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Anomalous transition from antiferromagnetic to ferromagnetic order in Tb,_,Y,NiAl
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We shall describe the change of magnetic order occurring in the pseudo-ternary systegi ,NiAl,
which was investigated in the range o&8=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 &g it occurs in a narrow range of the Y content between0.01
andx=0.05, (b) both types of magnetic ordeoexistin different domains of the same compound, &cdthe
preferred type of order changes with temperat{80163-18209)01113-3

. INTRODUCTION behavio?~**and this finding was confirmed later by neutron
diffraction studies?=1’

Intermetallic compounds of elements with partially filled  TbNiAl was the first compound of this series, in which
f-electron shells have received a lot of attention in recenthe author§”'® observed frustration effects on the magnetic
years, because of their unusual magnetic properties at cry@rdering of the Tb moments by detailed neutron scattering
genic temperatures_ Numerous effects such as the Kondo @Xperiments. The magnetic structures of TbNiIAl will brlefly
fect, heavy fermion behavior, coexistence of superconductivP€ described in Sec. 1ll C. All Tb moments are found to
ity and long range magnetic order, mixed valence and
complex magnetic ordering have been studied and the results kagomé lattice
were of importance to theory as well as to applications. The
class of ternary intermetallic compounds includes large iso-
structural families such as the group of orthorhombic TiNiSi
(space groupPnma?! or that of hexagonal K@ (space
group P62m).2 In ternary compounds the latter structure
often appears as the ZrNiAl structut&which is an ordered
derivative of the FgP structure. Extensive and systematic
investigations of 4- and 5 -electron systems were carried
out in changing stoichiometry and thus modifying the chemi-
cal and electronic environmem$while the crystal structure
remained unchanged.

In ternary compounds of the p structure the rare earth
(if presenj always occupies the siteg3 The symmetry of
the triangular lattice of this site in thab plane resembles
that of thekagomelattice’ (see Fig. 1 Theoretical studies
have revealed the absence of long range magnetic order in
antiferromagnetic arrangements of localized Ising spins on a
two-dimensionakagomelattice and on other triangular lat-
tices, which is due to inherent frustratiéf.Compounds of
the FeP structure are three-dimensional systdthsugh in ’
general with a strong magnetic anisotrppyd thus antifer- . r\ ;
romagnetic order may occur in tleb plane, although a to- ~ ~ ~
pological frustration can of course be expected. _ FIG. 1. Thekagoméattice (upper panéland the lattice formed

This phenomenon occurs in the antiferromagnetic COMpy the rare earth site ¢ in the FeP structure(lower panel. The
pounds of the RNIAl series, which crystallize in the hexago-sjte parametek,=0.59, which is found in TbNiAl, was used to
nal FgP structure. Bulk measuremertaagnetization, elec- draw the lower panel. A value ofy,=0.5 would actually corre-

trical resistivity, specific heat showed that RNiIAl spond to the reakagomelattice. The dashed lines are guides
compounds are characterized by a complex magneti the eye.
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order antiferromagnetically, but the topological frustration The diffraction data were analyzed by the Rietveld
effect considerably reduces the size of 1/3 of the orderedhethod®with the help of the computer prografoLLPROF?*
moments. In the hexagonal system CePdRéf. 18 even  which handles x-ray and neutron data. In Rietveld refine-
stronger frustration effects were observed: 1/3 of the magment, the measured diffraction pattern is directly fitted to a
netic Ce moments remain paramagnetic in the antiferromagnodel pattern calculated by the program using parameters
netically ordered state. In isostructuraf-6ompounds anti- describing(1) the instrument(wavelength, linewidth, line
ferromagnetic coupling only occurs between adjacebt shapg¢ and (2) the sample(space group, atom parameters,
planes, and thus no frustration is observed. Only recently &ttice constants, magnetic momentsor the analysis of the
notable exception has been reported: In UN[fagnetic x-ray data, atomic scattering factors of the different ions
propagation vectork,,=(0.1,0.1,0.5) the spin structure were used, which are stored in internal tables of the program.
shows a similar frustration effect in the basal plahe. The neutron data were analyzed using scattering lengths
In a previous paper we showed that in TbNiAl the anti- from standard table®. The magnetic form factor of T
ferromagnetic coupling between nearest neighbors of Th mowas taken from another standard referetfc@he dipolar
ments can be changed to ferromagnetic coupling by substapproximation f,=(jo)+cx(j,) was used ¢,=1/3 for
tuting a small amount of Ni by Ct The magnetic coupling Tb*"). In order to determine the ordered magnetic moments
processes in a complicated system, in which different interprecisely, the magnetic and crystal structures were analyzed
actions compete, can be studied by replacing the magnetgimultaneously in the neutron diffraction patterns. To obtain
atom(Th) with a nonmagnetic on€Y). Y is known to be a consistent results for the crystal structures from both the
suitable substitute for Tb in crystals, and in fact YNiAl is x-ray and neutron data, additional neutron patterns were
isostructural to TbNiAl and its lattice parameters aremeasured in the paramagnetic phases.
similar3 It was therefore expected that the substitution would
not affect the crystal structure, and we would thus be able to IIl. RESULTS
systematically study the effect of magnetic dilution. )
A. X-ray scattering results
The x-ray diffraction experiments were performed at
II. EXPERIMENT room temperature in order to check the quality of the

