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Anomalous transition from antiferromagnetic to ferromagnetic order in Tb 12xYxNiAl
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We shall describe the change of magnetic order occurring in the pseudo-ternary system Tb12xYxNiAl,
which was investigated in the range of 0<x<0.8 by ac- and dc-susceptibility measurements and neutron
diffraction experiments. An anomalous transition from antiferromagnetic to ferromagnetic order was observed.
Characteristic features of the transition are~a! it occurs in a narrow range of the Y content betweenx50.01
andx50.05,~b! both types of magnetic ordercoexistin different domains of the same compound, and~c! the
preferred type of order changes with temperature.@S0163-1829~99!01113-3#
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I. INTRODUCTION

Intermetallic compounds of elements with partially fille
f-electron shells have received a lot of attention in rec
years, because of their unusual magnetic properties at c
genic temperatures. Numerous effects such as the Kond
fect, heavy fermion behavior, coexistence of superconduc
ity and long range magnetic order, mixed valence a
complex magnetic ordering have been studied and the re
were of importance to theory as well as to applications. T
class of ternary intermetallic compounds includes large
structural families such as the group of orthorhombic TiN
~space groupPnma)1 or that of hexagonal Fe2P ~space
group P62m).2 In ternary compounds the latter structu
often appears as the ZrNiAl structure,3,4 which is an ordered
derivative of the Fe2P structure. Extensive and systema
investigations of 4f - and 5f -electron systems were carrie
out in changing stoichiometry and thus modifying the chem
cal and electronic environments,5,6 while the crystal structure
remained unchanged.

In ternary compounds of the Fe2P structure the rare eart
~if present! always occupies the site 3g. The symmetry of
the triangular lattice of this site in theab plane resembles
that of thekagome´ lattice7 ~see Fig. 1!. Theoretical studies
have revealed the absence of long range magnetic ord
antiferromagnetic arrangements of localized Ising spins o
two-dimensionalkagome´ lattice and on other triangular lat
tices, which is due to inherent frustration.7,8 Compounds of
the Fe2P structure are three-dimensional systems~though in
general with a strong magnetic anisotropy! and thus antifer-
romagnetic order may occur in theab plane, although a to-
pological frustration can of course be expected.

This phenomenon occurs in the antiferromagnetic co
pounds of the RNiAl series, which crystallize in the hexag
nal Fe2P structure. Bulk measurements~magnetization, elec-
trical resistivity, specific heat! showed that RNiAl
compounds are characterized by a complex magn
PRB 590163-1829/99/59~13!/8821~7!/$15.00
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behavior9–11 and this finding was confirmed later by neutro
diffraction studies.12–17

TbNiAl was the first compound of this series, in whic
the authors12,13 observed frustration effects on the magne
ordering of the Tb moments by detailed neutron scatter
experiments. The magnetic structures of TbNiAl will briefl
be described in Sec. III C. All Tb moments are found

FIG. 1. Thekagome´ lattice ~upper panel! and the lattice formed
by the rare earth site (3g) in the Fe2P structure~lower panel!. The
site parameterxTb50.59, which is found in TbNiAl, was used to
draw the lower panel. A value ofxTb50.5 would actually corre-
spond to the realkagome´ lattice. The dashed lines are guide
to the eye.
8821 ©1999 The American Physical Society
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8822 PRB 59G. EHLERSet al.
order antiferromagnetically, but the topological frustrati
effect considerably reduces the size of 1/3 of the orde
moments. In the hexagonal system CePdAl~Ref. 18! even
stronger frustration effects were observed: 1/3 of the m
netic Ce moments remain paramagnetic in the antiferrom
netically ordered state. In isostructural 5f -compounds anti-
ferromagnetic coupling only occurs between adjacentab
planes, and thus no frustration is observed. Only recent
notable exception has been reported: In UNiAl@magnetic
propagation vectorkm5(0.1,0.1,0.5)# the spin structure
shows a similar frustration effect in the basal plane.19

