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Neutron diffraction study of the magnetic order in the Dy„Mn1ÀxAl x…2 system
in the region of a magnetic instability
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Neutron diffraction study of Dy(Mn12xAl x)2 shows that with substituting Mn by Al the magnetic system
goes through the instability region. At small substitution, phases with intrinsic and induced Mn spins coexist.
With increasing Al content the long-range order of Dy and induced Mn moments is progressively suppressed
while a short-range magnetic order of intrinsic Mn spins develops. A small substitution destroys the ferromag-
netic component of the Dy moment and magnetic order transforms from a canted to a collinear one. Using a
Heisenberg model with nearest-neighbors interactions applied to the ‘‘sandwich’’ type of magnetic order in
DyMn2, one can explain this transformation. It provides a ratio of Dy-Dy and Dy-Mn exchange interactions
equal to 0.26~1!.
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I. INTRODUCTION

The Laves phase compoundsRMn2, whereR stands for a
rare-earth element, present an original series of magnetic
terials whose properties are governed by magnetic instab
and geometrical frustration in the Mn sublattice.1,2 In these
compounds the character of magnetic 3d electrons can be
changed between itinerant and localized, when the temp
ture, pressure or composition is varied.3–9

The magnetic instability of Mn was explained by the e
istence of a critical Mn-Mn interatomic distance of abo
2.7 Å above which 3d electrons exhibit a sudden localizatio
of magnetic moment with decreasing temperature.10,11 A
large localized magnetic moment of about 2.5mB appears at
Mn sites by a first-order transition,10,12,13accompanied by a
huge positive magnetovolume effect, up to 5% in YMn2.
From the authors4,7 this state with large localized magnet
moments at Mn sites is referred to hereafter asa transformed
phase. Neutron diffraction experiments confirm that a tran
formed phase with long-range order dominates inRMn2
compounds withR5Pr,14, Nd,14 Gd,15 and Y.16–18

Another type of magnetic state with itinerant 3d elec-
trons, whose magnetic moments are induced by the r
earth sublattice dominates in compounds withR5Ho,19

Dy,20 Tb,21 Er, and Tm.2,22 No volume expansion is observe
in these compounds with a small induced Mn mom
(<1.5mB). The main feature of this induced magnetic ord
is that Mn spins are ordered only on sites with a stron
polarizing environment, forming a ‘‘sandwich’’-type mag
netic structure with magnetic and nonmagnetic Mn laye
This magnetic state is hereafter associated witha nontrans-
formed phase.
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Note that the edge between transformed and nontra
formed states may be easily affected, for example, by
difference in atomic packing, cubic or hexagonal, as o
served in the dimorphic compound Dy0.8La0.2Mn2.23 The co-
existence of transformed and nontransformed phases wa
served in YMn2,13,18 TbMn2,21 and practically in all
substituted systems Tb(Mn,Fe)2,9,21 (R,Y)Mn2 with
R5Dy,3,4,6 Ho,5 and Tb.7,8

The Mn-Mn interatomic distance is one of the main fa
tors responsible for the magnetic behavior inRMn2 com-
pounds. A regular change in this parameter can be real
by Mn substitution. For example, the substitution of Mn
Fe decreases Mn-Mn spacing. In the Tb(Mn,Fe)2 system it
allowed one to approach the region of magnetic instabi
from above.9,21 In contrast, the substitution of Mn by A
increases Mn-Mn spacing, which in the Ho(Mn,Al)2 allowed
one approach the instability region from below.24 However,
in this system no sharp magnetovolume effect was fou
suggesting that the threshold of instability was not reach

In the present paper, we report a systematic study of
Dy(Mn,Al) 2 system. Mn-Mn spacing is larger in DyMn2
than in HoMn2. Therefore one can expect that the critic
Mn-Mn distance could be reached in Dy(Mn,Al)2 at lower
Al substitution, allowing one to encompass the threshold
instability. To observe the evolution of magnetic and crys
structure, neutron diffraction is one of the most power
methods.