For sample preparation Tb of a purity of 99.9% purchasedsamples. The lattice constants of all compounds corre-
from Johnson Matthey was used. The other metals were of SPonded to previously published results and the parameters
purity of at least 99.99%. Samples containing Y in theof the atom sites were in accordance with thefFstructure.
amount ranging fronx=0 to x=0.80 were synthesized by For example, in ThsY o sNiAl at T=295 K we founda
inductive levitation melting of the pure elements in argon=7.0186(4) A andc=3.8538(3) A. The atom positions
atmosphere. To guarantee for homogeneity, the buttons wefd€
turned over and remelted several times and then annealed in

quartz tubes in a vacuum at a temperature of 800 °C for 120 Th/Y: at 3y (x03), (0x3), (XX3)
h. Finally the buttons were crushed to a fine powder and .
examined at room temperature by &y-radiation x-ray dif- Al: at 3f (x00), (0x0), (xx0)
fraction. In order to control the 2 scale and the resolution

function of the diffractometer, NBS Si standard powder was Ni;: at 2c (320), (%30)
added to the samples for these measurements. This procedure

guaranteed a good statistical mixture of Tb and Y in the Ni,: at 1b (00%).

samples(see below. The ac susceptibility was measured

with a Lake Shore ac susceptometerodel 722}, equipped The site parameters arg,=0.586(3) andky=0.21(4). In

with a 1 T magnet, which covers a temperature range fronthe prototype compound KR Fe occupies thedas well as
liguid helium to room temperature. For dc-magnetizationthe 3f position, whereas Tb/Y and Al are well separated in
measurements a Quantum Design SQUID magnetometdioth sites. The atoms form a layered structure, in which Th/
MPMS with a 5.5 T magnet was used. To avoid reorientationY-Ni and Al-Ni planes alternate along the hexagooalxis.

of the grains during the measurement, small powder samples We should like to emphasize that the samples are homo-
prepared with nonmagnetic glue were used. Neutron diffracgeneous. The rare earth occupies its own site in the crystal
tion experiments were performed at the D1B powder diffrac-structure, but it is possible that clusters are formed during
tometer at ILL, Grenoblé! at an incident neutron wave- sample preparation. These clusters could be enriched in Tb
length of A =2.52 A, as well as at the diffractometers E2 or Y with respect to the nominal concentration of both met-
and E6 at HMI, BerliR?> (\=2.40 A). During these experi- als. This would be indicated by broadened Bragg peaks in
ments the wavelength was determined precisely for eack-ray diffraction, because the lattice constants of pure
single measurement by a standard YIG sample. TbNiAl and YNIAI differ in the order of 1%. Bragg reflec-

In some compounds which comta¥ a spurious contami- tions at slightly different values due to clusters with differ-
nation with an unknown foreign phase was visible in neutrorent lattice constants could easily be resolved by a Guinier
diffraction patterns. The intensity of the weak Bragg peakdiffractometer. In the x-ray data there is no qualitative dif-
due to this phase did not change with temperature suggestirigrence between the line shape of pure TbNiAl and the
that it was not magnetic. From peak intensities the volumeseudoternary compounds. The measured linewidth typically
fraction of the foreign phase could roughly be estimated, anés somewhat larger than that of the NBS Si standaree
since it did not exceed 1%, it does not affect our study.  upper panel of Fig. 2 In addition, Fig. 2 shows that the
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FIG. 2. Overview of the x-ray data obtained for the series ]
1 L

