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We report the magnetic structures of the ThR&u, system obtained by means of neutron diffraction
experiments. Symmetry analyses have been carried out forthm&gnetic site. The compounds with copper
concentrationx< 0.3 present the same magnetic structure than the extreme TbPt, which is of noncollinear
ferromagnetic type, —(F,; on the contrary, for copper concentrations€9:8<0.5, we found incommensurate
amplitude-modulated structures in which the moment modulus varies sinusoidally with a propagation vector
along theb-axis. For concentrations> 0.5, the propagation vector lies in the-plane being the structure also
amplitude-modulated. For the intermediate compound, J#Rf 3 we observe an evolution from an
amplitude-modulated incommensurate structure to a noncollinear commensurate QRg, th& remains
stable down to very low temperatures. The different kinds of magnetic ordering in the_ J@®tseries, along
which the volume remains constant, are discussed in terms of the competition between RKKY interactions and
magneto-crystalline anisotropy, and they are compared to those observed i, Coi
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I. INTRODUCTION high T superconductor¥, manganite® or strongly corre-
lated electron systent&:”

The study of substitutional metallic compounds has been One common fact appearing in substitutional series is the
a useful way to investigate continuous modifications in thechanges in the magnetic character of the compounds. For
basic magnetic interactions that are at the origin of the macexample the cubic ThCu antiferromagnetic structure evolves
roscopic magnetic propertiésg. to a ferromagnetic collinear arrangement for a large amount

In some cases, the substitution of an ion by another witlof Zn substitutions in TbCu,Zn,;'8 the GdCy_,Ga, system
smaller volume, as in Th.Y,Cu? mainly induces cell vol- presents also a similar evolutidhan “anomalous” transition
ume effects that can be considered as “chemical pressuféom antiferromagnetism to ferromagnetism has been evi-
effects.” In other cases, this substitution may produce modidenced in TbNi,CuAl (Ref. 20 and Th_,Y,NIiAl (Ref.
fications on the conduction band, affecting the electric an®l) series. In these last series, it was established that both
transport properties and the magnetic ground state of thEM and AFM order coexist in different domains of the same
compounds. The substitution compounds have provide§@Mple and the preferred type of order changes with tem-

some of the clearest examples of interesting magnetic phéerature. o
nomena. such as: The origin of such evolution is still a matter of contro-

versy and combined effects of interionic distances and band
(a) Single magnetic ground states consisting in the stastructure effects are usually invoké&#3Since in most of the
bilization of modulated structures at low tempera- cases both effects, chemical pressure and changes in the con-
tures in non-Kramers iofisor the evolution to duction band, are correlated, then an important issue would
equal moment structures in the Kramers ohes.  be to investigate in a separate way each one of these effects.
(b) The existence of incommensurate magnetic struc- In the course of a general study of pseudobinary
tures associated to Comp"cated two dimension 0[R(N|/Pt)CU Compounds, keeplng the same FeB orthorhom-
three dimensional propagation vectors, contribut-Dic structure, we have found that the FM to AFM change
ing to a larger complexity in the magnetic @Ppears always approaching the RCu limit. However, while
arrangementd’ RNi; ,Cu, presents an increase of the cell volqme of about
(c) The finding of non-Fermi liquid states as observediio/‘;f;'r\}Vm‘TeRsi%g(g%t%irgsré Lh;es\ézlué?; ’fné?)'gziggr?%am
|Sn the Uy Y,Pds (Ref. 8 or CeClg-Au (Ref. 9 that a Cu atom contributes one additional electron to the
ystems. ; . - = )
conduction band when replacing a Pt atom; by increasing the
The main problem with chemical substitutions is the in-Cu concentration in the RP{Cu, family we dispose of a
troduction of intrinsic structural disorder in the compounds,good candidate to analyze, independently of volume effects,
which sometimes gives rise to inhomogeneities deriving inpure electronic effectechange of the number of conduction
phase segregatiod$, cluster glassé$'? or spin glass electrong in their magnetic behavior.
phaseg? These inhomogeneities can be intrinsic and have Recently we have published a large report on the prepa-
been detected in many of the current interesting materials astion, thermal treatments and magnetic properties of the
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180 T T T T 7180 furnace under Ar atmosphere and then subjected to thermal
[ TbRt Cu . ] treatments at 750 °C, as it is reported elsewRens:ray
sk e : / — oo diffraction and SEM analysis determined that all of them

[ were single-phase.