II. EXPERIMENTAL RESULTS

Polycrystalline samples of Dy(Mn12xAl x)2 were synthe-
sized by standard induction melting.24 Only as-cast sample
©2001 The American Physical Society05-1
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were used in the experiments. The diffractometer G6-1 of
Laboratoire Le´on Brillouin with a neutron wavelength o
4.732 Å was used to search for long-period structures.
obtain the values of the magnetic moments, additional m
surements were carried out on the diffractometer DMC of
Laboratory for Neutron Scattering in Paul Scherrer Instit
with a neutron wavelength of 2.559 Å. All neutron diffra
tion patterns were treated by theFULLPROF program.25 The
form factors for Dy31 and Mn21 implemented into this pro-
gram were used.

In Fig. 1, the neutron diffraction patterns measured at
K are shown. Clearly, the character of the magnetic or
drastically changes with Al substitution. It is, therefore, re
sonable to consider DyMn2 and the substituted compound
separately.

A. Magnetic phases in DyMn2

No structural distortions from the face-centered-cu
~fcc! lattice were detected within the limits of experimen
resolution. The magnetic structure at 10 K was found to
‘‘sandwich’’ type, similar to that reported previously fo
DyMn2,20 HoMn2,19 and TbMn2.21 This magnetic structure
has antiferromagnetic component with the propagation v

tor @ 1
2

1
2

1
2 # that corresponds to the second type of antifer

magnetic ordering in the fcc lattice~hereafter AF2!. This
component was found to be aligned close to the direc
@0 1 1# at 10 K. Besides this antiferromagnetic compone
the Dy moments have a ferromagnetic component
6.1(1)mB , leading to the so-called canted antiferromagne
structure. Mn moment has an antiferromagnetic compon
only. The values of the total Dy and Mn moments, their rat
and magnetic ordering temperatures are shown in Tab
The calculated values of the magnetic moments are in g
agreement with the data previously reported for the sa
compound.20

In Fig. 2~a! the temperature dependences of total m
ments and their ferromagnetic and antiferromagnetic com
nents are shown. The ferromagnetic component of Dy
pears below 40 K whereas the antiferromagnetic compon
is seen up to 50 K. It means that a collinear antiferrom
netic structure transforms to a canted one at 40 K. Be
TN , the relative intensities of magnetic reflections chan

FIG. 1. The different neutron diffraction patterns
Dy(Mn12xAl x)2 measured at the diffractometer G6-1 at 10 K. T
positions of nuclear Bragg reflections~the corresponding profiles
are omitted! and magnetic reflections with half-integer indexes c
responding to the antiferromagnetic structure AF2 and AF3~below!
are marked by stripes.
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with varying temperature, suggesting a rotation of the m
netic structure as a whole. From powder diffraction it is n
possible to determine the direction of the ferromagnetic co
ponent. However, the profile refinement shows that the a
ferromagnetic components of both Dy and Mn mome
rotate continuously with decreasing temperature from
$1 1 1% plane belowTN , towards the@0 1 1# direction at
10 K.

Besides the reflections with half-integer indexes that
long to the magnetic structure AF2, weak superstruct
magnetic reflections were observed in the low-tempera
diffraction pattern of DyMn2 ~Fig. 1!. They can be indexed
on a unit cell based on a doubling of the nuclear unit cell
one direction. The appearance of superstructure reflection
accompanied by the appearance of a weak ‘‘shoulder’’ on
left side of the nuclear reflections. The lattice parameter
7.57(1) Å of the new phase refined from the positions of
superstructure magnetic reflections turns out to be notice
larger than the unit-cell parameter of the main pha
7.5120(3) Å ~at 10 K!. From the decomposition of the
nuclear reflection~2 2 0! the content of the new phase wit
enhanced unit cell was estimated at 5.8~2!%.

The ratio of intensities of the observed superstructure
flections corresponds to the antiferromagnetic ordering
IIIA type for the fcc lattice26 ~hereafter AF3! with the propa-

-

FIG. 2. ~a! Temperature dependences of Mn moment~solid
squares!, ferromagnetic ~solid triangle!, and antiferromagnetic
~open triangle! components of Dy moment with magnetic ord
AF2 in DyMn2. The dependence of the total Dy moment is sho
by open circles;~b! temperature dependence of the intensity

magnetic reflection (1 012 ) from the phase with enhanced unit ce
and magnetic order AF3. Errors~if not shown! do not exceed the
size of symbols. The solid lines are guides for the eye.