Tby _«Y4NiAl. The measured linewidt{fFWHM) is shown for a
representative compound and the NBS Si standapger pangl
The composition-dependent lattice constafiteeasured at room
temperaturg are given in the lower panel. Note thatincreases FIG. 3. The dc susceptibility of TgYqoMNiAl and

with increasing Y contenk whereasc decreases. The data from Th, .Y, ,JNiAl measured at increasing temperature in a constant
Dwight et al® for ToNiAl and YNiAl are included. The dashed magnetic field ofB=100 G (with both FC and ZFC histojyis

lines are guides to the eye. shown in the upper panel. At the temperatilrea change in the
antiferromagnetic order of oY 0iNiAl occurs. In the lower
npanel the magnetization curves of the same compounds at a con-
stant temperature of=5 K are given.
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lattice parameters, as determined by x-ray diffraction at roo
temperature, vary quite smoothly with changing Y content
The values we obtained are in agreement with those given by,
Dwight et al,” which are also included in Fig. 2. Therefore it .o,y most favorable direction, which is also influenced by
is to be assumed that the samples contain a good statisticle ‘external magnetic field.
mixture of Tb and Y. The maximum FC susceptibility of FlgYo.oNiAl is
measured close to the ordering temperature which character-
izes antiferromagnets, whereas ingBEY o oJNiAl the maxi-
mum susceptibility is reached at low temperat(Fa. 3. In
Magnetization measurements show that with increasing Y0 g9Y 0.0ANiAl another magnetic transition occurs ay
content the magnetic ordering temperature slowly decreases23 K. This second transition also occurs in pure antifer-
from the Neel temperaturd =47 K in TbNiAl to the Curie ~ fomagnetic ToNiAl(see Sec. Ill ¢ The magnetization of
temperatureTc=14 K in Thy oY osd\iAl over the entire  bOth compounds measured at a constant temperatutie of
Th,_,Y,NiAl series. Compounds witk<0.03 are antiferro- —9 K (see right panel of Fig.)3results in consistently
magnetic while all others are ferromagnetic. The type offower valqes of the remanence and coercive field for antifer-
magnetic order changes a Y content betweer=0.01 and romagnetic ThogY o.o:NIAl.
x=0.05. To illustrate the change from antiferromagnetic to In Tb rich samples witx<0.15 a double peak structure

ferromagnetic order, we shall now compare the compound eve_lops in_ the ac susceptibili;y when a constant magnetic
Tho g0 oNIAl and ThyeeY o oNiAL The susceptibility of leld is applied(not shown as a figujeThe high temperature

both q di tant tic field eak is shifted to higher temperatures when the external field
oth compounds, measured in a constant magnetic fie increased. At the same time the low temperature peak
B=100 G at increasing temperature, is given in the uppe

panel of Fig. 3. Both compounds have the same orderin&noves to lower temperatures and vanishes at al®ut
S : 5 kG. We interpret these observations as an indication of
temperaturdl =47 K. The field-cooledFC) and the zero- P

) s competing ferro- and antiferromagnetic correlations, respec-
field-cooled (ZFC) susceptibility were measured. It was peting 9 P

found that the ZFC susceptibility is generally lower and duetlvely’ existing up to aboux=0.15.
to the motion of domain walfé time dependent. When the
compound is cooled through its ordering point in zero field,
an irregular domain structure is established and the direction In this section we shall first consider two compounds,
of the spontaneous magnetization is locally determined byvhich are outside of the range where the change of magnetic
magnetic anisotropy. When the field is switched on and therder occurs: pure TbNiAl, which is antiferromagnetic, and
sample is warmed up, the domain walls start moving and th&hyg 50Y o 5dNiAl, which is ferromagnetic. Then we shall

agnetization of different domains turns into the energeti-

B. Magnetic bulk measurements

C. Neutron scattering results
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FIG. 5. The neutron powder diffraction pattern of
Thy.s0Y 0.50NIAl measured at EGHMI Berlin) at a temperature of
T=2 K. The position of thg001) peak, which has little nuclear
and no magnetic intensity, is indicated. The right arrow points to
the strongest peaks due to a foreign phase. Below the calculated
difference between the measured and the refined profiles is given
using the same intensity scale.