In a previous paper we showed that in TbNiAl the an
ferromagnetic coupling between nearest neighbors of Tb
ments can be changed to ferromagnetic coupling by sub
tuting a small amount of Ni by Cu.20 The magnetic coupling
processes in a complicated system, in which different in
actions compete, can be studied by replacing the magn
atom ~Tb! with a nonmagnetic one~Y!. Y is known to be a
suitable substitute for Tb in crystals, and in fact YNiAl
isostructural to TbNiAl and its lattice parameters a
similar.3 It was therefore expected that the substitution wo
not affect the crystal structure, and we would thus be abl
systematically study the effect of magnetic dilution.

II. EXPERIMENT

For sample preparation Tb of a purity of 99.9% purchas
from Johnson Matthey was used. The other metals were
purity of at least 99.99%. Samples containing Y in t
amount ranging fromx50 to x50.80 were synthesized b
inductive levitation melting of the pure elements in arg
atmosphere. To guarantee for homogeneity, the buttons w
turned over and remelted several times and then anneale
quartz tubes in a vacuum at a temperature of 800 °C for
h. Finally the buttons were crushed to a fine powder a
examined at room temperature by Cu-Ka radiation x-ray dif-
fraction. In order to control the 2u scale and the resolutio
function of the diffractometer, NBS Si standard powder w
added to the samples for these measurements. This proce
guaranteed a good statistical mixture of Tb and Y in
samples~see below!. The ac susceptibility was measure
with a Lake Shore ac susceptometer~model 7221!, equipped
with a 1 T magnet, which covers a temperature range fr
liquid helium to room temperature. For dc-magnetizati
measurements a Quantum Design SQUID magnetom
MPMS with a 5.5 T magnet was used. To avoid reorientat
of the grains during the measurement, small powder sam
prepared with nonmagnetic glue were used. Neutron diffr
tion experiments were performed at the D1B powder diffr
tometer at ILL, Grenoble,21 at an incident neutron wave
length of l52.52 Å, as well as at the diffractometers E
and E6 at HMI, Berlin22 (l52.40 Å). During these experi
ments the wavelength was determined precisely for e
single measurement by a standard YIG sample.

In some compounds which contain Y a spurious contami-
nation with an unknown foreign phase was visible in neut
diffraction patterns. The intensity of the weak Bragg pea
due to this phase did not change with temperature sugge
that it was not magnetic. From peak intensities the volu
fraction of the foreign phase could roughly be estimated,
since it did not exceed 1%, it does not affect our study.
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The diffraction data were analyzed by the Rietve
method23 with the help of the computer programFULLPROF,24

which handles x-ray and neutron data. In Rietveld refin
ment, the measured diffraction pattern is directly fitted to
model pattern calculated by the program using parame
describing ~1! the instrument~wavelength, linewidth, line
shape! and ~2! the sample~space group, atom parameter
lattice constants, magnetic moments!. For the analysis of the
x-ray data, atomic scattering factors of the different io
were used, which are stored in internal tables of the progr
The neutron data were analyzed using scattering len
from standard tables.25 The magnetic form factor of Tb31

was taken from another standard reference.26 The dipolar
approximation f k5^ j 0&1c2^ j 2& was used (c251/3 for
Tb31). In order to determine the ordered magnetic mome
precisely, the magnetic and crystal structures were analy
simultaneously in the neutron diffraction patterns. To obt
consistent results for the crystal structures from both
x-ray and neutron data, additional neutron patterns w
measured in the paramagnetic phases.

III. RESULTS

A. X-ray scattering results

The x-ray diffraction experiments were performed
room temperature in order to check the quality of t
samples. The lattice constants of all compounds co
sponded to previously published results and the parame
of the atom sites were in accordance with the Fe2P structure.
For example, in Tb0.50Y0.50NiAl at T5295 K we founda
57.0186(4) Å andc53.8538(3) Å. The atom position
are

Tb/Y: at 3g ~x0 1
2 !, ~0x 1

2 !, ~ x̄ x̄ 1
2 !

