d6Z6�� ,
�, �4�

where Zl(� ,
) are linear combinations of Yl
m(� ,
). For a

molecular field model, the parameters dl vary with tempera-
ture as

dl�T�

dl�0 �
�mf ( l ), �5�

where m�m(T) is the reduced R moment �R(T)/�R(0),
and f ( l )� l ( l �1)/2 for m�1, while at high temperatures
f ( l )� l . Therefore the l �6 term decreases much faster with
increasing temperature than the l �4 term.

B. Analysis

For both pure and mixed systems, we compare the experi-
mental results to calculations within the CF model. This al-
lows us to deduce the possible values of the crystal-field
parameters A4 and A6.

The exchange field He�JR-Mn�Mn on the rare-earth site
could be derived from the temperature dependence of the
ordered magnetic moments in the rare-earth sublattice using
a free-ion model. This model was applied to the RMn2D4
compounds, and showed a good agreement with experiment.3

Note that the JR-Mn exchange constant is practically the same
for the three R ions3 (JR-Mn�21�2 K�B

�2), and that the
Mn ordered moment is almost temperature independent be-
low 200 K and close to 3.5�0.3�B . Therefore in all calcu-
lations we used an averaged value He�73 K�B

�1 .
At T�0 and for each R ion, we have calculated the zones

of stability for each cubic easy-direction versus A4 and A6
�Fig. 3�. The gray zones correspond to the orientations ob-
served experimentally in pure compounds. They do not su-
perimpose for the three R ions, so we conclude that it is not
possible to have a common set (A4 ,A6) within the whole
family of compounds.

For each R ion, the possible zones in the plane (A4 ,A6)
reduce even more when we take into account the variation of
� with temperature in the pure compounds. This accentuates
the differences between the three diagrams. In particular, the
allowed region for Ho is quite different from that for Dy and
Tb �Fig. 4�. We have excluded the zones yielding some
crossing of boundaries with temperature, namely, �111�
→�100� for Dy and �110� toward �111� or �100� for Tb, since
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they were not observed experimentally. Such crossings were
a priori possible, since, as shown above, the l �6 term varies
much faster with temperature than the l �4 one.

The results for the mixed systems introduce additional
constrains on the values of CF parameters. If we assume
independent sets (A4 ,A6) for the three R ions, it is possible
to describe the variation of � with temperature in the mixed
systems. We show an example in Fig. 5, where we compare
the experimental and calculated spin-orientation diagrams.
We obtain a good agreement. The only difference is that, for
the �Tb,Dy� and �Ho,Dy� systems, regions with intermediate
spin directions are more extended in experiments than in
calculations �compare Figs. 2 and 5�.

IV. DISCUSSION

In the following, we compare our results with those found
in the RT2 compounds (T�Fe, Co, Al�, which have the
same crystal structure and spin directions controlled by the
rare-earth ion. We have not considered the RMn2 Laves
phases, since they present a quite different type of magne-
tism due to the topological frustration of the Mn sublattice
and to the Mn moment instability.

As shown in Table I, for the same R ion, the easy axes

FIG. 3. Calculated stability diagrams for Tb, Dy, and Ho (He

�73 K�B
�1), yielding the stable spin directions at T�0 as func-

tion of the CF parameters. The gray zones correspond to the orien-
tation observed at the lowest temperature (�10 K) in RMn2D4

�Ref. 3�.

FIG. 4. Calculated stability diagrams for Tb, Dy, and Ho �note
the different scales in Figs. 3 and 4�. We show, in gray, the zones
which correctly describe the � evolution with temperature in
RMn2D4: the �111� direction up to TN for Dy, and the �110� and
�100� directions up to TR for Tb and Ho, respectively. Dashed lines
show limits of stability zones at T�0 �Fig. 3�. We have plotted the
CF parameters derived in previous works for RT2 in comparison
with the set of parameters for the hydrides given in Fig. 5.
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differ, in most cases, in the hydrides and nonhydrides. This
proves that the crystal field on the rare earth is strongly
modified by H doping. However, the most striking and inter-
esting result is the absence of a unique set of CF parameters
within the hydride family. In contrast, the CF parameters of
the RT2 Laves phases do not vary significantly with R sub-
stitution, the ratio A6 /A4 always being of the same order of
magnitude �Fig. 4�.20–33

Below we analyze the possible reasons for the difference
between the hydrides and the other compounds. First of all,
we discuss some obvious limitations of our model.

In our calculations, we neglected the anisotropy of the
transition metal. This anisotropy is obviously responsible for
the reorientation transition at TR . Nevertheless, we expect
the Mn anisotropy to be negligible at T�0. As shown above,
the anisotropy energy is a power law of the reduced moment,
so the R anisotropy should increase very quickly when T
→0, while the Mn anistropy remains constant �see Fig. 1�. If
we assume that at TR�200 K the Mn and R contributions to
the anisotropy are about equal, at T�10 K the Mn anisot-
ropy should contribute only to 1% percent of the total anisot-
ropy energy. Therefore, it could explain some deviations
from the high-symmetry directions in �Tb,Dy� and �Ho,Dy�,
but not the absence of a unique set of crystal field param-
eters.

We neglected the rhombohedral distortion which exists
below TN . This distortion introduces an l �2 term that
would favor either the �111� direction or the perpendicular
plane depending on its sign. Note that in this case the stable
spin orientations would no longer be exactly �100� or �110�,
but some intermediate directions closer to the �111� or
��211� orientations. However, in Ho, Tb, and �Ho,Tb�, no
noticeable deviation from the cubic �100� or �110� directions
was observed experimentally up to TR . This suggests that, in
these compounds, the l �2 contribution cannot be important.
Moreover, the l �4 and 6 terms vary with temperature much
faster than the l �2 term. Since the cubic terms are large
enough to stabilize the �100� and �110� directions at TR , they
should be even more important at T�0.