moments. Note that along theaxis the coupling between
nearest neighbors is also antiferromagnetic. Two thirds of the
Tb moments are ordered antiferromagnetically along zigzag
chains in the hexagonab plane(large circles in Fig. # We
call them regular moments in order to distinguish them from
FIG. 4. The two ordered magnetic structures which occur inthe other third of Tb moments. The zigzag chains separate
TbNIAl. Upper panel: the temperature range 2<K<23 K; linear chains formed by the other third of Th moments which
lower panel: 23 KsT<47 K. Large circles correspond to regular gre strongly reduced in size and hence called frustrated
moments. These moments form zigzag ch:ﬁda_shed lineswhich (small circles in Fig. % For example, aT=40 K we found
are separated by frustrated momel(lm'nf_ill (_:lrcles). Above T u=(4.9+0.1)ug for the regular moments ang.=(0.8
=23 K frustrated moments are reduced in size. +0.1)ug for the frustrated moments. A second magnetic
transition takes place at;=23 K, where the sublattice of
present our results in the transition range, showing how thehe frustrated moments changes from ferromagnetic chains to
transition takes place at a fixed temperature, when the stantiferromagnetic chains parallel to the regular moment
ichiometry is changed, as well as at a fixed stoichiometrychains. BelowT,;=23 K the size of the frustrated moments
with changing temperature. is less reduced, and at=2 K all moments have the same
The results on the magnetic structure of pure TbNiAlsize: u=(8.0+0.1)ug.
(Refs. 12—14will briefly be summarized here. A commen-  Among all possible magnetic structures with the same
surate antiferromagnetic propagation veck§i™= (%4} propagation vectok{®™ only the structures presented in Fig.
was found in TbNiAl belowTy=47 K. In the hexagonal 4 were found to correspond to the experimentally observed
system for the site @ the propagation vector belongs to a magnetic Bragg intensities. These results for TbNiAl are
afm)_ (111 afm)_ ;11 afm supported by a high statistical significance of the fitted pro-
star of three armski™™=(533), k= (503) and k™ fiIeF;F.) The Ri)étveldg refinement tygically Convergesl'%itac-p
=(033). Throughout the paper antiferromagnetic reflectionstors between 3% and 5% for both the crystal and the mag-
will be written usingk{*™. In a powder diffraction experi- netic structures. Any microscopic model for the magnetic
ment independent nuclear reflections and magnetic satellitegructure, that assumes the same size for all magnetic mo-
from different peaks may overlap at identical scatteringments, fails abov@=10 K (Rpyag>10%). A model with a
angles, and thus make it impossible to separate the contribgpin direction different from the-axis direction does not
tions from different reflections arriving at a single detector.give any good fit either. This is in agreement with previously
Certain kl) values were therefore taken to represent allpublished magnetization measurements on a single crystal of
reflections at the same point. For example, we write (101)IbNiAl which show that thec axis is the easy axig.
for the reflections (101), (191 (011), (013, (111), c T_bo.tsoYo.sd\litAl is 1? fe;r;n&agg_etic Izineil1 systtim w;th 3
- i1 111 11T Iy sin1 urie temperature of o= . Figure 5 shows the refine
(111), and we write €23) for (222). (z22), (202).  Gisfraction pattern atT=2 K. Magnetic Bragg peaks are
(303), (303), (303). The symbol 313) represents 12 only observed on top of the structural Bragg peaks. The fit
single reflections. converged aj®=>5.41, givingR factors ofR,,,=4.4% and
In ThNIAI all magnetic moments are aligned either paral-Rn,q=4.9%. The ordered magnetic moment at this tempera-
lel or antiparallel to thec axis. In the temperature range ture isu=(7.6x0.2)ug. Note, that there is n(001) peak at
23 K=T=47 K the structure shown in the lower panel of 26=35.9° (since the nuclear intensity is negligibly small
Fig. 4 is found. Two antiferromagnetic sublattices are estab- We shall now discuss neutron diffraction measurements
lished and can be distinguished by the size of the ordered Tbf compounds, which show the transition from antiferromag-
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FIG. 6. Low-angle parts of neutron diffraction patterns taken at  FIG. 7. Temperature dependence of prominent observed mag-
T=2 K for different stoichiometriegraw datd. Four curves cor- netic Bragg peaks of ;Y o odNIAl (D1B data, upper panelHalf-
responding to values=0.01, x=0.03, x=0.05, andx=0.10 of  integer Bragg peaks are represented by full symbols; integer Bragg
the Y content are given. Momentum transfgrather than scattering peaks are open symbols. The related volume rftig,/Vig is
angle 29 was chosen as axis, because the patterns were measuredghown in the lower panel.
at different diffractometers. For the same reason, the actual count
rates were multiplied by factors to give a common intensity scalenation of the neutron beam can be ruled out. This measure-
The reflection markers can be taken for all four compounds, bement was performed at D1B, where the second order con-
cause the lattice constants of the samples are similar. tamination amounts to about £5) X 104,