For the neutron diffraction experiments, we crushed the
samples into fine powder; in order to release the stress, the
powder was sealed in an evacuated quartz ampoule and sub-
sequently annealed again at 750 °C for 2 days.

] Neutron diffraction experiments were performed both on
130 G4.1(Laboratoire Léon Brillouin, Frangeand D1B(Institut

. L . . ] Laue-Langevin, Frangeusing wavelengths of 2.427 A and
2.2 0 0.2 04 06 08 2.524 A, respectively. Both diffractometers span an angular
range of 80°(26 mainly from 2° to 82}, having position

FIG. 1. Cell volume at 300 K and ordering temperatures of thesensitive detectors of 800 and 400 channels, respectively.

compounds TbRt,Cu, and TbNi_,Cu,. Vertical marks indicate the  Difffaction patterns were collected every 2K from
region for which the change FM-AFM occurs. 1.5 to 60 K, and the analysis was performed by the Rietveld
refinement method, using the prograw_LPROF?” In order
. . to solve the magnetic structures, symmetry analyses have
5 ’
TbPt_.Cu, series®® After annealing, homogeneous and heen performed by using the progr IREPS27

single crystallographic phases have been obtained, as .
showed by x ray, neutrons and SEM studies. The change The crystalline structures of the compounds b,

from FM to AFM occurs in the TbRECuys compound Wwere determined by x-ray diffractiof800 K) and it was de-
! .3

where the AFM structure established at 36.9 K evolves to %rc;s,t?;ﬁizlg i?]ettﬁg Eége:)'rtﬁgfhﬁlrlngi]f S‘i?ﬂf&;ﬁ?ﬁazﬁgid
ferromagnetic ordering taking place at 23.1 K and it remains roup. The TB* ions lie in 4 sites and the Cu/Pt atoms are

stable down to low temperatures. From magnetization an domlv distributed in oth N 3
susceptibility measurements, it was deduced that the AFNiANdOMly distributed in otheraisite: (x, 3, 2), (=X, 3, ~2),

3 1 1 1 1 . .
order should be complex, probably with an incommensuratéz =% 4 2 *2), and(3+x, 3, 3—2), with different values ok
propagation vector. and z parameters. These parameters were refined by the Ri-

In this article, we present a complete study of the magStveld least-squares method using the programPROF. It
netic structures of the polycrystaline samples of the'S worth ment|on|ng_that the cell volum_e remains n_early con-
TbPt_Cu, family according to a precise symmetry sta.nt('AV.<'0.1%) WIFh thg Pt/Cu substitutions, WhICh Iead§
analysis® A comparison with the magnetic studies of the t0 insignificant modlf_lcatlons of the nearest neighbors’ dis-
TbNi,_,Cu, series will be very useful in order to understand tances along the series. _
the physical reasons underlying the complex magnetic be- Later analysis at 60 K(paramagnetic stateand 1.5 K
havior of these materials. The neutron diffraction techniqudfom neutron diffraction data obtained at the instrument D1B
turns out to be an indispensable tool to study the balancELL. France with A=2.52 A, confirmed the stability of the
between the anisotropy effects and the exchange interactioRnmaorthorhombic type structure at these low temperatures.
thus contributing to enlighten some of the tasks described e refined parameters at 60 K are reported in Table I. These
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above. estimated lattice parameters are slightly smaller than those
obtained at 300 K by means of x-ray diffraction, although as
Il. CRYSTALLOGRAPHY AND PREVIOUS MAGNETIC it occurs at 300 K the volume remains mostly constant with
CHARACTERIZATION the Pt/Cu substitution. As it can be observed in Table I, this

invariance is due to the small increase in paramatavhile
Polycrystalline samples of TbPR{Cu, compounds with parameterd andc decrease. The temperature dependence of
x=0, 0.1, 0.2, 0.3, 0.4, and 0.6 were prepared in an arcthe cell volume along the series is displayed in Fig. 2, in