Al: at 3 f ~x00!, ~0x0!, ~ x̄ x̄0!

NiI : at 2c ~ 1
3

2
3 0!, ~ 2

3
1
3 0!

NiII : at 1b ~001
2 !.

The site parameters arexTb50.586(3) andxAl50.21(4). In
the prototype compound Fe2P Fe occupies the 3g as well as
the 3f position, whereas Tb/Y and Al are well separated
both sites. The atoms form a layered structure, in which
Y-Ni and Al-Ni planes alternate along the hexagonalc axis.

We should like to emphasize that the samples are ho
geneous. The rare earth occupies its own site in the cry
structure, but it is possible that clusters are formed dur
sample preparation. These clusters could be enriched in
or Y with respect to the nominal concentration of both m
als. This would be indicated by broadened Bragg peaks
x-ray diffraction, because the lattice constants of pu
TbNiAl and YNiAl differ in the order of 1%. Bragg reflec-
tions at slightly differentq values due to clusters with differ
ent lattice constants could easily be resolved by a Guin
diffractometer. In the x-ray data there is no qualitative d
ference between the line shape of pure TbNiAl and
pseudoternary compounds. The measured linewidth typic
is somewhat larger than that of the NBS Si standard~see
upper panel of Fig. 2!. In addition, Fig. 2 shows that the



o
t
n
it
ti

g
as

o

to
nd

d
pe
rin

s
u
e
ld
tio
b

th
th

eti-
by

cter-

er-

of

fer-

e
etic

eld
eak
t

of
ec-

s,
etic

nd
ll

ies

ant

con-

PRB 59 8823ANOMALOUS TRANSITION FROM ANTIFERROMAGNETIC . . .
lattice parameters, as determined by x-ray diffraction at ro
temperature, vary quite smoothly with changing Y contenx.
The values we obtained are in agreement with those give
Dwight et al.,3 which are also included in Fig. 2. Therefore
is to be assumed that the samples contain a good statis
mixture of Tb and Y.

B. Magnetic bulk measurements

Magnetization measurements show that with increasin
content the magnetic ordering temperature slowly decre
from the Néel temperatureTN547 K in TbNiAl to the Curie
temperatureTC514 K in Tb0.20Y0.80NiAl over the entire
Tb12xYxNiAl series. Compounds withx<0.03 are antiferro-
magnetic while all others are ferromagnetic. The type
magnetic order changes at a Y content betweenx50.01 and
x50.05. To illustrate the change from antiferromagnetic
ferromagnetic order, we shall now compare the compou
Tb0.99Y0.01NiAl and Tb0.95Y0.05NiAl. The susceptibility of
both compounds, measured in a constant magnetic fiel
B5100 G at increasing temperature, is given in the up
panel of Fig. 3. Both compounds have the same orde
temperatureTC547 K. The field-cooled~FC! and the zero-
field-cooled ~ZFC! susceptibility were measured. It wa
found that the ZFC susceptibility is generally lower and d
to the motion of domain walls27 time dependent. When th
compound is cooled through its ordering point in zero fie
an irregular domain structure is established and the direc
of the spontaneous magnetization is locally determined
magnetic anisotropy. When the field is switched on and
sample is warmed up, the domain walls start moving and

FIG. 2. Overview of the x-ray data obtained for the ser
Tb12xYxNiAl. The measured linewidth~FWHM! is shown for a
representative compound and the NBS Si standard~upper panel!.
The composition-dependent lattice constants~measured at room
temperature! are given in the lower panel. Note thata increases
with increasing Y contentx whereasc decreases. The data from
Dwight et al.3 for TbNiAl and YNiAl are included. The dashed
lines are guides to the eye.
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magnetization of different domains turns into the energ
cally most favorable direction, which is also influenced
the external magnetic field.