Finally, none of the trivial limitations of our model could
explain the observed difference between the hydrides and the
pure RT2 compounds. In order to understand the original
behavior of the hydrides, we have to consider more funda-
mental reasons.

�i� General limitations of the standard single-ion model.
This model does not account for the hybridization between
magnetic orbitals and orbitals of the neighboring atoms. This
explains why it does not properly describe the behavior of
many 5 f or transition-metal compounds with extended mag-
netic shells. In rare-earth compounds, the magnetic 4 f shells
are well localized, so that the single-ion model usually works
very well. In such compounds, H doping could strongly
modify the magnetic order, the exchange interactions, and
the magnetic ground state of the system.34 Nevertheless, ex-
perimental data did not give any evidence of a full break-
down of the single-ion model. In particular, single-ion and

TABLE I. Observed easy directions in RT2 compounds at T
→0. For HoCo2 and HoAl2, a reorientation transition was observed
at 14 K �Ref. 18� and 20 K �Ref. 19�, respectively. Below, the
direction of moments is along the �100� directions.

R ion RMn2D4 RFe2 RCo2 RAl2

Tb �110� �111� �111� �111�

Dy �111� �100� �100� �100�

Ho �100� �100� �110� �110�

FIG. 5. Spin orientation diagrams for the �Tb,Ho�, �Tb,Dy�, and
�Ho,Dy� systems. The experimental results are indicated with mark-
ers: TN by filled circles, TR by open markers, and TR� by black
triangles. Hairlines are guides for the eye. Below TR , the experi-
mental spin orientations are close to �111� (�), �110� (�), or �100�
(�) directions �see Fig. 1�. The calculated spin orientations are
either exactly along the cubic easy axis or along intermediate direc-
tions �dark gray zones�. We took �A4(Ka0

�4),A6(Ka0
�6)� equal to

(�1.5,�10.), (�1.0,�18.0), and (�3.0,�0.35) for Tb, Dy, and
Ho, respectively. These points correspond to the closest sets which
agree with experiment.
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point-charge models were successfully used to describe
crystal-field parameters and anisotropy properties in RH2�x
�Ref. 5�.

�ii� Influence of the hydrogen superstructure. In addition
to the rhombohedral distortion, hydrogen ordering results in
nonequivalent surroundings of the rare-earth ions. Below the
ordering temperature, the chemical unit cell contains two dif-
ferent rare-earth sites. Assuming that hydrogen might influ-
ence R-Mn exchange interactions and crystal-field param-
eters, each R site should be characterized by a separate set of
the parameters He , A2 , A4, and A6. In principle, one could
find a common set of the eight independent parameters �four
for each rare-earth site� for all the three R ions which would
describe the observed spin directions. However, the present
experimental data would not be sufficient to determine all the
parameters of the model unambiguously.

Finally, we found that H doping modifies the anisotropy
properties of Laves compounds. This effect cannot be asso-
ciated with a filling of two different interstitial sites �as it
was suggested for PrH2�x

5,7,8� but should be attributed to the
formation of an hydrogen superstructure. A similar effect of a
strong influence of H superstructure on the magnetic proper-
ties �isotropic and anisotropic� has been found in ordered
TbH2�x .35 Since H superstructures are very sensitive to sev-
eral factors �like thermal treatment or substitution in the T
metal host36�, they could be used as a very delicate way to
control spin orientations in magnetic materials.

Further experimental work on other Laves hydrides could
enlighten on the pertinent parameters to this problem: the
symmetry of the H distribution �by studying compounds with
disordered H or with different H superstructures� and the
number of doping atoms �by varying the H content�. Other

techniques like inelastic scattering could provide more direct
and complete information about the CF parameters. Finally,
this study shows that upon hydrogenation we have com-
pletely modified the anisotropy in the Laves systems. Not
only have we changed the spin orientations at low tempera-
ture, but we have modified the crystal field in a more subtle
way, the mechanisms involved being so far unclear.

V. CONCLUSIONS

We have performed neutron-diffraction experiments on
the mixed rare-earth compounds (R1,R2)Mn2D4, namely, the
systems �Ho,Dy�, �Tb,Dy�, and �Ho,Tb�. The refinement of
the spectra allowed us to obtain, for each compound, the
temperature evolution of the spin orientation. The results
were analyzed with the standard single-ion CF model. A
comparison with the RT2 compounds show that hydrides
present quite original and interesting anisotropy properties.
In particular, our results suggest that the magnetic anisotropy
and spin orientation could be strongly influenced by the hy-
drogen superstructure.
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PACS. 75.25.+z – Spin arrangements in magnetically ordered materials (including neutron
and spin-polarized electron studies, synchrotron-source X-ray scattering,
etc.).

PACS. 75.50.Lk – Spin glasses and random magnets.

PACS. 61.12.Ld – Single crystal and powder diffraction.

Abstract. – We have performed a neutron diffraction study of the magnetic order in the
frustrated Laves hydride Tb(Mn0.88Al0.12)2D1.04 under applied pressures up to 8.3 GPa. At
5.9 GPa we observed a first-order magnetic transition accompanied by a volume collapse. The
pressure destroys the unusual hydrogen-induced spin-glass magnetic state by suppressing lo-
calized magnetic moments in the frustrated Mn sublattice.