TABLE I. Cell parameters and atomic positions in the crystallographic cell refined from the neutron diffraction diagrams at 60 K for the
annealed compounds of TRBICu,.

At. Pos. TH* At. Pos. Pt/Cu

X aA) b (A) cA) V (A3) X z X z Reragg

0.2 7.00243) 4.48232) 5.52932) 173.55 0.1801) 0.1372) 0.0381) 0.6502) 6.3%
0.3 7.02046) 4.47894) 5.52585) 173.74 0.17€L) 0.14%1) 0.0381) 0.6472) 6.8%
0.4 7.03874) 4.46754) 5.51353) 173.37 0.166L) 0.1492) 0.0351) 0.6412) 8.2%
0.5 7.073%4) 4.45983) 5.50023) 173.51 0.186L) 0.1511) 0.0331) 0.6531) 7.2%
0.6 7.082%4) 4.45973) 5.48533) 173.26 0.177) 0.14%1) 0.0311) 0.6312) 6.5%
0.7 7.09902) 4.45879) 5.47961) 173.44 0.17€1) 0.1351) 0.0361) 0.64Q2) 6.1%
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FIG. 2. Cell volume of the annealed ThBLCu, compounds at IIl. MAGNETIC STRUCTURES

300 (x ray), 60 and 1.5 K.
A. Ferromagnetic TbPt;_,Cu, compounds(x<0.3)

Upon cooling, a transition from the paramagnetic to an
which we present the results obtained at 30Qxkays, 60  ordered state is clearly detected in the neutron diffraction
and 1.5 K(neutron diffraction. The relative volume varia- patterns. Below a certain temperat#d K for ToPf {Cuy »
tion between 300 and 1.5 K\V/V, was estimated to be 6 and 56 K for ThP}, due to the magnetic ordering, some ad-
X 1073, very similar to the values obtained for other rareditional diffraction peaks, which are forbidden by the sym-
earth intermetallicg® metry rules of thePnmastructure, are observed in the neu-

The magnetic characterization of the series has been réron patterns simultaneously with an increase of the intensity
cently reported® and it is summarized in Fig. 3, where it is of the nuclear reflections. All the magnetic peaks can be
presented the magnetic susceptibili/ H versus tempera- indexed with integral numbers in the primitive orthorhombic
ture curves of the diluted compounds under a constant agell so that the propagation vector ks=(0,0,0 and the
plied magnetic field of 2 kOe. This figure illustrates the ex-group of the propagation vector coincides with the full space
istence of two different magnetic behaviors: the compoundgroup Pnma As commented above, the Tbmagnetic ions
with copper concentration< 0.2 show a clear ferromagnetic in the crystallographic lattice lie inofsites. For this Wyckoff
character, while those witk>0.3 present an antiferromag- position, the eight one-dimensional irreducible representa-
netic behavior. The limit compounck=0.3) shows an anti- tions of the propagation vector space grdq@ =Pnmg are
ferromagnetic peak in its susceptibility and, at a lower tem-given in Table Il, together with the corresponding basis func-
perature, it displays a ferromagnetic signal. This fact is dudions. The numbering of magnetic atorfsublattice$ of the
to a phase transition from one to the other kind of magnetic site in a primitive cell are given in the following order
behavior induced by lowering the temperature. The details ot:(x,3,2, 2:(1-x,3,1-2, 3:3-x,2,3+2, and 4(;
this magnetic phase transition will be examined along therx,,2-2). For the basis functions we use the symbols
next section. A(+——+), C(++—-), G(+—+—), and K+ +++) corre-

TABLE II. Irreducible representations of the propagation vector groupkfef0,0,0 in Pnma (Gy
=Pnma and basis functions for axial vectors bound to the Wyckoff diteordered in the following way:
1(x,3,2, 201-x,2,1-2), 3(3-x,2,2+2), and 43+x,5,3-2). The global magnetic representatibg, de-
composes ad’ =" @2l 20 e 's® 2@ 2T, @ I'g, so the total number of basis function for each
representation is either one or two.

