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Influence of aluminum doping and hydrogen disorder on the magnetism
of the frustrated Laves hydrides Y„Mn1ÀxAl x…2Hy
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We have studied the influence of Al substitution on the crystal and magnetic structure of the Laves hydrides
Y(Mn12xAl x)2Hy with maximal hydrogen content (y5460.3). A small amount of Al breaks the magnetic
long-range order, which was stabilized in the pure compound YMn2H4.3 by a peculiar hydrogen superstructure.
This strong effect of the Al substitution is not directly related to the dilution of the magnetic Mn lattice, but to
the onset of hydrogen disorder in the interstitial sites.
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I. INTRODUCTION

The intermetallic compoundsRMn2 and their hydrides of-
fers many opportunities to study some original aspects
magnetism, such as magnetic instability, localversusitiner-
ant character, topological frustration, and quantum fluct
tions. They have a Laves structure, where the Mn ato
occupy corner sharing tetrahedra. The antiferromagn
Mn-Mn interactions are highly frustrated in this triangul
lattice. YMn2 is the most studied so far, showing remarkab
anomalies both in the ordered and in the paramagn
state.1–4 Below the ordering transition atTN , the Mn spins
order in a complex helical structure with a tetragonal dist
tion of the unit cell which helps to accommodate the top
logical frustration. The Mn moments have an itinerant ch
acter aboveTN , and they become localized below. Th
magnetic transition is accompanied by a huge lattice exp
sion. In YMn2, the high sensitivity of Mn magnetism to in
teratomic distances comes from the fact that the Mn-
first-neighbor distance is close to the critical distance for
occurrence of a spontaneous magnetic moment.5 This stimu-
lated many studies on the influence of applied pressure
chemical substitution. We focus here on the effects of Mn
dilution and hydrogen doping.

In Y(Mn12xAl x)2 the dilution of Mn ions by Al ones has
drastic consequences on the magnetic properties.6–8 The lat-
tice expansion induced by Al helps to stabilize the Mn m
ments. The large energy range of the spin fluctuations po
out that the system still remains rather close to the limit
instability.4,9,10 Al ions also partially release the frustratio
by introducing nonmagnetic defects in the frustrated latti
As predicted within the model of Villain,11 the localized Mn
moments freeze in a spin-glass state.

In the Laves hydrides YMn2Hy , H doping also stabilizes
Mn magnetism by expanding the lattice,12 but in contrast
with Al atoms, hydrogen ones occupy interstitial sites13,14

and do not make holes in the magnetic lattice. Moreover
influences the Mn magnetism by making ordered superst
tures, which strongly change the Mn environment.
YMn2D4.3, a compound with maximal doping content, w
have observed an interesting coupling between a chem
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and a magnetic sublattice.15,16 As the H atoms order, they
induce an antiferromagnetic order of the Mn momen
through a single first-order magnetostructural transition. T
magnetic order of the Mn moments is long range. Surp
ingly, this simple collinear order occurs in the triangular la
tice. As shown in Ref. 17, H ordering releases the frustrat
by making Mn-Mn interactions nonequivalent. Mn pairs ha
ing H atoms as near neighbors become ferromagnetic. In
present paper, this peculiar structure will be considered a
reference to study the evolution of Mn and H orders with
dilution. The substituted hydrides Y(Mn12xAl x)2Hy allow
one to study the effect of magnetic dilution in the triangu
Mn lattice for Mn-Mn distances well above the instabili
limit. Up to now, they have been only partly investigated
NMR and magnetic measurements.18 We have studied the
magnetic and hydrogen orders in these compounds by
tron diffraction. We discuss our results in comparison w
YMn2, Y(Mn12xAl x)2 , and YMn2Hy .