TABLE I. Values of the ordered total moments of Dy (mDy), Mn
(mMn) ~in Bohr magnetons!, their ratio and the temperatures o
onset for ferromagnetic (TN), antiferromagnetic (TC), and short-
range ordered component (Tsro). The estimated standard deviation
are given in the brackets.

x mDy mMn mMn /mDy TC ~K! TN ~K! Tsro ~K!

0 7.9~1! 1.3~2! 0.16~3! 40 50
0.05 3.9~1! 1.6~3! 0.42~9! 45 60
0.1 1.81~15! 0.75~25! 0.41~9! 35 110
5-2
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gation vector@001
2 #. In Fig. 2~b! the temperature depen

dence of the magnetic reflection (101
2 ) is given. The mag-

netic order AF3 appears at a lower temperature than doe
dominant order AF2. The appearance of secondary phas
DyMn2 is accompanied by the positive magnetovolume
fect about'1.6% at the temperature of transition@Fig. 3~a!#.
The negative magnetovolume effect in the main phase is
to magnetostriction.20,19

A weak peak attributed to intrinsic Mn moment with
magnitude of about 2.5mB has been observed in DyMn2 by
nuclear magnetic resonance.12 It is consistent with our data
and confirms that in DyMn2 a small amount of transforme
phase with an enhanced unit cell exists due to the orderin
intrinsic Mn moments. The main nontransformed phase w
AF2 structure and the secondary transformed phase
AF3 structure coexist and both exhibit long-range magn
order.

B. Structure transformation and a coexistence of phases
at substitution of Mn by Al

At small substitutionx50.05, the nuclear reflection
show a splitting into two components below 60 K. The te
perature dependence of the splitting cannot be explaine
any structural distortion and points out the appearance
new crystal phase. The change of the lattice parameters
the relative content of the two phases vs temperature
shown in Figs. 3~b! and 4~a!, respectively. The structura
transformation is accompanied by an abrupt change in
unit-cell parameters of the constituent phases. This trans
mation appears at higher temperature than the onset of l
range magnetic order@Fig. 4~b!#.

The total intensity of the nuclear reflections does n
change with temperature@Fig. 4~a!#, indicating the absence
of ferromagnetic component, while the antiferromagnetic
der AF2 is still clearly seen~Fig. 1!. Therefore, the observe
magnetic arrangement is a collinear one. Profile refinem
shows that the magnetic moments lie in the$1 1 1% planes.
With decreasing temperature the relative intensities of m
netic reflections do not change, showing the absence
spin reorientation in the substituted sample, in contras
DyMn2.

FIG. 3. Temperature dependence of the unit-cell parameter
Dy(Mn12xAl x)2. Figures~a!, ~b!, ~c!, and~d! correspond to Al con-
tentsx50; 0.05; 0.1, and 0.2, respectively. For DyMn2 the unit-cell
parameter of the phase with enlarged cell and magnetic order
is shown in solid squares. Errors do not exceed the size of
symbols.
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Profile refinement shows that the lattice parameter of
AF2 magnetic order is exactly twice the lattice parameter
the crystal phase with the smallest unit cell. Therefore, A
order should be attributed to the phase with the smallest
cell. The observed system of magnetic reflections is w
approximated by a ‘‘sandwich’’ type of order with a reduce
Dy moment~Table I!. The pronounced maximum at 30 K i
the temperature dependence@Fig. 4~b!# can be readily under-
stood assuming that with cooling the magnetic moment
creases whereas the volume fraction of the phase decre
~Fig. 4!. The observed negative magnetovolume effect in t
phase is due to magnetostriction as in DyMn2. Therefore, the
phase with a smaller unit cell is identified as a nontra
formed one.

The observed negative magnetovolume effect in sub
tuted sample is similar to that observed in DyMn2. Interest-
ingly, this effect is much stronger forx50.05 than forx
50, suggesting to attribute it not only to magnetostriction,
in DyMn2, but to a segregation process induced by mag
tism. Namely, in the substituted compound, the transit
towards the transformed phase would occur preferentially
regions with a higher Al content, hence with a larger latti
parameter. The part of the sample remaining in the nontra
formed phase would, therefore, have a slightly smaller
content. This self-segregation process could be favored
the statistical fluctuations of concentrations always presen
the substituted compounds.