Basis functions for

1 245 2y 21x -1 a m n site4c
Iy 1 1 1 1 1 1 1 1 (0,Cy,0
r, 1 1 1 1 -1 -1 -1 -1 (A,0,G)
I's 1 1 -1 -1 1 1 -1 -1 (C,0,F»
Iy, 1 1 -1 -1 -1 -1 1 1 (0,A),0)
s 1 -1 1 -1 1 -1 1 -1 (0,Fy,0)
I's 1 -1 1 -1 -1 1 -1 1 (G,0,A)
I, 1 -1 -1 1 1 -1 -1 1 (F,,0,C)
I's 1 -1 -1 1 -1 1 1 -1 (0,G,,0
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TABLE Ill. Magnetic structures of the annealed compounds of the series, TRt obtained at 1.5 K, given in spherical coordinates:

6 is the angle with thex-axis ande is the angle with thez-axis; ¢ is the phase due to the modulation in the atomé—z,:—;ll,—z) and
3:(3-x,-3,3+2.
X M Rg
(Cu) T (K) Structure k Type (ug) 0 @ b (%)
0 56 FM non- (000 -CxFz 8.3 180° 39° 0 7
collinear
0.2 <47.6 FM non- (000 -CxFz 8.6 180° 50.2° 0 3.2
collinear
0.3 <30 FM non- (000 —CxFz 7.28 180° 47.8° 0 55
collinear
21-39 AM (00.170 CxGyFz 5.18 167° 145° 30.8° 54
0.4 =36 AM (00.230 CxGyFz 9 6.1° 136° 41.6° 3
0.5 ? |k|=0.29
0.6 =37 AM (0.1500.23 (xy2 7.6 0° 102° 90° 10
0.7 ? |k|=0.25

sponding to the well known Bertaut's notatiotf<zinally, the ~ second set of reflections, indexed witk(0,0,0, emerges.
representationky, I'y, I's, andI'g are associated with collin- Below 20 K only the reflections of the second set, which are
ear magnetic structures along thieaxis, whilel',, I's, I's,  similar to those appearing in the ferromagnetic compounds,
andI'; correspond to noncollinear orderings within the planeare observed.
(x 2, which is the mirror plane associated to thesite. In Fig. 7 we show the thermal dependence of the inte-
The best agreement between the calculated and the olgrated magnetic peak intensity of ti@ 0 0+k=(0 £50)
served neutron diffraction pattethelow Tc) is obtained for  reflection, together with the commensuréed 1) one. From
the magnetic structure described by the representdtion the figure one can see that the ordering temperatures corre-
The refined structure corresponds to a noncollinear modajpond toTy=39 K and T.=30 K, respectively. The solid
—-C,F,, in which all the magnetic ions in the unit cell presentlines are guides to the eyes, and the intensities have been
ferromagnetic ordering along ttzeaxis, the moments having normalized. It can be observed that both structures coexist in
antiferromagnetic components along thexis. At 1.5 K, the  the temperature range 30T >21 K.
refined values of the magnetic moments oscillate around In order to determine the magnetic structure of thé*Tb
8.25 ug, slightly reduced below the expected value of thespins in the site @ of the Pnmaunit cell in the incommen-
free ion of TB* of u=0;Jus=9 ue. This small reduction is  surate region withk=(0,8,0), a symmetry analysis has been
quite common in the intermetallic rare-earth compounds, aperformed using the programasiRePs?’ It provides four
for example in TbNj (x=8.3 ug),** and is certainly due to one-dimensional irreducible representations. The complete
the crystal electric field effects. The angle with thexis  set of results, representations plus basis functions are gath-
increases with the Cu content, thus, the antiferromagnetiered in Table IV. In this case, the best refinement corre-
component increases along the series. All the refined valuesponds strictly to the representatidﬂﬁ. The least-squares
of free parameters are given in Table Ill. As an example, the