II. SAMPLE PREPARATION AND CHARACTERIZATION

Several samples Y(Mn12xAl x)2Dy with different Al con-
tents~in the range 0<x<0.3) were prepared from the inter
metallic compounds Y(Mn12xAl x)2 . These starting com-
pounds were synthesized by arc melting of Y, Mn, and
~99.9% purity!. An excess of 20% Mn was introduced wit
respect to the nominal Al content, to account for Mn evap
ration. The Y(Mn12xAl x)2Dy compounds were exposed un
der D2 atmosphere at 273 K and 0.2 bars until the absorpt
saturates. The deuterium concentrationy was determined by
measuring the volume of absorbed gas. Deuterium was u
instead of hydrogen in order to decrease the incoherent b
ground for the neutron measurements. In this paper, we
speak of hydrogen for simplicity, whatever isotope is cons
ered. The sample quality was checked by x-ray diffraction
room temperature. In the starting compoun
Y(Mn12xAl x)2 , the lattice constant slightly increases wi
the Al contentx, as expected from the substitution of Mn b
a bigger ion~Fig. 1!. All the hydrides have a much highe
lattice constant than the starting compounds, as expe
from the insertion of hydrogen in all possible interstiti
sites. Since the affinity of Al for hydrogen is low, in th
9493 ©2000 The American Physical Society
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9494 PRB 62MIREBEAU, GONCHARENKO, ANDREANI, AND SUARD
studied hydrides the maximal D content decreases witx
~Table I!, and consequently the lattice constant also
creases. We have limited our neutron study to Al subst
tions with x<0.21, which correspond to H contents in th
rangey5460.3. In this range, the antiferromagnetic pha
of the YMn2Hy hydrides is stable.13 The alloy with the low-
est Al content (x50.05) showed an inhomogeneous mixtu
of two crystal phases at low temperature, so it was not c
sidered in the analysis.

The Al content and the random distribution of Al on th
Mn sites were checked by neutron diffraction. The large c
trast between Al and Mn scattering lengths of similar amp
tudes and opposite signs was a useful tool. We found tha
Al concentration was the expected one, and that Al distri
tion was random.

III. NEUTRON POWDER DIFFRACTION

Neutron experiments were carried outversustemperature
on the G61 powder diffractometer of the LLB using a lar
incident wavelength of 4.734 Å. The high luminosity of th
spectrometer in the scatteredq range (0,q<2.5 Å21) is
especially suitable to an accurate determination of the m
netic order. Additional measurements with a shorter wa
length~1.593 Å! were also performed at some selected te
peratures above and below the magnetic transition on
high-resolution diffractometer D2B of ILL. This allowed
full determination of the crystal structure. All spectra we

FIG. 1. Lattice parameter versus Al concentrationx in
Y(Mn12xAl x)2 and Y(Mn12xAl x)2Dy .

TABLE I. Magnetic momentMMn measured at 10 K, Ne´el tem-
peratureTN , and correlation lengthLc for the Y(Mn12xAl x)2Dy

compounds. Error bars are mentioned in units of the last digit.

x y
MMn

(mB/Mn atom)
TN

~K!
Lc

Å

0 4.3 3.2~1! 340 ~5! .500
0.09 4.42 2.5~1! 200 ~5! 18.4
0.12 4.13 2.3~1! 175 ~5! 18.2
0.15 3.89 1.9~1! 150 ~7! 18.0
0.21 3.72 1.7~1! 125 ~10! 17.2
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refined using theFULLPROF program.19

A. Crystal structure and hydrogen order

For all the studied Al contents, the diffraction spectra a
indexed in a cubic symmetry down to the lowest measu
temperature. The persistence of the cubic symmetry w
ever the temperature contrasts with the case of the undo
hydride YMn2D4.3, where the cubic structure is observed
the disordered phase only, and a rhombohedral distortion
curs at the ordering transition. A typical spectrum is sho
in Fig. 2. The Bragg peaks of the crystal structure have
same linewidth as in the intermetallic compounds, sugg
ing a homogeneous deuterium distribution. Below the Bra
peak of the crystal structure, a very broad and strong diff
peak is observed around 2u546°. This peak is attributed to
short-range correlations between hydrogen atoms in the
terstitial sites, which appear because the repulsive H-H in
actions impose a minimum distance (d52 Å) between hy-
drogen neighbors.15 These correlations are temperatu
independent.

The above features suggest that in the Al-substitu
samples, hydrogen remains disordered in average at all
peratures. Therefore, we refined the chemical structure
suming a random hydrogen distribution on the A2B2 int
stitial sites, and obtained good fits~Fig. 2!, with reliability
factorsRB around 6%.

B. Magnetic order

In all samples, the long-range magnetic order is broken
Al substitution, since no magnetic Bragg lines appear do
to the lowest temperature. A diffuse peak is observed at
position of the 1/2 1/2 1/2 peak~Fig. 3!. Its intensity strongly
decreases with increasing temperature and disappears a
Néel transition, whereas its width remains temperature in

FIG. 2. Neutron-diffraction spectrum in the compoun
Y(Mn12xAl x)2Dy (x50.15,y53.89), measured on the D2B dif
fractometer (l51.593 Å) at 2 K. Bragg lines come from the stru
tural order only. The diffuse peak around 46° is associated w
short-range correlations between D atoms. The magnetic scatte
is not visible on this scale and is included as a background in
structural refinement. Experiment~d!, calculated spectrum~full
line! and difference spectrum~full line in bottom!. The tick marks
show the positions of the structural peaks.
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pendent within the precision of measurements. The magn
transition is not associated with any structural change,
with any anomaly of the lattice constant. To analyze
magnetic order, we have refined the spectra measure
G61 by assuming the same type of magnetic order as in
long-range-ordered structure of YMn2D4.3, corresponding to
a 1122 piling of ferromagnetic Mn planes along the 11
axis. The propagation vector was refined but remained
ways very close to the vectork51/2 1/2 1/2 of the long-
range ordered structure. The Mn moments were constra
in the ~111! plane ~along the 2-1-1 direction!, as for
YMn2D4.3. The calibration of the integrated magnetic inte
sity with respect to that of the Bragg peaks of the crys
structure allows to determine an average value for the sh
range ordered Mn moment.