Introduction. – The hydrides of the Laves phases RMn2Hx (R = Y, Gd, Tb, Dy, Ho) have
been intensively studied in the recent years because of their unusual magnetic and structural
properties [1–6]. In the compounds with the maximal hydrogen content (x = 4–4.5), the mag-
netic moments on the R and Mn sites and the hydrogen atoms located in the interstitial sites of
the metal host order at the same temperature through a first-order magneto-structural transi-
tion [1,2]. The symmetries of the magnetic and hydrogen superstructures are closely related,
indicating a strong coupling between the magnetic and chemical (hydrogen) orders. Another
interesting phenomenon was found in studies of the doped samples Y(Mn1−yAly)2Hx [7]. Al
and Mn atoms have very different chemical affinities to hydrogen. A small amount of Al atoms
randomly distributed among the Mn sites suppresses the chemical order in the hydrogen sub-
lattice. Breaking hydrogen order results in drastic consequences for magnetic order. Instead
of the long-range antiferromagnetic structure found in non-doped samples, samples having
practically the same hydrogen content but a disordered hydrogen sublattice show only short-
range magnetic correlations and spin-glass–like properties. The spin-freezing temperatures
are very high (150–250 K depending on Al content) compared to typical spin glasses. The
strong sensitivity of the magnetic order to the tiny modifications in the very mobile hydro-
gen sublattice makes the Laves hydrides very promising objects to search for highly unusual
magnetic phenomena.

The most intricate point arising from the studies of the magnetic Laves hydrides is the
relation between the unusual magneto-structural phenomena and the specific topological prop-
erties of the Mn sublattice. In the non-hydrogenated Laves phases, the Mn sublattice is fully
frustrated to first neighbor antiferromagnetic interactions. It means that no spin arrange-
ment could minimize the free energy. It was argued [1, 2] that hydrogen order could release
c© EDP Sciences
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the topological frustration by lowering the symmetry of the crystal structure and by making
Mn-Mn first-neighbor interactions non-equivalent.

When R is a magnetic rare earth, not only Mn-Mn interactions but also R-Mn and R-R
interactions contribute to the total magnetic free energy. As shown in [2, 3], in the hydrides
Mn-Mn interactions dominate and impose the magnetic order in the rare-earth sublattice. We
notice that it is not the case for the pure RMn2 compounds. Hydrogen absorption leads to an
increase of the unit cell volume so that in the parent RMn2 compounds the lattice parameter
is considerably smaller than in the hydrides. Studies of RMn2 compounds with different rare
earths showed that, if the lattice parameter is smaller than some critical value aC ∼ 7.6 Å,
Mn moments loose (at least partially) their localized character. Consequently, Mn-magnetism
becomes unstable and could be strongly influenced by the rare-earth sublattice [8–11].

The different sensitivity of Mn and R magnetisms to interatomic distances renders a unique
opportunity to vary the relative strengths of R-R and Mn-Mn interactions by varying the
unit cell volume. In contrast with the Mn-sublattice, the R-sublattice is not topologically
frustrated (the R atoms form a simple f.c.c. lattice). By varying the lattice parameter, one
could separate the contributions from the two magnetic sublattices (one frustrated and another
one non-frustrated) and, probably, could come to some important conclusions about the role
of the different magnetic sublattices and their topological properties in this unusual magnetic
behavior.

In the present paper we present a high-pressure neutron diffraction study of the magnetic
Laves hydride Tb(Mn0.88Al0.12)2D1.04. We used Al dilution in order to get hydrogen atoms
randomly distributed on the interstitial sites and to study the influence of pressure on the
unusual hydrogen-induced spin-glass magnetic state. According to [7], 10% of Al is sufficient
to suppress chemical order in the hydrogen sublattice. An experiment under applied pressure
is the only direct way to vary interatomic distances. We used a technique recently developed
to study magnetic neutron diffraction under very high pressures. Neutron diffraction is the
most informative way to study magnetic order. The wide pressure range (up to 8 GPa) allowed
us to explore the regions a > aC and a < aC.

Experimental technique. – The hydride was prepared by a reaction of the intermetallic
compound Tb(Mn0.88Al0.12)2 with deuterium gas at 250 K. We used the deuterium isotope
to decrease the incoherent scattering in the neutron diffraction measurements. The hydrogen
content was determined by measuring the volume of the absorbed deuterium gas. After the
synthesis, the sample was annealed at 450 K, in order to obtain a homogeneous deuterium
distribution. The sample quality was checked by X-ray diffraction.

We used a compact sapphire anvil cell to generate pressures up to 8.3 GPa [12, 13]. The
pressure was measured by the ruby fluorescent technique. NaCl powder was used as a pressure-
transmitting medium. The quasi-spherical shape of the sample placed between two drilled
sapphire anvils ensures a homogeneous pressure distribution (typically within 5% across the
sample). The pressure cell was put inside a He-flow cryostat allowing to vary the temperature
from 300 K to 1.5 K.

Neutron diffraction experiments have been carried out at the Laboratoire Léon Brillouin
(LLB) using a special high-pressure version of the G6.1 diffractometer. We used neutron
focusing devices [14, 15] to compress the neutron beam to the small sample in the pressure
cell. For each pressure we performed neutron diffraction experiments at several temperatures
below and above the magnetic ordering temperature. The magnetic scattering contribution
was separated from the nuclear one by subtracting neutron diffraction patterns measured in
the paramagnetic range. The typical counting time varied from 2 to 8 hours per spectrum.
We used FULLPROF [16] program to refine the magnetic structures.
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Fig. 1 – Neutron diffraction spectra of Tb(Mn0.88Al0.12)2D1.04 at P = 0, at temperatures above (top)
and below (bottom) the ordering temperature (200 K). Solid lines are the FULLPROF fit to the data.
At 10 K, we also show the difference between experimental data and the calculated profile.

Experimental results. – The neutron diffraction patterns measured at ambient pressure
at 219 K and 10 K are shown in fig. 1. In contrast to YMn2D1.2 [17], the Al-doped sample does
not show any structural distortions or narrow superstructural peaks which could be associated
with a long-range hydrogen order. Thus, we conclude that in our sample hydrogen remains
disordered among all the A2B2 sites down to the lowest temperature, as expected from our
previous results obtained from Y(Mn,Al)2D4 [7].