Besides the magnetic Bragg reflections a strong diff
magnetic scattering appears in Dy(Mn0.95Al0.05)2 ~Fig. 5!.
Two types of diffuse scattering can be distinguished bel
the structural transition at 60 K. First, a diffuse scatterin
which transforms into the Bragg reflections with decreas
temperature. This scattering based on AF2 structure sh
be attributed to short-range spin correlations, precluding
onset of the long-range magnetic order AF2 and will not
discussed further.

In addition to the latter, diffuse maxima around the no
of primitive lattice appear. They can be well approximat

in

3
e

FIG. 4. ~a! Temperature dependences of the intensity of the t
constituents of the nuclear reflection~2 2 0! ~proportional to the
volumes fractions of two phases! in Dy(Mn0.95Al0.05)2. Open circles
show the sum. Up and down triangles correspond to phases
enlarged and reduced unit cell, respectively.~b! Temperature depen
dence of the averaged intensity of magnetic reflections from A
structure. Errors do not exceed the size of symbols. The solid l
are guides for the eye.
5-3
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I. V. GOLOSOVSKYet al. PHYSICAL REVIEW B 65 014405
by a set of Bragg peaks, broadened by the ‘‘finite size’’
fect. The unit-cell parameter of the primitive magnetic latti
calculated from the positions of the diffuse peaks practica
coincides with the unit-cell parameter of the transform
phase with expanded lattice. Therefore, this diffuse scatte
should be attributed to the phase with expanded lattice.
observed expansion of the unit-cell volume of 2%~with re-
spect to the nontransformed phase at 60 K! is in agreement
with the magnetovolume expansion known for the tra
formed phases inRMn2 compounds.1 Thus, a nontrans-
formed phase with a long-range magnetic order AF2 an
transformed phase with short-range order coexist at low t
peratures in Dy(Mn0.95Al0.05)2.

In contrast to Dy(Mn0.95Al0.05)2, samples with higher Al
contentsx50.1–0.2 are initially composed~already at room
temperature! of two crystal phases~Fig. 3!. Profile refine-
ment shows that the lattice parameter and Al content diffe
both phases, as in Ho(Mn,Al)2.24 The volume fractions of
the phases with smaller and larger unit-cell parameter we
depend on the nominal concentration and are estimate
about 17 and 83 vol. %, respectively. The long-range A
order is practically suppressed in these samples, and the
fuse scattering around the nodes of the primitive lattice p
sists alone.

C. Peculiarities of the diffuse scattering

A strong diffuse scattering is observed in all substitu
samples. It appears at higher temperatures when Al con
increases~Table I! around the nodes of primitive cubic lattic
and cannot be associated with any known type of antife
magnetic order in fcc lattice. This scattering has been a
ciated with an expanded lattice in Dy(Mn0.95Al0.05)2 and has
important features.

First, this diffuse scattering increases with decreas
temperature and at some temperature becomes constan
example, atx50.05, it becomes temperature independent
low about 20 K~Fig. 5!. This can be understood assumin
that short-range magnetic correlations corresponds to s
ground state of the system.

Second, the scattering has general structural peculiari
We consider the broad maxima as a manifestation of
short-range magnetic order in some ‘‘clusters’’ of finite siz
An evaluation of the correlation length by the Scherrer f
mula yields a value of about 20 Å, as in Ho(Mn,Al)2. The

FIG. 5. Evolution of the diffuse magnetic scattering
Dy(Mn0.95Al0.05)2.
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correlation length practically does not depend on tempera
and slightly increases with increasing Al concentration.

The relative intensities of diffuse peaks change with s
stitution, but their positions always correspond to a sin
lattice. Therefore, one can estimate the unit-cell paramete
the latter. Atx50.05 this parameter was found to be close
the unit-cell parameter of the expanded crystal phase in
transformed state. It allows us to associate the observed
fuse scattering with a short-range ordering of spontane
Mn moments. However, at higher substitutions the unit-c
parameter of the primitive magnetic lattice is enlarged. F
example, in Dy(Mn0.9Al0.1)2 this parameter at 10 K was es
timated as 7.76(2) Å, well above the unit-cell parameters
the constituent crystal phases 7.591(2) Å and 7.6574(6)
It suggests that at higher substitution magnetic correlati
tend to form a lattice, which becomes incommensurate w
the nuclear one.