The maximum FC susceptibility of Tb0.99Y0.01NiAl is
measured close to the ordering temperature which chara
izes antiferromagnets, whereas in Tb0.95Y0.05NiAl the maxi-
mum susceptibility is reached at low temperature~Fig. 3!. In
Tb0.99Y0.01NiAl another magnetic transition occurs atT1
523 K. This second transition also occurs in pure antif
romagnetic TbNiAl ~see Sec. III C!. The magnetization of
both compounds measured at a constant temperatureT
55 K ~see right panel of Fig. 3! results in consistently
lower values of the remanence and coercive field for anti
romagnetic Tb0.99Y0.01NiAl.

In Tb rich samples withx<0.15 a double peak structur
develops in the ac susceptibility when a constant magn
field is applied~not shown as a figure!. The high temperature
peak is shifted to higher temperatures when the external fi
is increased. At the same time the low temperature p
moves to lower temperatures and vanishes at abouB
55 kG. We interpret these observations as an indication
competing ferro- and antiferromagnetic correlations, resp
tively, existing up to aboutx50.15.

C. Neutron scattering results

In this section we shall first consider two compound
which are outside of the range where the change of magn
order occurs: pure TbNiAl, which is antiferromagnetic, a
Tb0.50Y0.50NiAl, which is ferromagnetic. Then we sha

FIG. 3. The dc susceptibility of Tb0.99Y0.01NiAl and
Tb0.95Y0.05NiAl measured at increasing temperature in a const
magnetic field ofB5100 G ~with both FC and ZFC history! is
shown in the upper panel. At the temperatureT1 a change in the
antiferromagnetic order of Tb0.99Y0.01NiAl occurs. In the lower
panel the magnetization curves of the same compounds at a
stant temperature ofT55 K are given.
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8824 PRB 59G. EHLERSet al.
present our results in the transition range, showing how
transition takes place at a fixed temperature, when the
ichiometry is changed, as well as at a fixed stoichiome
with changing temperature.

The results on the magnetic structure of pure TbN
~Refs. 12–14! will briefly be summarized here. A commen

surate antiferromagnetic propagation vectork1
(afm)5( 1

2
1
2

1
2 )

was found in TbNiAl belowTN547 K. In the hexagona
system for the site 3g the propagation vector belongs to

star of three arms:k1
(afm)5( 1

2
1
2

1
2 ), k2

(afm)5( 1
2 0̄ 1

2 ) and k3
(afm)

5(0 1
2

1̄
2 ). Throughout the paper antiferromagnetic reflectio

will be written usingk1
(afm). In a powder diffraction experi-

ment independent nuclear reflections and magnetic sate
from different peaks may overlap at identical scatter
angles, and thus make it impossible to separate the cont
tions from different reflections arriving at a single detect
Certain (hkl) values were therefore taken to represent
reflections at the same point. For example, we write (1
for the reflections (101), (101)̄, (011), (011̄), (11̄1),

(11̄1̄), and we write (12
1
2

1̄
2 ) for ( 1

2
1
2

1̄
2 ), ( 1

2
1
2

1̄
2 )̄ , ( 1

2 0 1
2 ),

( 1
2 0 1

2 )̄, ( 1
2 0̄ 1

2 ), ( 1
2 0̄ 1

2 )̄ . The symbol (32
1
2

1̄
2 ) represents 12

single reflections.
In TbNiAl all magnetic moments are aligned either par

lel or antiparallel to thec axis. In the temperature rang
23 K<T<47 K the structure shown in the lower panel
Fig. 4 is found. Two antiferromagnetic sublattices are est
lished and can be distinguished by the size of the ordered