We shall now consider the compoundyEbY o oNiAl, in
netic to ferromagnetic order. Figure 6 shows the low-anglévhich another aspect of the AFM-FM transition becomes
parts of the neutron diffraction patterns measured abpparent, because neither of the structures is strongly domi-

T=2 K for four compounds withx=0.01, x=0.03, nant. Here intensities of both groups of Bragg reflections,

x=0.05, andx=0.10 (raw data. Bragg indices are also in- corresponding tok(lafm):(%%%) (antiferromagnetic order

cluded in the figure. They can be taken for all four com-, 4\ (m) _ (000 (ferromagnetic ordgrare comparable. On a
pounds, because the lattice constants are similar. Howevfrl}jicroscopic scale different situations may occur and lead to
fhe same experimental observati¢h): magnetic order is fer-
rimagnetic and uniform in the whole compound @ dif-

atT=2 K we founda=6.872(1) A andc=3968(1) A. (oo parts of the sample, i.e., domains, have different mag-
At T=2 K, the constant is about 2% smaller and is netic order

about 2% larger than at room temperature. This anisotropic In a neutron diffraction experiment these two scenarios

change of the lattice constants will briefly be discussed at th‘éannot be distinguished unless any supplementary argument
end. is found. Information about substructures corresponding to

. _:_%;%99\(%01:?““ the same a?t'fte”omj‘gnf“c structture asfdifferent propagation vectotls is obtained at different scat-
In TONIAl and the same magnetic transition from one type ofgin o angles. Thus the data can easily be analyzed sepa-

structure to the c_>ther di,=23 K were observed. No ferro- ately. If a ferrimagnetic structure is assumed and the net
magnetic intensity was observed on top of the structur oment of both sublattices is written #s+B. where A
Bragg peaks. In contrast, in JBYooNIAl ferromagnetic o esnonds to the ferromagnetic ado the antiferromag-
order is dominant. In this compound we found the samg, . intensity, we arrive aA=(3.8+0.1)us and B=(6.2
magne_tic structure f_actors as inJdaY o sNiAl (see abov)e_ +0.2)ug for Thye Y oodiAl at T=2 K. Since Tb cannot
Ther.e is no m_agnen(OOl) peak. However, .the neutron_dlf- obtain a moment o/fL%A+B= 10.0ug (the maximum value
fraction experiment shows, that J&YP-OEJ\.“N actually is o the TH* ion is g;J=9.0ug), a ferrimagnetic order can
hot a pure ferromagnet as the magnetization curve suggest ruled out, and it is to be concluded that different domains

At scattering angles corresponding to the two most INeNSGt hoth types of order coexist. At higher temperatures, where
antiferromagnetic reflections3¢2) and ¢33) two small  the ordered moments are smaller, this argument does not
peaks can still be observed. This leads to the conclusion th#¢ad to a contradiction, but it seems very unlikely that a
a part of (5-1)% of the total volume of T§gsY g ogNiAl still change from scenari@l) to (2) would occur at some inter-
orders in antiferromagnetic domains. The Rietveld refineimediate temperature.

ment shows that ak=2 K in the four compounds of Fig. 6 The integrated magnetic Bragg intensities of selected re-
all ordered magnetic Tb moments are of the same gize: flections observed in Thy,Y o 0d\NiAl are shown in the upper
=(7.9:0.2)ug. The possibility that the weak half-integer panel of Fig. 7. BelowT=14 K only small changes occur

peaks observed in FhsYy oNiAl are due to an/2 contami-  due to changing temperatures, but above that point the anti-

ments at room temperature. For example, fog gl 5 oNiAl
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ferromagnetic Bragg peaks decrease whereas the ferromaig-order to hold for more realistic cas&sbut its main char-
netic peaks grow remarkably up to abdut 22 K and then  acteristics remained unchanged.