III. DISCUSSION

A. Exchange interaction in the ‘‘sandwich’’ model

We now analyze the ‘‘sandwich’’ type of antiferromag
netic structure AF2 with magnetic and nonmagnetic Mn la
ers taking into account nearest-neighbor exchange inte
tions only. In Fig. 6 the orthographic projection of magne
structure observed in DyMn2 is shown. No ferromagnetic
component of Mn spin was detected in experiment, so
assume a collinear Mn sublattice.

EachR atom has three nearestR neighbors in the same
plane with parallel moments and one neighbor in anot
plane, separated by a layer of nonmagnetic Mn atoms. E
R atom has three nearest Mn neighbors. Each Mn atom
six nearestR neighbors from the same double layer, six M
neighbors from the same double layer with parallel mome
and six Mn neighbors from the nearest double layers w
antiparallel moments. The free energy written within t
frame of Heisenberg model is given as follows:

FIG. 6. Projection of the canted magnetic structure of DyMn2 on

(11̄0) plane. Dy and Mn atoms are shown by large and sm
spheres, respectively. Solid arrows define the magnetic momen
rection, open arrows are ferromagnetic~F! and antiferromagnetic
~AF! components~see text!. Dotted line shows the projection of th
unit cell.
5-4
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E52JRRMR
2~32cos 2u!16JRMnMRM Mn cosu, ~1!

whereMR and M Mn are the values ofR and Mn moments,
JRR and JRMn are the effective exchange constants ofR-R
and R-Mn interactions, respectively. Mn-Mn interaction
cancel owing to the symmetry of the magnetic structure. T
parameteru defines the canting

cosu5MRA /MR ~2!

HereMRA is the antiferromagnetic component of the to
momentMR ~inset in Fig. 6!. The energy~1! can be mini-
mized with respect tou, which leads to three possible solu
tions: ~1! a collinear structure with antiparallelR and Mn
moments (u50); ~2! a collinear structure with parallelR and
Mn moments (u5p), and ~3! a canted structure withu
5u0, which corresponds to the condition

cosu052
3g

4

mMn

mR

JRMn

JRR
, ~3!

heremMn and mR are the magnetic moments of Mn andR,
respectively andg is the Lande´ factor.

We use classical equations to analyze our data, taking
account the temperature by the thermal variations ofmMn ,
mR and angleu as parameters calculated from experimen
data~Fig. 7!. The ratioJRR/JRMn calculated from Eq.~3! and
shown in Fig. 7~b! remains constant within the accuracy
the measurements in the canted phase, confirming tha
proposed model is close to reality. The average ratio w
evaluated as 0.26~1!.

It is easy to see by comparing the energies of the differ
solutions that canted structure is stable with respect to a
linear structure at the condition

FIG. 7. DyMn2. Temperature dependences:~a! the ratio of mag-
netic momentsmMn /mDy ; ~b! the ratio of effective exchange con
stants of interactionsJDyDy /JDyMn , ~c! angle of cantingu.
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mMn

mR
,

4

3g U JRR

JRMn
U. ~4!

Since for ion Dy31 g54/3, it is natural to consider tha
the threshold value ofmMn /mDy is equal to the calculated
averaged ratiouJRR/JRMnu. Above this value either ferro-
magnetic (JRMn.0) or antiferromagnetic (JRMn,0) align-
ment of Mn and Dy moments should be stable. The ra
mMn /mR increases as the temperature increases, so th
canted structure is destabilized to the benefit of a collin
one @Fig. 7~a!#.

At small substitutionx50.05TN decreases from 50 K to
about 45 K~Table I!. Therefore, exchange interactions a
not strongly affected. In Table I we see that for the can
phase of DyMn2 the ratiomMn /mR50.16(3) is lower than
the threshold value 0.26~1!, while in the substituted com
pound with a stable collinear order this ratio reaches a m
larger value 0.4~1!. The destabilization of a canted structu
at small Al substitution could be explained by the decrease
the ordered Dy moment and increase of ratiomMn /mR ,
while JRR/JRMn changes weakly.