FIG. 4. The two ordered magnetic structures which occur
TbNiAl. Upper panel: the temperature range 2 K<T<23 K;
lower panel: 23 K<T<47 K. Large circles correspond to regula
moments. These moments form zigzag chains~dashed lines! which
are separated by frustrated moments~small circles!. Above T
523 K frustrated moments are reduced in size.
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moments. Note that along thec axis the coupling between
nearest neighbors is also antiferromagnetic. Two thirds of
Tb moments are ordered antiferromagnetically along zig
chains in the hexagonalab plane~large circles in Fig. 4!. We
call them regular moments in order to distinguish them fro
the other third of Tb moments. The zigzag chains sepa
linear chains formed by the other third of Tb moments wh
are strongly reduced in size and hence called frustra
~small circles in Fig. 4!. For example, atT540 K we found
m5(4.960.1)mB for the regular moments andm5(0.8
60.1)mB for the frustrated moments. A second magne
transition takes place atT1523 K, where the sublattice o
the frustrated moments changes from ferromagnetic chain
antiferromagnetic chains parallel to the regular mom
chains. BelowT1523 K the size of the frustrated momen
is less reduced, and atT52 K all moments have the sam
size:m5(8.060.1)mB .

Among all possible magnetic structures with the sa
propagation vectork1

(afm) only the structures presented in Fi
4 were found to correspond to the experimentally obser
magnetic Bragg intensities. These results for TbNiAl a
supported by a high statistical significance of the fitted p
files. The Rietveld refinement typically converges atR fac-
tors between 3% and 5% for both the crystal and the m
netic structures. Any microscopic model for the magne
structure, that assumes the same size for all magnetic
ments, fails aboveT510 K (Rmag.10%). A model with a
spin direction different from thec-axis direction does no
give any good fit either. This is in agreement with previous
published magnetization measurements on a single cryst
TbNiAl which show that thec axis is the easy axis.14

Tb0.50Y0.50NiAl is a ferromagnetic Ising system with
Curie temperature ofTC532 K. Figure 5 shows the refine
diffraction pattern atT52 K. Magnetic Bragg peaks ar
only observed on top of the structural Bragg peaks. The
converged atx255.41, givingR factors ofRnucl54.4% and
Rmag54.9%. The ordered magnetic moment at this tempe
ture ism5(7.660.2)mB . Note, that there is no~001! peak at
2u535.9° ~since the nuclear intensity is negligibly small!.

We shall now discuss neutron diffraction measureme
of compounds, which show the transition from antiferroma

n

FIG. 5. The neutron powder diffraction pattern o
Tb0.50Y0.50NiAl measured at E6~HMI Berlin! at a temperature of
T52 K. The position of the~001! peak, which has little nuclea
and no magnetic intensity, is indicated. The right arrow points
the strongest peaks due to a foreign phase. Below the calcu
difference between the measured and the refined profiles is g
using the same intensity scale.
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PRB 59 8825ANOMALOUS TRANSITION FROM ANTIFERROMAGNETIC . . .
netic to ferromagnetic order. Figure 6 shows the low-an
parts of the neutron diffraction patterns measured
T52 K for four compounds with x50.01, x50.03,
x50.05, andx50.10 ~raw data!. Bragg indices are also in
cluded in the figure. They can be taken for all four co
pounds, because the lattice constants are similar. Howe
these are considerably different compared to the meas
ments at room temperature. For example, for Tb0.95Y0.05NiAl
at T52 K we founda56.872(1) Å andc53.968(1) Å.
At T52 K, the constanta is about 2% smaller andc is
about 2% larger than at room temperature. This anisotro
change of the lattice constants will briefly be discussed at
end.