remain almost constant unfil=40 K. This phenomenon is In another indirect magnetic exchange coupling mecha-
due to the fact that in certain domains changes from antifernism originally proposed for rare earths and alloys of rare
romagnetic to ferromagnetic order occur, when the temperaearths and transition metals by Camp#ediandd electrons
ture is increased. In order to estimate the ratio of the volugre treated separately. According to this model the coupling
mina ordering ferro- or antiferromagnetically relative to the hetween different # moments is due to a positive spin den-
total volume, an additional assumption is required, namely;wy iy the 51 band of the rare earth created by the shin

that magnetic moments in ferromagnetic domains are of thg 4 the hybridization of thedsband with the & band of the
same size as the nonfrustrat@dgula) moments in antifer- transition metal(Ni in our case. The 5d-3d coupling is

N . gnetic ¢ - Wwhile the A band is almost filled. In this situation the bind-
what reduced in size, which makes it difficult to determine,

. : : : . ~ing of the hybridized states is the one with spin densities of
the ratioVm/ Vo precisely. We arrive at what is shown in different signs in both bands. The net coupling betweén 4

the_lowgr panel of Flg. 7. At low temperatures, antlferromag-rnoments is ferromagnetic. In the series, TPY NiAl the
netism is present in (764)% of the volume. The ordered . . . found to be of th
moment is found to amount ta=(7.7+0.3)ug, which paramagnetic Curie-Weiss constants are found to be of the
seems to be a reasonable value com. a_red to tBh,e above m grder of 6=+30 K, even for antiferromagnetic TbNiAl.

P is supports the assumption that Campbell’'s model, and not

tioned results afr_=2 K. Below T=14 K. we opserve a pure RKKY, describes the relevant coupling mechanism
plateau for the ratio/ qm/Vioa- At further increasing tem- here

peratures the ferrom_agnetic_ d(_)maing_ grow significantly, We have shown that a very unusual transition from anti-
which is reflected by increasing intensities of the ferromag—ferromagnetic to ferromagnetic order occurs in the system

_netic Bragg peaks. However, the change to ferromagngtisnilbkXYXNiAI_ In TbNIAl the sign of the magnetic coupling
IS not_complete. Al =46 K abou1 K t.JeIO\.N th_e magnetic etween nearest neighbors in th® plane obviously de-
ordering temperature, antlferrpmagnetlsm IS still present, an ends on the local environment. Substitution of 1% Tb with
thus both t_he ferro- and antiferromagnetic states have th causes virtually no change in the antiferromagnetic order,
same ordering temperature.

The limited resolution of the neutron powder diffractome- while & a Y content as low as 5%, the magnetic order be-
pov ..~ comes almost completely ferromagnetic. For the same com-
ters (Ag/q=0.01) does not allow for a precise determination

of the size of the maanetic domains. The line shapes an ounds, the expectation value for the distance between
9 ' P eighboring Y sites only changes from 10 A=0.01) to

widths of structural and magnetic Bragg peaks do not Iook7 A (x=0.05), if all 3 dimensions are regarded as equiva-

any different. Only in the critical regime, close to the Curie lent, or from 25 A &=0.01) to 11 A &=0.05), if only one

temperature, the typical broadening of the magnetic reflec- . . . .
tions occurs. From the| resolution a lower limit for the ab plane is considered. The latter numbers are appropriate, if

diameter of typical domains of about 300 A can be estl_the magnetic |r.1te.ract|on favoring antiferromagnetism is
mated much stronger within onab plane than between two planes.
) . . The crystal structure qualitatively favors this assumption. In
All compounds wih a Y contentx=0.20 are Ising ferro- : . )
. . . S TbNIAl Tb-Ni layers and Ni-Al layers alternate along the
magnets. In neutron diffraction experiments no indication for,

a return to an antiferromagnetic order could be found. Thehexagonab axis. The closest Th-Tb distance actually occurs

ordering temperature  decreases tdc=14 K in within the ab plane d=3.6 A). The presence of Ni makes
c_ _ . . . . . ._
Tho oY o sNiAl. The ordered Tb moment also decreasesthe 5d-3d hybridization in the samab plane possible. Fi