plot corresponding to the refinement of the patterns recorded LI LU
at 60 and 1.5 K for TbRB#Cuy» is shown in Fig. 4. - ]
In Fig. 5, we show a scheme of the magnetic structure of
the family TbP{,Cu, for x<0.3. The magnetic ordering - LEJK 1. ]
coincides with the magnetic structure determined by Castets 'ﬁ
et al3! for the binary ThPt compound. g i . ]
g
B. The intermediate compound TbPt /Cug 3 g 1 ]
. 15K 4
In Fig. 6, we present the thermodiffractogram of the com- L __a_
pound TbPR§Cuy 3 measured at D1B between 60 and 1.5 K N B B I A A
in steps of 2 K. Below 39 K, the neutron diffraction patterns T T
contain many additional reflections relative to those observed 10 20 30 40 S0 60 70 80
in the paramagnetic regime. The low-angle intense peak and 26 (deg)

other additional reflections can be indexed with a propaga-
tion vectork=(0,4,0), ~0.17, corresponding to an incom-  F|G. 4. Neutron diffraction diagrams of the compound

mensurate magnetic structure. This set of peaks progresbPy Cu,, at 60 and 1.5 K. The vertical marks correspond to the
sively disappears when the temperature is lowered whereasBaagg positions for the phase indicated in the figure.
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% 1 .‘ { ”‘ ”‘1 ‘ 4\ 4 FIG. 5. (Color onling Magnetic structure of
(/4 [{ .‘U \ 1 ‘m w w\ TbPt_,Cu, with x<0.3 of type ~XFz.

Rietveld analysis using theuLLPROF program revealed that additional integral breadth of thie# 0 reflections, is 86.3
the TB* ions order as a longitudinal sinusoidally modulated x 10~* with an anisotropy of 47.8& 107“. Along the direction
structure along they-axis with the magnetic moments ar- [010] the strain value is 158 10 and the reflectionénOl)
ranged like(C,,G,,F,). This is the same mode as the com- have no strain. Thus, the unusual huge reduction of the mag-
mensurate structure within thx&plane. The amplitude of the netic moment is no longer due uniquely to the crystal electric
magnetic moments at 33 K is 5.18. This and other de- field and could also be associated with such reminiscence
rived parameters are all listed in Table Ill. In Fig. 8, we showphenomenon. Similarly, an important reduction of the mag-
the magnetic incommensurate structure refined for this competic moment of Th was found in the antiferromagnetic
pound at high temperatures, the sine wave represented byTdMn,D, («=4.8 ug), although in this case it was attrib-
solid line. uted to a diffuse scattering due to the partial disorder of the
Below 30 K, the magnetic structure of TRREC, 5is fer-  Th moments?2
romagnetic noncollinear, df-C,,0,F,) type, similar to that
described above for the compounds with lower Cu content. ] )
At 1.5 K, the refined value for the magnetic moment of‘Tb C. The antiferromagnetic compound TbPp¢Cug 4
is 7.28 ug, which is smaller than the value determined for ~ The main feature for the neutron diffraction diagrams of
the previous ferromagnetic compoun@s25 ug). The angle  TbPt (Cu, , below Ty=36 K is the existence of a huge mag-
with the z-axis is 132.5°, thus the ferromagnetic componentnetic peak at 7° associated to a few weak reflections at higher
decreasing withx just as it happened with the compounds angles, which can be indexed with a propagation vektor
x<<0.3. In Table Ill, we have reported all the refined param-=(0,0.23,0, nearly equal to the one observed in
eters corresponding to this commensurate structure. In thisbPt, ,Cu, 5 at high temperature. However, in contrast to this
region, we have observed an anisotropic strain broadening ¢st case, in the TbpPtCu, , compound the same pattern is
those peaks with indexe@ k I), k# 0. This phenomenon observed in the whole temperature range.
along they-axis could be owed to some reminiscence of the In Fig. 9, we show the powder diffraction diagram of
high-temperature incommensurate structure that varies sindbPt (Cu 4 at 1.5 K along with its refinement by means of
soidally along that direction. The situation can then be deleast-square method. The symmetry analysis performed for
scribed like if there were defects in the structure so thathe x=0.3 compound in its incommensurate phase is also
magnetic moment inversiongC,,0,-F), or other more valid for this cas&see Table V. In this case, the best agree-
complicated kind of defects occur mostly along .0 ment between the model and the experimental magnetic in-
direction. The averaged maximum strain, deduced from théensities is obtained also for the single representaﬂ@n