In Tb0.99Y0.01NiAl the same antiferromagnetic structure
in TbNiAl and the same magnetic transition from one type
structure to the other atT1523 K were observed. No ferro
magnetic intensity was observed on top of the structu
Bragg peaks. In contrast, in Tb0.95Y0.05NiAl ferromagnetic
order is dominant. In this compound we found the sa
magnetic structure factors as in Tb0.50Y0.50NiAl ~see above!.
There is no magnetic~001! peak. However, the neutron dif
fraction experiment shows, that Tb0.95Y0.05NiAl actually is
not a pure ferromagnet as the magnetization curve sugge
At scattering angles corresponding to the two most inte

antiferromagnetic reflections (1
2

1
2

1
2 ) and (3

2
1
2

1
2 ) two small

peaks can still be observed. This leads to the conclusion
a part of (561)% of the total volume of Tb0.95Y0.05NiAl still
orders in antiferromagnetic domains. The Rietveld refi
ment shows that atT52 K in the four compounds of Fig. 6
all ordered magnetic Tb moments are of the same sizem
5(7.960.2)mB . The possibility that the weak half-intege
peaks observed in Tb0.95Y0.05NiAl are due to al/2 contami-

FIG. 6. Low-angle parts of neutron diffraction patterns taken
T52 K for different stoichiometries~raw data!. Four curves cor-
responding to valuesx50.01, x50.03, x50.05, andx50.10 of
the Y content are given. Momentum transferq rather than scattering
angle 2u was chosen asx axis, because the patterns were measu
at different diffractometers. For the same reason, the actual c
rates were multiplied by factors to give a common intensity sc
The reflection markers can be taken for all four compounds,
cause the lattice constants of the samples are similar.
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nation of the neutron beam can be ruled out. This meas
ment was performed at D1B, where the second order c
tamination amounts to about (225)31024.

We shall now consider the compound Tb0.97Y0.03NiAl, in
which another aspect of the AFM-FM transition becom
apparent, because neither of the structures is strongly do
nant. Here intensities of both groups of Bragg reflectio

corresponding tok1
(afm)5( 1

2
1
2

1
2 ) ~antiferromagnetic order!

andk(fm)5(000) ~ferromagnetic order! are comparable. On a
microscopic scale different situations may occur and lead
the same experimental observation:~1! magnetic order is fer-
rimagnetic and uniform in the whole compound or~2! dif-
ferent parts of the sample, i.e., domains, have different m
netic order.

In a neutron diffraction experiment these two scenar
cannot be distinguished unless any supplementary argum
is found. Information about substructures corresponding
different propagation vectorsk is obtained at different scat
tering angles. Thus the data can easily be analyzed s
rately. If a ferrimagnetic structure is assumed and the
moment of both sublattices is written asA6B, where A
corresponds to the ferromagnetic andB to the antiferromag-
netic intensity, we arrive atA5(3.860.1)mB and B5(6.2
60.2)mB for Tb0.97Y0.03NiAl at T52 K. Since Tb cannot
obtain a moment ofm5A1B510.0mB ~the maximum value
for the Tb31 ion is gJJ59.0mB), a ferrimagnetic order can
be ruled out, and it is to be concluded that different doma
of both types of order coexist. At higher temperatures, wh
the ordered moments are smaller, this argument does
lead to a contradiction, but it seems very unlikely that
change from scenario~1! to ~2! would occur at some inter
mediate temperature.

The integrated magnetic Bragg intensities of selected
flections observed in Tb0.97Y0.03NiAl are shown in the upper
panel of Fig. 7. BelowT514 K only small changes occu
due to changing temperatures, but above that point the a