. X : _ _ nally, the number of nearest neighbors in cae plane is
i“gh;% for Tho.20Y0.eNIAl @t T=2 K we found pu=(7.3 higher than between two planes, suggesting that the Tb-Tb
— . B .

coupling within one plane is much stronger than between
different planes. However, antiferromagnetic ordering of
pure TbNiAl requires all three dimensions to be stable. Oth-
IV. DISCUSSION erwise the magnetic propagation vector would gradually

The magnetic order in intermetallic compounds with lo- change from k(lafm): 222) via K®M=(003) or k™
calized 4 moments originates from the Ruderman-Kittel- = 330) tok™=(000).
Kasuya-Yosida RKKY) interaction?®=32 This was first pro- The experimental results reported here are similar to those
posed for the indirect exchange coupling of nuclear spinspbtained earliéf for the system TbNi ,CuAl. In both
but later also applied to rare earth metiisdisordered cases, the impurities introduced into the syst@mor Cu)
systems*3® and magnetic multilayer®. According to this  sensitively affect the band structure of pure TbNIAl. Y car-
model, magnetic interaction between isolatefl ghells is ries three electrons on top of[&r] shell (4d and 5s), but
indirectly mediated by conduction electrons. The strength ofontrary to Tb, it does not havedSor 6s electrons. The
the RKKY interaction falls off ag ~2 with increasing rela- additional electron Cu carries compared to Ni is believed to
tive distance of the moments in question. It is another charfill the Ni 3d band, which results in a complete loss of long
acteristic of this coupling mechanism that the exchange corrange magnetic order in TbNi,CuAl in the range of
stant oscillates with respect to the prodisgt, wherekg is  0.60<x=<0.80%° We conclude that, if the band structure of
the Fermi wave numbefin the original model the Fermi TbNiAl is perturbed, the magnetic order suddenly changes,
surface is assumed to be sphericihe model was extended when the impurities reach a critical average density, which
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amounts to about 1% for ThiNi,CuAl and about 3% for transition regimé&3% Y, 1% Cy this effect is very small and
Th,_, Y, NiAl. additionally has different signs in both series. A&=2 K

A strong long range magnetic interaction was found inand at smalk, where the transition from antiferromagnetic to
Th,_,Y,NiAl. A rather slowly declining Curie temperature ferromagnetic order occurs, both lattice parameters decrease
at increasing Y content supports this assumption: Foith xin Tb, _,Y,NiAl, whereas in TbNj_,CuAl both lat-
Tbo 20Y 0.sNIAl we found Tc=14 K. Up to x=0.70 pure tice parameters increase with Figure 2 shows that the lat-
long range magnetic order was observed by neutron diffractice expansion is anisotropic at room temperature in
tion. There is no indication for the formation of a spin glassTbi—xYxNIAl: a increases wittx, whereas decreases at the
state, which would require competing ferro- and antiferro-same time. At a fixed stoichiometrg,decreases at decreas-
magnetic coupling. This also shows that the RKKY pictureing temperature, whereasincreases. This reflects that the
in its original form is not appropriate here: Antiferromag- interatomic forces which determine positions of the atoms in
netic order is never reestablished when the content of Cu g@quilibrium change with temperature and stoichiometry.
Y is further increased. At intermediate and large values of However, this may not be relevant for the presented investi-
there is a broad distribution of Tb-Tb distances in the systengation.
Th, _,Y,NiAl. Antiferromagnetic correlations of relevant
strength only exist for small values gf but are increasingly
replaced by ferromagnetic correlations with increasing tem-
peratures. We would like to thank M. Hoffmann, H. Schneider, and

In both series we observed a change of the lattice conTh. Charvolin for their help during various diffraction ex-
stants with stoichiometry. This gives rise to the questionperiments. Special thanks are due to W.nRieldt for the
whether the change of the mean Th-Tb distance has an inpreparation of the samples. The authors are greatly indebted
portant influence on the change of the observed magnetio K. Diederichsen for her invaluable assistance in the prepa-
ordering. This is probably not the case because in the narrowation of the manuscript.
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