The Mn moments are ordered over a length scale wh
value is directly related to the inverse width of the magne
peak, the influence of the instrumental resolution being n
ligible in this case. An accurate determination of the cor
lation length requires us to assume some model for the
relation function and therefore for the peak shape. We h
tried two usual types of functions to model the peak sha
Gaussian and Lorentzian, respectively. The Gaussian s
gave the best adjustment~Rm56% compared to 9% in the
Lorentzian case!. The peak width was adjusted at low tem
perature where the magnetic intensity is maximum, then
value was kept constant to refine the spectra at higher t
peratures. Under the very crude assumption of small orde
magnetic domains similar to chemical clusters, the dom
sizeLc is connected to the width H of the Gaussian magne
peak @full width at half maximum~FWHM! expressed in
radians# by the relationLc5l/(H cosu) where 2u is the scat-
tering angle at the peak position.20 The correlation length
deduced from this relation~Table I! is around 18 Å which
corresponds to a correlation of about 8 Mn planes along
111 axis. In the Lorentzian model, which could be mo
realistic since it assumes an exponential decay of the co
lation function, the correlation length has a little smal
value of 16 Å. It decreases only slightly with increasing
content.

FIG. 3. Magnetic diffuse scattering of the compou
Y(Mn12xAl x)2Dy (x50.15,y5460.3), measured on the G61 di
fractometer (l54.734 Å) for several temperatures. The sam
background of a spectrum measured just above the Ne´el tempera-
ture was subtracted.
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The temperature dependence of the Mn moments are
ported in Fig. 4~a!. Even for the lowest Al contextx50.09,
we observe important differences with the behavior
YMn2D4.3. The Néel temperature is strongly reduced, t
gether with the moment value at low temperature. Moreo
the curve shape is also modified. In YMn2D4.3, the Mn mo-
ment shows a steplike decrease in the vicinity ofTN , then it
remains almost constant down to the lowest temperat
This is the signature of a first-order transition, which co
cides with the order-disorder transition of hydrogen in t
interstitial sites. In contrast, in the Al-doped samples wh
hydrogen remains disordered at all temperatures, the Mn
ments increase smoothly with decreasing temperature, a
a second-order transition. When they are plotted in redu
units, the thermal variations of the moments measured fo
Al contents collapse on a single curve@Fig. 4~b!#. In com-
parison, we have plotted the order parameters calculate
mean-field models for a nonfrustrated ferromagnetic or

FIG. 4. ~a! Temperature dependence of the Mn moments.~b!
Magnetic momentM /M0 versus temperatureT/T0 in reduced units
in Y(Mn12xAl x)2Dy . M0 andT0 are the magnetic moment at low
temperature and the transition temperature, respectively.~j! x
50.09, ~h! x50.12, ~m! x50.15, ~1! x50.21. The lines are
mean-field calculations of the order parameter. The solid line in
cates ferromagnetic order parameter with the spin value for
Mn31 ion, deduced from the Brillouin function withJ52. The
dashed line indicates the spin-glass order parameterq1/2(T), where
q is the Edwards–Anderson parameter, as calculated in Ref. 2
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and for a fully frustrated spin glass order, in the infin
range Ising model.21 The experimental curve lies in betwee
these two extreme cases.

IV. DISCUSSION

A. Al substitution and H disorder

Even a very small Al content induces hydrogen disord
This effect is related to the low affinity of Al for hydrogen
and to the fact that Al and H modify the electronic structu
in the same way by creating low-energy states. As mentio
above for YMnD4.3, hydrogen ordering controls the mag
netic ordering, because it releases the topological frustra
by modifying some specific Mn-Mn interactions. Therefo
the onset of hydrogen disorder induced by Al is the prim
effect which modifies Mn magnetism.