40000 L e LI I i i e e e e e

32000

28000

0 :
S 24000 =
2 E
| 20000 3 FIG. 6. Thermodiffractogram of the com-
E w0 E pound TbP§ Cu, 3 for temperatures between 1.5
'%‘ E and 60 K.
< 12000 =
S E

000 |

wn F

a = -
4} 10 20 30 40 0 L] 70 &0 S0 100
26 (deg)
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12 7 ] independent from the symmetry point of view, except that for
7 ; 3 o* ] each Tb atom the components of the magnetic moments
5_ : should be either perpendicular or within the plarez). An
i o8 | appealing result in terms of Monte Carlo analysis at 1.5 K is
; : that the refinements improve considerably when we restrict
g 0.6 [ the maximum value of the moments to be equal, with a value
. ! of 7.6 ug, and the structure is amplitude modulated, all the
3 04 [ calculated parameters being reported in Table Ill. We have
g. oz | refined the magnetic structure constraining all moment am-
k| N plitudes to be the same and the vectors within tRez)
ok plane. The refinement of the experimental pattern at 1.5 K in
0 10 20 r® 30 40 50 terms of this tentative structure is displayed in Fig. 10.
FIG. 7. Thermal dependence of tt@ 0 0)* and (0 O 1) reflec- E. The antiferromagnetic compounds ThP} sCug s and
tions corresponding to the incommensurate and ferromagnetic non- TbPtg sCug 7

collinear —-CGFz structures, respectively, of the compound
TbP4 /Cuy 3 The vertical lines correspond to the ordering tempera—-l-
tures of each magnetic phase.

The antiferromagnetic compounds ThpEW s and
bPt -Cu, 7 have been also analyzed by means of neutron
diffraction. Unfortunately, the homogenization thermal pro-
cess in these cases was not totally complétetus provid-
corresponding to a mod€C,, Gy, F,). The maximum value ing the diagrams several magnetic contributions due to phase
ofthe ordered magnetic moment at the lowest temperature isegregation. Nevertheless, the signal at low angles is very

9 ug, very close to the expected value for the free ion.  clear and should be owed to a unique antiferromagnetic in-
commensurate structure for which the modulus of its propa-
D. The antiferromagnetic compound TbP} Cug gation vector/k| can be calculated, as shown in Table Il

Below 37 K, the neutron diffraction diagrams of
TbPt ,Cuy ¢ contain a new set of reflections of magnetic ori-
gin characterized by a strong line at low angles, which are
incommensurate with the nuclear cell. The propagation vec- Two compositions of the isomorphous TRNICu, series
tor that indexes these new peakskis(0.15,0,0.23, being  have been selected in order to precisely determine their mag-
the unique magnetic transition in the whole temperaturenetic structures as a comparison to the Pt-based ones; in par-
range. In this case, from mere symmetry considerations oticular, we have synthesized TRNCu, ; and ThNj Cug 4
the Pnmastructure with a propagation vector in the planesamples, ferro- and antiferromagnetic, respectively. The
(x,2), the relative values and orientations of the magneticanalysis of the diffraction diagrams using the Rietveld
moments are no longer predetermined. All Tb atoms becommethod and the group theory for both commensurate and