At the lowest temperature, the spectrum shows broad magnetic peaks (fig. 1). The diffuse-
like character of the magnetic scattering reflects the short-range nature of the magnetic order,
as previously found in Y(Mn,Al)2D4. As in YMn2D4 or TbMn2D4, the main part of the
magnetic scattering is centered around the points 1

2
1
2

1
2 , 3

2
1
2

1
2 and 3

2
3
2

1
2 . These peaks could be

described by a propagation vector k = 1
2

1
2

1
2 and correspond to the stacking sequence ↑↑↓↓ of

the ferromagnetic (111) planes in each of the magnetic sublattices (Tb and Mn). Additional
magnetic scattering was observed near the point of a forbidden structural reflection 200.
This component was not observed in the Y(Mn,Al)2Dx samples. It could be attributed to
an additional antiferromagnetic modulation with propagation vector k′ = 000 and stacking
sequence ↑↓↑↓ of the Tb (111) magnetic planes. The two magnetic modulations appear at the
same Néel temperature of 200 K. It suggests that they correspond to different spin components
of the same magnetic phase. The best refinement was obtained assuming collinear Tb and
Mn spin components lying in the (111) plane for the first modulation (k), and Tb component
directed along [111] axis for the second one (k′). At 10 K, we obtained spin components

µ
1
2

1
2

1
2

Tb = 4.5(5) and µMn = 2.5(2)µB for k and µ000
Tb = 7.4(7)µB for k′. The full magnetic

moment on the Tb sites (8.7(8)µB) is close to the free ion value of 9.0µB.
The cubic symmetry of the unit cell is retained under high pressure, therefore we expect the

hydrogen sublattice to remain disordered in the whole pressure range. At 2.9 GPa, we observe
the same type of magnetic order as at P = 0 (fig. 2). The magnetic ordering temperature
decreases from 200 to 130 K (fig. 3) reflecting a weakening of the Mn-magnetism as the unit
cell volume decreases.

At 5.9 GPa, the neutron diffraction patterns undergo drastic changes. On the original
spectra (see the insert in fig. 2) the structural peak (111) splits into two parts. On the
subtracted spectra (fig. 2), at low temperatures, in addition to the broad antiferromagnetic
peak at 2θ = 31◦ a new narrow magnetic contribution appears at 2θ = 67◦. The position of
the broad peak coincides with the position of the 1

2
1
2

1
2 antiferromagnetic harmonic from the

low-angle part of the split structural peak (111), whereas the narrow magnetic contribution
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Fig. 2 – Magnetic neutron diffraction spectra at T = 1.5 K at pressures 0, 2.9, 5.9 and 8.3 GPa.
Spectra measured in the paramagnetic range were subtracted to separate the magnetic contribution.
In the insert: structural reflection (111) measured in the paramagnetic range at 2.9, 5.9 and 8.3 GPa
(non-subtracted data).

coincides with the position of the high-angle part of the (111) structural peak. We conclude
that the observed neutron diffraction pattern is a superposition of diffraction patterns from two
different phases: the first one with the same short-range antiferromagnetic order as observed
at P = 2.9 GPa and a new one with long-range ferromagnetic order. The value of the lattice
parameter of the first phase (7.73 Å) is only slightly smaller than the value obtained at
2.9 GPa (7.79 Å) at 1.5 K, whereas the lattice parameter of the second phase is considerably
smaller (7.49 Å). Below we will call these phases LP and HP from “low” and “high” pressure,
respectively. The two phases order in the temperature range 70–90 K (fig. 3).

At 8.3 GPa, both antiferromagnetic contributions (with k = 1
2

1
2

1
2 and k′ = 000) disappear

almost completely together with the low-angle part of the structural reflection. We conclude
that at this pressure most of the sample is transformed into the HP phase. From the intensity
of the magnetic scattering we estimate the ordered magnetic moment on the Tb sites to be
7.2(7)µB. The ordering temperature in the HP phase practically does not vary with pressure
(TC = 90 K in the whole pressure range 5.9 < P < 8.3 GPa).

Discussion. – At 5.9 GPa, we observed a first-order transition accompanied by a huge
volume effect (∆V/V ∼ 7%, see fig. 4) and drastic modifications of the magnetic properties.
The decrease of the unit cell volume could be understood if we assume that the transition
is associated with the suppression of localized magnetic moments on Mn sites. A loss of the
localized character of the magnetic orbitals leads to a more compact electronic configuration
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Fig. 3 – Pressure-temperature magnetic phase diagram in Tb(Mn0.88Al0.12)2D1.04.

Fig. 4 – Pressure volume dependence in Tb(Mn0.88Al0.12)2D1.04.

of the Mn ions and, consequently, to a volume anomaly on the V (P ) curve. Similar effects
have been found in other transition metal compounds [18]. The transition occurs as the lattice
parameter approaches the value of 7.7 Å. As noticed in the introduction, in the parent RMn2

compounds the localized Mn moments vanish as the lattice parameter becomes smaller than
7.6 ± 0.1 Å [8].

The magnetic phase diagram of Tb(Mn0.88Al0.12)2D1.04 is shown in fig. 3. The magnetic
ordering temperature decreases with pressure in the LP phase, indicating a continuous weak-
ening of the Mn-magnetism as the lattice parameter decreases and the Mn moments partially
loose their localized character. In contrast, the Curie temperature in the HP phase practically
does not vary with pressure (fig. 3), showing the stability of Tb magnetism. The ordered
magnetic moment in the Tb sublattice (7.2(7)µB at P = 8.3 GPa) approaches the free ion
value.