B. Al defects in a frustrated lattice: comparison between
Y„Mn1ÀxAl x…2Dy , Y„Mn1ÀxAl x…2 and Y„Fe1ÀxAl x…2

We first compare the Al doping in Y(Mn12xAl x)2 and in
the studied hydrides. The undoped compounds YMn2 and
YMn2D4.3 both show a long-range magnetic order. In YM2
this magnetic order is incommensurate and stabilized by
tice distortions, whereas in YMn2D4.3, it is commensurate
and induced by hydrogen order. In both compounds, a sm
amount of Al ~about 5%! substituted in the Mn sublattic
strongly decreases the ordering temperature, and induc
short-range ordered state similar to a spin glass, with a
relation length of about 20 Å in both cases. A further i
crease of Al concentration no longer changes the qualita
behavior. This is shown in Fig. 5, where the transition te
peratures are plotted versus Al content in the two system
Y(Mn12xAl x)2 the effect of Al substitution5–7 was explained
using the model of Villain11 for topologically frustrated sys
tems. Namely, a few defects randomly distributed in the fr
trated pyrochlore lattice couple all spins and induce a sp

FIG. 5. Transition temperatures versus Al content
Y(Mn12xAl x)2Dy ~s! this work, ~d! from Ref. 15, Y(Mn12xAl x)2

~l! from Ref. 8; ~L! from Ref. 7, and Y(Fe12xAl x)2 ~j! from
Ref. 23. Full symbols correspond to a long-range ordered ph
~correlation lengthLc greater than several hundreds of Å!, and open
symbols to a short-range ordered spin-glass-like one~correlation
lengthLc of about 20 Å!.
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glass order. In the hydrides studied here, Al defects mo
act by inducing hydrogen disorder. From the results of R
15, we expect that H doping strongly modifies Mn-Mn inte
actions. Therefore, the effective concentration of defects
duced by Al disorder should be much higher than the no
nal Al content. This explains the rapid breakdown of t
long-range order observed in the hydrides with increasing
content. The transition temperatures towards the disorde
phase remain much higher than for the intermetallic co
pounds. These hydrides are among the most concentr
‘‘spin glasses’’ ever observed, with a magnetic ordering te
peratures as high as 200 K forx50.9.

It is interesting to compare the effect of dilution in a fru
trated lattice with that in a nonfrustrated one. T
Y(Fe12xAl x)2 compounds22–24 have the same Laves struc
ture but the first-neighbor interactions are ferromagnetic.
there is no topological frustration. A competing interacti
could only come from farther neighbor magnetic pairs. He
the long-range ordered phase and the spontaneous mag
zation are preserved up to a much higher Al content~about
30% Al!, with the transition temperature decreasing linea
with Al doping ~Fig. 5!. The magnetic phase diagram24 is
similar to that observed in many reentrant spin glasses, in
pendently of the crystal structure.

C. Localized and itinerant magnetism:
Mn moments in Y„Mn1ÀxAl x…2Dy and Y„Fe1ÀxAl x…2

In both systems the Mn moment at low temperatu
strongly decreases with Al content~Fig. 6!. Such a decrease
could have two possible origins;~i! a reduction of the or-
dered moment with respect to the local one due to magn
disorder;~ii ! an intrinsic decrease of the local moment. T
first effect is likely preponderant in the hydrides which a
strongly disordered, but with a Mn-Mn distance~2.9 Å! well
above the critical one~2.7 Å!, so that the moments should b
localized. The second effect dominates in Y(Fe12xAl x)2
where there is no topological frustration, but the mome
are close to the instability limit. In this system, the decrea
of average Fe moment with Al content was explained ass

se

FIG. 6. Magnetic moment measured at 10 K versus Al cont
in Y(Mn12xAl x)2Dy ~d! this work and in Y(Fe12xAl x)2 ~s! from
Ref. 25. The solid line is the calculation given by the local en
ronmental model of Ref. 25.
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ing a collinear order, the length of a given Fe moment
pending on the number of its Al close neighbors.25 The
change of the local density of state associated with this ef
comes from the hybridization of thed Fe orbitals with thep
Al orbitals.26 In contrast, in the present hydrides the length
the local Mn moment should not depend much on the lo
environment, but its orientation locally varies due to the h
drogen disorder. Neutrons only probe the correlated sp
Randomly disordered spins or spin components contrib
only as a background in the diffraction spectra, so that
ordered moment is reduced with respect to the local one
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V. CONCLUSION

Al dilution strongly affects the magnetic properties of th
Laves hydrides YMn2D4. The transition temperature strong
decreases and the long-range magnetic order is broken
for very low Al content. This effect may be associated to t
onset of H disorder. In contrast with YMn2, Y(Mn12xAl x)2 ,
and Y(Fe12xAl x)2 , the 3d moments remain fully localized
due to the large lattice expansion induced by both H and
atoms.
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