t

d
nt
.
-

FIG. 7. Temperature dependence of prominent observed m
netic Bragg peaks of Tb0.97Y0.03NiAl ~D1B data, upper panel!. Half-
integer Bragg peaks are represented by full symbols; integer B
peaks are open symbols. The related volume ratioVafm/Vtotal is
shown in the lower panel.
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8826 PRB 59G. EHLERSet al.
ferromagnetic Bragg peaks decrease whereas the ferro
netic peaks grow remarkably up to aboutT522 K and then
remain almost constant untilT540 K. This phenomenon is
due to the fact that in certain domains changes from anti
romagnetic to ferromagnetic order occur, when the temp
ture is increased. In order to estimate the ratio of the vo
mina ordering ferro- or antiferromagnetically relative to t
total volume, an additional assumption is required, nam
that magnetic moments in ferromagnetic domains are of
same size as the nonfrustrated~regular! moments in antifer-
romagnetic domains. At intermediate temperatures the f
trated moments in the antiferromagnetic domains are so
what reduced in size, which makes it difficult to determi
the ratioVafm/Vtotal precisely. We arrive at what is shown i
the lower panel of Fig. 7. At low temperatures, antiferroma
netism is present in (7664)% of the volume. The ordere
moment is found to amount tom5(7.760.3)mB , which
seems to be a reasonable value compared to the above
tioned results atT52 K. Below T514 K we observe a
plateau for the ratioVafm/Vtotal. At further increasing tem-
peratures the ferromagnetic domains grow significan
which is reflected by increasing intensities of the ferrom
netic Bragg peaks. However, the change to ferromagne
is not complete: AtT546 K, about 1 K below the magnetic
ordering temperature, antiferromagnetism is still present,
thus both the ferro- and antiferromagnetic states have
same ordering temperature.

The limited resolution of the neutron powder diffractom
ters (Dq/q.0.01) does not allow for a precise determinati
of the size of the magnetic domains. The line shapes
widths of structural and magnetic Bragg peaks do not lo
any different. Only in the critical regime, close to the Cu
temperature, the typical broadening of the magnetic refl
tions occurs. From theq resolution a lower limit for the
diameter of typical domains of about 300 Å can be e
mated.

All compounds with a Y contentx>0.20 are Ising ferro-
magnets. In neutron diffraction experiments no indication
a return to an antiferromagnetic order could be found. T
ordering temperature decreases toTC514 K in
Tb0.20Y0.80NiAl. The ordered Tb moment also decreas
slightly: for Tb0.20Y0.80NiAl at T52 K we foundm5(7.3
60.4)mB .

IV. DISCUSSION

The magnetic order in intermetallic compounds with
calized 4f moments originates from the Ruderman-Kitte
Kasuya-Yosida~RKKY ! interaction.28–32 This was first pro-
posed for the indirect exchange coupling of nuclear sp
but later also applied to rare earth metals,33 disordered
systems,34,35 and magnetic multilayers.36 According to this
model, magnetic interaction between isolated 4f shells is
indirectly mediated by conduction electrons. The strength
the RKKY interaction falls off asr 23 with increasing rela-
tive distance of the moments in question. It is another ch
acteristic of this coupling mechanism that the exchange c
stant oscillates with respect to the productkFr , wherekF is
the Fermi wave number~in the original model the Ferm
surface is assumed to be spherical!. The model was extende
ag-
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in order to hold for more realistic cases,37 but its main char-
acteristics remained unchanged.

In another indirect magnetic exchange coupling mec
nism originally proposed for rare earths and alloys of ra
earths and transition metals by Campbell38 s andd electrons
are treated separately. According to this model the coup
between different 4f moments is due to a positive spin de
sity in the 5d band of the rare earth created by the 4f spin
and the hybridization of the 5d band with the 3d band of the
transition metal~Ni in our case!. The 5d-3d coupling is
antiferromagnetic, because the 5d band is almost empty
while the 3d band is almost filled. In this situation the bind
ing of the hybridized states is the one with spin densities
different signs in both bands. The net coupling betweenf
moments is ferromagnetic. In the series Tb12xYxNiAl the
paramagnetic Curie-Weiss constants are found to be of
order of u5130 K, even for antiferromagnetic TbNiAl
This supports the assumption that Campbell’s model, and
pure RKKY, describes the relevant coupling mechani
here.