Our high-pressure results allow one to estimate directly the strength of the Tb-Tb magnetic
interactions “hidden” at ambient pressure by the dominating Mn-Mn exchanges. In the mean-
field model the ordering temperatures in the LP and HP phases could be written as TN =
2
3JMn-Mn

av. SMn(SMn + 1) in the LP phase and TC = 2
3 (2gJ − 1)2JTb-Tb

av. JTb(JTb + 1) in the
HP phase. Here JMn-Mn

av. =
∑

JMn-Mn
i and JTb-Tb

av. =
∑

JTb-Tb
i are the exchange constants

summarized over the crystal. From the ordering temperatures we deduce the magnetic energies
at T = 0 K by summarizing the exchange interactions over the magnetic unit cell: E =∑

JijSjSi. We obtain EMn-Mn ∼ 400 K at P = 0 and ETb-Tb ∼ 100 K at 2.9 < P < 8.3 GPa.
We normalized magnetic energies to a formula unit. Notice that TC and, consequently, ETb-Tb

are almost pressure independent. Thus, we expect that Tb-Tb magnetic interactions JTb-Tb
i

have about the same value at P = 0 as in the HP phase. These estimations show that in
RMn2 hydrides at P = 0, R-R interactions could be neglected with respect to Mn-Mn ones.
This conclusion is very different from that obtained for the non-hydrogenated compounds.

The most striking result is the change of character of the magnetic order with pressure. At
P = 0, both Mn and Tb sublattices show short-range magnetic correlations. As Mn moments
vanish, the rare-earth magnetic sublattice immediately recovers a long-range magnetic order.
It shows unambiguously that the short-range nature of the magnetic order at P = 0 is related
with the frustrated Mn magnetic sublattice which imposes the short-range magnetic order
in the non-frustrated Tb sublattice through the Mn-Tb exchange. Our results strongly sup-
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port the idea about the close symmetry relation between chemical (hydrogen) and magnetic
sublattices in the frustrated RMn2 hydrides. At ambient pressure magnetic order is strongly
affected by hydrogen order or disorder. At high pressure, as soon as Mn moments loose their
localized character, magnetism becomes non-frustrated and insensitive to hydrogen order.

Conclusion. – At high pressure we observed a volume collapse and a magnetic transi-
tion in the frustrated Laves deuteride Tb(Mn0.88Al0.12)2D1.04. Pressure destroys the unusual
hydrogen-induced spin-glass magnetic state by suppressing localized magnetic moments in the
frustrated Mn-sublattice. We show that experiments under applied pressure could be used as
a powerful tool to study the basic origins of magnetic order in complicated magnetic systems.
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[16] Rodriguez-Carvajal, Physica B, 199 (1993) 55.
[17] Latroche M., Paul-Boncour V., Percheron-Guegan A., Bourée-Vigneron F. and
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Liquids are expected to crystallize at low temperature. The only
exception is helium, which can remain liquid at 0 K, owing to
quantum fluctuations1,2. Similarly, the atomic magnetic
moments (spins) in a magnet are expected to order at a tempera-
ture scale set by the Curie–Weiss temperature vCW (ref. 3).
Geometrically frustrated magnets represent an exception. In
these systems, the pairwise spin interactions cannot be simul-
taneously minimized because of the lattice symmetry4. This can
stabilize a liquid-like state of short-range-ordered fluctuating
moments well below vCW (refs 5–7). Here we use neutron
scattering to observe the spin liquid state in a geometrically
frustrated system, Tb2Ti2O7, under conditions of high pressure
(,9GPa) and low temperature (, 1K). This compound is a
three-dimensional magnet with vCW 5 219K, where the nega-
tive value indicates antiferromagnetic interactions. At ambient
pressure Tb2Ti2O7 remains in a spin liquid state down to at least
70mK (ref. 8). But we find that, under high pressure, the spins
start to order or ‘crystallize’ below 2.1K, with antiferromagnetic
order coexisting with liquid-like fluctuations. These results
indicate that a spin liquid/solid mixture can be induced by
pressure in geometrically frustrated systems.
Tb2Ti2O7 is an insulating pyrochlore oxide in which localized

Tb3þ spins occupy a lattice of corner-linked tetrahedra. Antiferro-
magnetic Heisenberg interactions on this lattice are highly fru-
strated, giving rise to macroscopic degeneracy in the ground state4.
The pyrochlore lattice can also be frustrated for ferromagnetic
interactions with a strong local Ising anisotropy, leading to ‘spin
ice’ behaviour9. In general, the degeneracy of the magnetic ground
states may be lifted by perturbations arising from chemical disorder

or additional magnetic interactions. These include further-neigh-
bour exchange4, anisotropy10 and dipolar interactions11. Conse-
quently, most antiferromagnetic pyrochlores undergo either spin-
glass-like or long-range-ordering transitions10,12–14. Tb2Ti2O7 is the
only one that remains in a fluctuating paramagnetic state down to
70mK (ref. 8), although spin glass behaviour below 70mK has been
claimed15. Muon spin relaxation8 and neutron scattering8,16,17 show
that the Tb spins begin to develop short-range antiferromagnetic
correlations below 100K.

The single-ion ground state in Tb2Ti2O7 is a crystal-field doublet,
which interacts with its neighbours via superexchange and dipolar
coupling. Given these simple interactions, the absence of magnetic
order is surprising8,16,18. Further interactions, such as mixing with
higher crystal-field states, may therefore play a role in stabilizing the
spin liquid state19. Applied pressure offers an opportunity to study
this stability, by perturbing the balance of the various interactions,
which have different dependences on interatomic distance.