F. The ferromagnetic TbNiy /Cug 3 and antiferromagnetic
TbNi( ¢Cug 4 cOmpounds

TABLE IV. Irreducible representations of the propagation vector grouf f0(0, 5, 0) in Pnma(G,=Pn2a) and basis functions for axial
vectors bound to the Wyckoff sitdc ordered in the following way: (k,%,2), 2(1-x,2,1-2), 33-x,3,2+2), and 43+x,3,2-2). Al
representations are one-dimensional. The global magnetic represehigtimeomposes ai‘.m:BF'{eB 3F|§69 31“5@ BFZ, so the total number
of basis function for each representation is three. We have used the natatexp(i7d) and £é=a* =exp(=imd).

Basis functions for sitéc

Bertaut

1 2y a n Thl Th2 Th3 Th4 notation
I’ii 1 o 1 o 1,0,0 (£, 0,0 (£,0,0 (-1,0,0 Gy
0,10 (0,¢£0 (0,-§0 (0,-1,0 Cy
0,0, (0,0,9 (0,0, (0,0, A,
FE 1 a -1 -« 1,0,0 (£ 0,0 (£ 0,0 (1,0,0 Ay
0,10 (0,40 (0,40 (0,1,0 Fy
0,0, (0,0,9 (0,0,9 (0,0,-9 G,
& 1 -a 1 ~a 1,0,0 (£0,0 (-£,0,0 (-1,0,0 Cx
0,10 (0,-¢0 (0,40 (0,-1,0 Gy
0,0, (0,0,9 (0,0,9 (0,0,9 F,
X 1 -a -1 a 1,0,0 (¢,0,0 (¢£,0,0 1,0,0 Fy
(0, 1, Q (0! _gr 0) (O! _f, O) (01 1, Q Ay
(01 Ov 1) (O! 01 g) (01 0,_§) (Ov O! _:D CZ
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f n
NG g ?‘: f+ %‘ 4 & FIG. 8. (Color onling Incommensurate mag-
/’_//", | 4 lf“ v Yo a’ i a, i o netic structure of the annealed THREUy 3 com-
yrea{>r2ae & [f~ o, & v V o pound at 33 K.
& - V \‘1( y“ (v @

incommensurate structures has reproduced with good fidelitgnd the angles with the-axis, which in this case favor the
previous results obtained from the analysis of the integratedntiferromagnetic component of the moments. All of them
intensities?* although some slight modifications in the in- can be interpreted as mere details and could be owed to little
commensurate structure far=0.4 were found. stoichiometric differences, which are within the experimental
For TbNp Cuy 3 the statements described for TbPt in error.
Sec. Il A are still valid and thus we can assume the eight
one-dimensional irreducible representations of thema
space group andd=(0,0,0 given in Table IlI. In this case, IV. DISCUSSION

among all the allowed modes, the best agreement between Tne refined magnetic structures of the ThREu, ortho-

the calculated and the observed neutron diffraction patterng,ompic Pnmacompounds agree with the evolution of their
(belowTc) is obtained for the representatidh, providing a  5croscopic magnetic propert®@sThe increment of Cu
noncollinear structure &, for which all the magnetic mo- ¢, tent in the samples gives rise to complex magnetic struc-
ments are aligned ferromagnetically along #&xis and an- v, .eq " \which have been determined by symmetry analysis.
tlferrom_agneucally qlong. At 1.'5.K’ the refined value.of the Regarding the usefulness of the group theory for structure
magnetic moment is 8.Ae, S|m|Iar_ to tho'se.foundom the calculations, for our substitutional compounds symmetries
Pt-based series, and the angle with #axis is ~33°. The ;.0 1ot perfectly well established and so the magnetic order-
refined values are all listed in Table I1. ings correspond to mixtures of irreducible representations,