We have shown that a very unusual transition from an
ferromagnetic to ferromagnetic order occurs in the syst
Tb12xYxNiAl. In TbNiAl the sign of the magnetic coupling
between nearest neighbors in theab plane obviously de-
pends on the local environment. Substitution of 1% Tb w
Y causes virtually no change in the antiferromagnetic ord
while at a Y content as low as 5%, the magnetic order b
comes almost completely ferromagnetic. For the same c
pounds, the expectation value for the distance betw
neighboring Y sites only changes from 10 Å (x50.01) to
7 Å (x50.05), if all 3 dimensions are regarded as equiv
lent, or from 25 Å (x50.01) to 11 Å (x50.05), if only one
ab plane is considered. The latter numbers are appropriat
the magnetic interaction favoring antiferromagnetism
much stronger within oneab plane than between two plane
The crystal structure qualitatively favors this assumption.
TbNiAl Tb-Ni layers and Ni-Al layers alternate along th
hexagonalc axis. The closest Tb-Tb distance actually occu
within the ab plane (d.3.6 Å). The presence of Ni make
the 5d-3d hybridization in the sameab plane possible. Fi-
nally, the number of nearest neighbors in oneab plane is
higher than between two planes, suggesting that the Tb
coupling within one plane is much stronger than betwe
different planes. However, antiferromagnetic ordering
pure TbNiAl requires all three dimensions to be stable. O
erwise the magnetic propagation vector would gradua

change from k1
(afm)5( 1

2
1
2

1
2 ) via k(afm)5(001

2 ) or k(afm)

5( 1
2

1
2 0) to k~fm!5(000).

The experimental results reported here are similar to th
obtained earlier20 for the system TbNi12xCuxAl. In both
cases, the impurities introduced into the system~Y or Cu!
sensitively affect the band structure of pure TbNiAl. Y ca
ries three electrons on top of a@Kr# shell (4d and 5s), but
contrary to Tb, it does not have 5d or 6s electrons. The
additional electron Cu carries compared to Ni is believed
fill the Ni 3d band, which results in a complete loss of lon
range magnetic order in TbNi12xCuxAl in the range of
0.60<x<0.80.20 We conclude that, if the band structure
TbNiAl is perturbed, the magnetic order suddenly chang
when the impurities reach a critical average density, wh
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amounts to about 1% for TbNi12xCuxAl and about 3% for
Tb12xYxNiAl.

A strong long range magnetic interaction was found
Tb12xYxNiAl. A rather slowly declining Curie temperatur
at increasing Y content supports this assumption:
Tb0.20Y0.80NiAl we found TC514 K. Up to x50.70 pure
long range magnetic order was observed by neutron diff
tion. There is no indication for the formation of a spin gla
state, which would require competing ferro- and antifer
magnetic coupling. This also shows that the RKKY pictu
in its original form is not appropriate here: Antiferroma
netic order is never reestablished when the content of C
Y is further increased. At intermediate and large values ox
there is a broad distribution of Tb-Tb distances in the sys
Tb12xYxNiAl. Antiferromagnetic correlations of relevan
strength only exist for small values ofx, but are increasingly
replaced by ferromagnetic correlations with increasing te
peratures.

In both series we observed a change of the lattice c
stants with stoichiometry. This gives rise to the quest
whether the change of the mean Tb-Tb distance has an
portant influence on the change of the observed magn
ordering. This is probably not the case because in the nar
r

c-

-

or

m

-

n-
n
m-
tic
w

transition regime~3% Y, 1% Cu! this effect is very small and
additionally has different signs in both series. AtT52 K
and at smallx, where the transition from antiferromagnetic
ferromagnetic order occurs, both lattice parameters decr
with x in Tb12xYxNiAl, whereas in TbNi12xCuxAl both lat-
tice parameters increase withx. Figure 2 shows that the lat
tice expansion is anisotropic at room temperature
Tb12xYxNiAl: a increases withx, whereasc decreases at th
same time. At a fixed stoichiometry,a decreases at decrea
ing temperature, whereasc increases. This reflects that th
interatomic forces which determine positions of the atoms
equilibrium change with temperature and stoichiome
However, this may not be relevant for the presented inve
gation.
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