Neutron diffraction is the only way to obtain full information
about the microscopic spin arrangement. We used Kurchatov-LLB
(Laboratoire Léon Brillouin) pressure cells with sapphire anvils, the
only apparatus that allows neutron scattering at both very low
temperatures (1.4 K) and very high pressures, P , 10GPa (ref. 20).
NaCl as the pressure-transmitting medium provides a quasi-hydro-
static pressure, with a non-uniform component estimated to be less
than 5%. The pressure was measured by the ruby fluorescence
technique with a precision of ^0.1GPa. The neutron diffraction
spectra were recorded on the specialized high-pressure powder

Figure 1 Tb2Ti2O7: raw neutron diffraction spectra (neutron counts per hour) for three

pressures P at 1.4 K. The incident neutron wavelength is 4.741 Å. Intensity scales are

chosen to show the magnetic peaks as compared with the 111 structural peak. Half

intensity of the 111 peak is shown at the centre of the spectra. Insets: the Néel

temperature, T N (left), and ordered magnetic moment at 1.4 K,M (right), versus pressure.
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diffractometer G6-1 of the Laboratoire Léon Brillouin21, allowing
detection of a neutron signal from a sample volume of less than
0.2mm3. The Tb2Ti2O7 polycrystalline sample was prepared and
characterized as in ref. 8. At 8.6 GPa, the lattice constant,
a ¼ 10.149 Å at ambient pressure, is decreased by Da/a ¼ 1%.
The crystal structure of Fd3̄m symmetry remains the same in the
whole pressure–temperature range.

Figure 1 shows neutron diffraction spectra at 1.4 K for three
pressures, focusing on the diffuse intensity in the region of the 111
nuclear peak. At P ¼ 0, the diffuse intensity arising from liquid-like
magnetic correlations shows no indication of magnetic long-range
order. At 1.5 GPa, small magnetic Bragg peaks start to emerge from
the diffuse background. At 8.6 GPa, the average intensity becomes
much lower, but the magnetic peaks are now very clearly seen, their
intensity reaching more than 30% of the 111 peak intensity.
Concomitantly, the diffuse intensity shows a stronger modulation.
The onset of narrow Bragg peaks shows the development of
magnetic long-range order, or crystallization of the spin liquid
state, induced by pressure. Applying very high pressures allows us to
show this effect unambiguously, and to study it in detail versus
temperature with good precision.

Figure 2a shows raw neutron diffraction spectra at 7.1 GPa for
three temperatures. The magnetic Bragg peaks start to develop

below the Néel temperature TN ¼ 2.1 K (Fig. 3 inset). The value of
TN is almost pressure independent in the investigated pressure
range (Fig. 1 inset). The width of the magnetic peaks is limited by
the experimental resolution (Dd/d ¼ 1.1%), yielding a minimum
correlation length of 450 Å. The liquid-like correlations start to
develop below about 50K. They persist below TN, showing that the
liquid and ordered states coexist.
The ordered magnetic structure has a simple cubic unit cell,

derived from the chemical one of Fd3̄m symmetry by a propagation
vector k ¼ 100 or 110. Two extra magnetic peaks can only be
indexed on a much larger unit cell, suggesting a long-wavelength
modulation of the main structure. There is no magnetic contri-
bution to the structural peaks. The magnetic structure is not
predicted by theoretical models4,11,13 and differs from the few
ordered structures reported in pyrochlore compounds, which
have propagation vectors k ¼ 0 or 1/2 1/2 1/2 (refs 10, 12, 13).
To study precisely the spin arrangement in the unit cell, the peak

intensities of the main structure were refined using the Rietveld
method with the FullProf program22. A relatively good agreement
was found with the spin arrangement described in Fig. 2b. We tried
systematically all spin arrangements along principal directions
allowed by a symmetry analysis (to be described elsewhere), without
finding a better solution. The ordered moment of the Tb3þ ion
increases with increasing pressure (Fig. 1 inset), reaching a value of
2.4 mB at 7.1 GPa and 1.4 K, where mB is the Bohrmagneton. It seems
to saturate in the high pressure range. Note that this moment
remains well below the local free ion value of 9 mB, and below the
5mB value calculated for Tb2Ti2O7 (ref. 16). This is expected, owing
to the coexistence of liquid and ordered states.
Plotting the modulation amplitude of the diffuse scattering

A(P,T), where P and T are respectively pressure and temperature,
shows clear evidence of this coexistence. A(P,T) is defined experi-
mentally (Fig. 3) as Imax 2 Imin, where Imax and Imin are the
extrema of the diffuse intensity for a given scattering pattern. It is
expected to be proportional to the thermal average of the first-
neighbour spin correlations8,23. A is found to increase with decreas-
ing temperature, and this effect becomes more pronounced as
pressure increases. The onset of long-range order at TN coincides
with a sharp kink of A. Below TN, the decrease of A mirrors the
increase of the Bragg intensity, showing that spin liquid and ordered

Figure 2 Tb2Ti2O7: neutron diffraction spectra at P ¼ 7.1 GPa. a, Raw data at T ¼ 1.4,

2.4 and 50 K. b, Magnetic neutron diffraction spectrum at 1.4 K. A spectrum averaged

over all temperatures in the paramagnetic regime (T . 2.1 K) has been subtracted. The

solid line is the best refinement, corresponding to the local spin arrangement drawn in

the inset. Here, the four spins are directed along k111l axes of the tetrahedron. One
spin is along a local anisotropy axis which connects the summit to the centre, while three

spins are collinear and along a different k111l axis. Within the unit cell, two tetrahedra
have the same spin orientations, and the other two have spins reversed. The peaks at 478

and 758 correspond to a magnetic order involving a larger magnetic cell.