The transformation of a canted antiferromagnetic str
ture to a collinear one was observed in the syste
(Dy,Y)Mn2 ~Ref. 4! and (Ho,Y)Mn2.5 We calculated
JRR/JRMn in the frame of the proposed model from the da
reported.4,5 The valueJRR/JRMn for DyMn2 was estimated
as 0.24~2!, in a good agreement with our estimation. F
HoMn2 the calculated ratio turns out to be 0.17~7!.

B. Effects of substitution

The magnetic phase diagram of Dy(Mn12xAl x)2 is given
in Fig. 8. With lattice constant increases, the long-range A
order transforms from canted to collinear one. Together w
the strong suppression of the long-range antiferromagn
order, the substitution yields the appearance of short-ra
magnetic order, driven by spontaneous, intrinsic Mn spi
With increasing Al contentTN decreases whileTsro strongly
increases. This increase is directly connected with the
crease of Mn-Mn spacing and the corresponding increas
spontaneous Mn spins.

FIG. 8. Phase diagram for system Dy(Mn12xAl x)2 . AF21F
and AF2 refer to ordered canted antiferromagnetic and collin
antiferromagnetic phases, respectively.
5-5
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It is well known that a magnetovolume effect is a result
localization of Mn moment. Obviously, the Mn-Mn spacin
in Dy(Mn0.95Al0.05)2 when this effect is maximal can be con
sidered as critical distance in the system Dy(Mn,Al)2. The
calculated value of 2.578 Å differs from 2.665 Å an
2.663 Å reported for (Dy,Y)Mn2 and (Ho,Y)Mn2.4,5 It
means that the concept of a unique critical distance canno
rigorously valid among all substituted systems with fru
trated Mn-Mn bonds. Nevertheless this concept, postula
that the greater the Mn-Mn distance the more stable the
trinsic Mn magnetism, can be used for qualitative consid
ation.

In fact, our studies show that the content of the tra
formed phase increases with increasing substitution
Mn-Mn spacing. In DyMn2 the transformed phase appea
only in 5.8~2!% of the sample, while atx50.05 the amount
of transformed phase reaches 90%. The increase ofTsro con-
firms the increase of spontaneous Mn moment in a dis
dered state. The disappearance of long-range order and
pearance of short-range order result from the weakR-R
exchange interaction and the increasing role of the frustra
Mn sublattice in the formation of the magnetic state.

Transformed and nontransformed phases both with lo
range order coexist at low temperatures in TbMn2 and
Tb(Mn,Fe)2,9,21 similar to observed in DyMn2. The coexist-
ence of transformed and nontransformed phases with sh
range order was found in (Tb,Y)Mn2 ~Refs. 7,8! as well as
in Y-substituted systems (Dy,Y)Mn2 ~Ref. 4! and
(Ho,Y)Mn2.5 A similar behavior was observed i
Dy(Mn0.95Al0.05)2. The transformed phase shows short-ran
order while a nontransformed state remains paramagnet
the narrow temperature interval 45–60 K, below the lon
range magnetic order AF2 develops.27
n-

n-

:

er

nd

a

B

ra
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IV. CONCLUSION

Neutron diffraction study of the Dy(Mn12xAl x)2 system
shows that with substituting Mn by Al this system encom
passes the region of magnetic instability. Transformed
nontransformed phases with intrinsic and induced Mn m
ments, respectively, coexist at small substitution. In DyMn2 a
small amount ('5%) of the transformed phase with the o
dered intrinsic Mn spins was detected while
Dy(Mn0.95Al0.05)2 the amount of the transformed phase i
creases to 90%. However, in the last case only short-ra
magnetic order is observed in the transformed phase. W
Al content increases further the long-range order of Dy a
induced Mn moments is progressively suppressed whil
short-range magnetic order of intrinsic Mn spins develop

A small substitution destroys the ferromagnetic comp
nent of Dy moment and the long-range magnetic order tra
forms from a canted to a collinear one. This transformat
can be well described using Heisenberg model with nea
neighbors applied to the ‘‘sandwich’’ type of magnetic ord
with nonmagnetic Mn layers. From the experimental data
DyMn2, the ratio of the Dy-Dy and Dy-Mn interaction
JRR/JRMn was estimated at 0.26~1!.
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