 

Figure 3 Temperature dependence of the modulation amplitude A(P,T ) for the pressures

P ¼ 0, 5 and 7.1 GPa, where AðP ;T Þ ¼ Imax 2 Imin; the difference in extrema of the

diffuse intensity in our experimental range. To compare data at different pressures, A(P,T )

is scaled to the integrated intensity of the 111 Bragg peak. At 5 and 7.1 GPa, solid lines

above TN are fits with the law 2ln(T/T up), T up ¼ 46 K (see text). At 5 GPa, only the

paramagnetic regime was investigated. Inset, integrated intensity of the 210 magnetic

peak (scaled to the 111 peak intensity) versus temperature at 7.1 GPa. The solid line is a

guide to the eye.
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phases coexist down to at least 1.4 K (0.7TN). Therefore the
magnetic state below TN is a mixed spin liquid / spin solid phase,
with both static and dynamical character, and a gradual transfer of
intensity from the liquid state to the ordered state as temperature
decreases. The question of whether the two states still coexist at
T ¼ 0 remains open, as we observe no saturation of the Bragg
intensity at 1.4 K.
The coexistence of spin liquid and ordered states and the fact that

TN is pressure independent suggest that the pressure-induced
transition may be of first order. It is reminiscent of other geo-
metrically frustrated magnets at ambient pressure. Gd3Ga5O12

exhibits a transition from spin liquid to antiferromagnetic order
in a finite window of applied field, which has been compared to the
phase diagram of liquid helium6,24. In Gd3Ga5O12 the spin liquid
regions were found to coexist with either spin glass or medium
ordered regions6,7, possibly induced by Gd:Ga site mixing. In
SrCr9pGa12–9pO19, well-defined quantum states of isolated Cr3þ

spin pairs were identified, the sample again displaying both spin
liquid and spin glass features. The present data, where magnetic
order is induced by pressure in a fully chemically ordered sample,
confirm that this behaviour may be typical of geometrically fru-
strated magnets.
The spin liquid state under pressure shows other important

peculiarities. Using the procedure described in Fig. 4 legend, we
show that data at different pressures and temperatures all super-
impose, but differ from the data at ambient pressure. In particular,
the diffuse peak centred at P ¼ 0 at the 111 peak position of the
crystal structure (wavevector transfer in reduced units
qa ¼ 10.9 ^ 0.1) shifts under pressure to a higher qa value of
12.6 ^ 0.3 (here, q is the wavevector transfer and a is the
lattice constant). To investigate this effect, the magnetic diffuse
scattering was fitted by a liquid-like function IðqÞ ¼
2BðTÞf 2ðqÞ sinðqR1Þ=ðqR1Þ þ cðTÞ;where B and c are parameters8,23.
B is proportional to the modulation amplitude A, whereas c is a
small background intensity involving a phonon contribution. f(q) is
the magnetic form factor of Tb3þ. The position of the maximum of
the diffuse intensity is fixed by the distance between nearest-
neighbour Tb3þ ions, R1 ¼ a/

p
8. This law describes well the diffuse

scattering under pressure, showing that the correlation length
remains constrained to first-neighbour pairs, even very close to
TN. The variation of A(T) (Fig. 3) is described well by the law
2ln(T/Tup) down to TN, where Tup locates the onset of the short-
range spin correlations14. In contrast with the pressure data, we

cannot fit the data at P ¼ 0 with the above laws, neither for the q nor
for the T dependence. Finally, it appears that under pressure the
magnetic fluctuations are enhanced and their q dependence yields
better agreement with a predicted liquid-like scattering func-
tion25,26.

To summarize, the application of pressure in Tb2Ti2O7 results in
magnetic long-range order that coexists with spin liquid. The
pressure-induced order provides further compelling evidence that
the spin liquid state in Tb2Ti2O7 is most unusual. In liquid helium,
pressure induces crystallization by simply strengthening the inter-
atomic interactions, which reduces the quantum fluctuations. Here
the role of pressure is more intricate. One possibility is that the
frustration is relieved by a pressure-induced structural distortion,
but this has not been observed to within a precision of Da=a<
1023: A more intriguing possibility is that in the spin liquid state,
exchange, dipolar and crystal-field interactions are naturally
balanced in such a way as to make quantum fluctuations significant.
This delicate balance is then destroyed by pressure, resulting in
magnetic order. Whatever the exact mechanism, by successfully
measuring neutron scattering under conditions of high pressure
and low temperature, we have revealed an unusual property of a
spin liquid system. This result might well hold the key to under-
standing this unusual magnetic state. A
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Semiconductor heterostructures with modulated composition
and/or doping enable passivation of interfaces and the generation
of devices with diverse functions1. In this regard, the control of
interfaces in nanoscale building blocks with high surface area
will be increasingly important in the assembly of electronic and
photonic devices2–10. Core–shell heterostructures formed by the
growth of crystalline overlayers on nanocrystals offer enhanced
emission efficiency7, important for various applications8–10. Axial
heterostructures have also been formed by a one-dimensional
modulation of nanowire composition11–13 and doping11. However,
modulation of the radial composition and doping in nanowire
structures has received much less attention than planar1 and
nanocrystal7 systems. Here we synthesize silicon and germanium
core–shell and multishell nanowire heterostructures using a
chemical vapour deposition method applicable to a variety of
nanoscale materials14. Our investigations of the growth of boron-
doped silicon shells on intrinsic silicon and silicon–silicon oxide
core–shell nanowires indicate that homoepitaxy can be achieved
at relatively low temperatures on clean silicon. We also demon-
strate the possibility of heteroepitaxial growth of crystalline
germanium–silicon and silicon–germanium core–shell struc-
tures, in which band-offsets drive hole injection into either
germanium core or shell regions. Our synthesis of core–multi-
shell structures, including a high-performance coaxially gated
field-effect transistor, indicates the general potential of radial
heterostructure growth for the development of nanowire-based
devices.

Our approach to the synthesis of core–shell nanowire structures
is based upon control of radial versus axial growth (Fig. 1). We have
previously developed a general method for synthesis of semicon-
ductor nanowires using nanocluster catalysts to direct axial growth
by a vapour–liquid–solid growth process (Fig. 1a)15,16. Axial growth
is achieved when reactant activation and addition occurs at the
catalyst site and not on the nanowire surface (Fig. 1b). Correspond-
ingly, it is possible to drive conformal shell growth by altering
conditions to favour homogeneous vapour-phase deposition on the
nanowire surface (Fig. 1c). Subsequent introduction of different
reactants and/or dopants produces multiple shell structures of
nearly arbitrary composition, although epitaxial growth of these
shells requires consideration of lattice structures. This approach to

core–shell nanowire heterostructures is elaborated below for the
technologically important silicon (Si) and germanium (Ge) sys-
tems17.
Homoepitaxial Si–Si core–shell nanowires were grown by chemi-

cal vapour deposition (CVD) using silane as the silicon reactant
(Fig. 2)18. Intrinsic silicon (i-Si) nanowire cores were prepared by
gold-nanocluster directed axial growth, which yields single-crystal
structures with diameters controlled by the nanocluster diameter,
and then boron-doped (p-type) silicon (p-Si) shells were grown by
homogeneous CVD, where the shell thickness was directly pro-
portional to the growth time. Radial shell growth can be ‘turned-on’
by the addition of diborane, which serves both to lower the
decomposition temperature of silane19 and acts as a p-type dopant.
Transmission electron microscopy (TEM) images of the i-Si/p-Si
product obtained from constant temperature growth shows a
uniform core–shell structure consisting of a crystalline Si core and
amorphous Si shell (Fig. 2a), where the core diameter, 19 nm, is
consistent with the 20-nm nanocluster used in the initial axial
growth step. TEM images show reproducible crystalline faceting at
the core–shell interface (Fig. 2b). This faceting suggests that the
nanowire surfaces are sufficiently clean following axial growth to
nucleate epitaxial shell growth.
To understand and control Si on Si homoepitaxy in core–shell

nanowire structures we carried out several distinct experiments.
First, i-Si/p-Si core–shell nanowires prepared as above were
annealed in situ at 600 8C. TEM images recorded on the annealed
samples exhibited no diffraction contrast between the core and shell
(Fig. 2c), and lattice-resolved images and electron diffraction data
further show that the shell crystallizes to yield a single-crystal
structure (Fig. 2d). Second, the importance of the initial nucleation
for achieving epitaxy in the shell was probed using in situ oxidation
of the silicon core (seeMethods), which produces a thin amorphous
silicon oxide layer at the surface of the core, before silicon-shell
growth. Significantly, TEM images of i-Si/SiOx/p-Si core–shell–shell
structures show a smooth and abrupt interface between the crystal-
line core and amorphous shell (Fig. 2e, f). The low roughness of the
interface is comparable to that observed in nanowires after only
axial growth, and contrasts sharply with the faceted interface of the
low-temperature homoepitaxy (Fig. 2b). These results show that the
thin oxide layer completely disrupts homoepitaxy; further anneal-
ing and TEM studies show that oxidation inhibits crystallization of
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RÉSUME 

Dans les hydrures de phases de Laves AMn2Hy (A = Y ou terre rare 

magnétique), le réseau de l'hydrogène interagit fortement avec les réseaux 

magnétiques, en particulier avec celui topologiquement frustré du Mn. Nous avons 

étudié l'ordre magnétique par diffraction et diffusion inélastique de neutrons, et 

avons observé une énorme richesse de comportements magnétiques pilotés par la 

présence ou non du magnétisme de la terre rare, le type de substitutions dans le 

réseau frustré Mn, la concentration H et surtout l'état d'ordre du réseau de 

l'hydrogène. Ce travail a révélé de nouvelles phases magnétiques, qui combinent un 

très haut degré de désordre à des températures d'ordre élevées. La pression induit 

dans ces composés désordonnés des effets spectaculaires ségrégation chimique de 

l'hydrogène, transitions isostructurales ou encore stabilisation d'un nouveau type 

d'ordre magnétique à longue portée. Nous avons aussi effectué les premières 

mesures de diffraction de neutrons sous pression dans le système topologiquement 

frustré Tb2Ti207, qui présente un comportement liquide de spin, et observé 

l'apparition d'un ordre magnétique à longue portée. 

Mots-clés : hydrures, frustration topologique, magnétisme, diffraction de neutrons, 

diffusion inélastique de neutrons, pression hydrostatique, liquide de spin. 

ABSTRACT 

In Laves phases hydrides AMn2Hy (A = Y or magnetic rare earth), the hydrogen 

lattice strongly interacts with the magnetic sublattices, especially with the topologi-

cally frustrated Mn lattice. We have studied the magnetic order by neutron 

diffraction and inelastic neutron scattering, and we have observed a great variety of 

magnetic behaviors controlled by the presence or not of rare earth magnetism, the 

substitutions in the frustrated Mn sublattice, the H content and the amount of H 

order. This work has revealed new magnetic phases combining strong magnetic 

disorder and high ordering temperatures. Pressure induces fascinating features in 

these disordered compounds chemical segregation of hydrogen, isostructural 

transitions or even the stabilisation of a new type of long range magnetic order. 

Moreover, we have performed the first neutron diffraction study under pressure in 

the topologically frustrated compound Tb2Ti207, which shows spin liquid behavior, 

and have observed the onset of long range magnetic order. 

Keywords : hydrides, topological frustration, magnetism, neutron diffraction, 

inelastic neutron scattering, hydrostatic pressure, spin liquid. 