Below t_lf_lg N%el temperaturng=39.4 K, the ar}tiferro- which complicate the magnetic structure determination. For
magnetic TbNj¢Clp4 compound presents a set of New re-y,q greater Cu contents, the determination of the magnetic

flections characterized by a huge peak at low angles that ¢ ructures is especially difficult, since for the propagation

be indexed with a propagation vector(0,0.15,0 and re- a0 found the group theory does not impose restrictions
mains stable down to 1.5 K. Symmetry analysis in terms of e disposition of the moments.

the group theory for a propagation veckork, is reported in Ferromagnetic noncollinear structures are very common

Table IV. In this case, the best agreement between the caly orthorhombic pseudobinary compounds as a result of the
culated and the experimental magnetic intensities is Obtame&’ompetition between the exchange RKKY interactions and

for representatior’; providing KC, orderings, as for the (e strong magnetocrystalline anisotropy. In these structures,
previous ferromagnetic compound. The maximum value ofne anisotropy divides the rare earth ions into two sublattices
the modulated magnetic moment at the lowest temperature (i, gifferent magnetization directions in the,2) plane.

7.4 pg and the angle with the-axis is —-51°. .The structures determined in the present case, which are of

Differences found respect to the structures described in F. tvpe. coincide with that previouslv found in Tht
Ref. 24 slightly affect the values of the ordering temperatures CF2 ype, P y '
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FIG. 9. Neutron diffraction diagram of the compound FIG. 10. Neutron diffraction diagram of the compound
TbP Cug 4 at 1.5 K. The two sets of vertical marks correspond to TbP{ ,Cuy g at 1.5 K. The two sets of vertical marks correspond to
the Bragg positions for the nuclear and incommensurate phaset)e Bragg positions for the nuclear and incommensurate phases,
respectively. The scale in the region 10°-80° has been incrementedspectively. The scale in the region 12°-80° has been incremented
in a factor 3. in a factor 3.
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However, the magnetic structures of ThREuU, compounds the evolution of the conduction band by Cu introduction fa-
are different from those of TbNi,Cu,,?* since the directions vors a modulated structure, it can remain stable down to 0 K.
of the ferromagnetic components are not the same: itis along It is clear from the present results that the value of the
z-axis in the Pt-compounds and alorgxis in the Ni-ones. propagation vectok is highly dependent on the composition
Castetset al 3! propose that these differences are based in then the antiferromagnetic compounds. This means that the
variation of the surroundings of the ion owed to the biggerFourier transform of the magnetic interactiod$k), could
atomic volume of Pt; consequently, the quadrupole of theeach its minimum for different values &f out of the sym-
neighboring atoms is modified. Due to this fact, /3 metry points in thé-space. Modifications in the morphology
ratio between second-order parameters of the crystal fielgf the Fermi surface, very sensitive to electronic changes, are
which provides the quadrupole directions of the vicinity, arecertainly related to the existence of differdavalues. This

on either side of the /2 value, and so, the direction of the gjyation is reminiscent of the nesting efféttsometimes
ferromagnetic components must be different for RNi and RP,oked as the cause of the existence of complex magnetic
compounds. In particular, they established that foffons, — gictires. An important issue revealed from this biunivocal

in which a,<0 (a; is the ionic guadrupole, acting on the relation between the propagation vector and composition,

dominant second-order term of the crystal field Hamil- . . .
tonian, the direction of the ferromagnetic component is par_yvas useful to determine the coexistence of different phases

allel to a in RNi compounds and parallel toin RPt com- n t_lr_‘ﬁ ?)S r(]]ue_nchefolhpr_er:aratlczjr_lstof the se??eg.
pounds, which coincides exactly with our results. _ The behavior of the intermediate compound TPy 3

The progressive increase of the number of conductiorg extremely interesting in which we observe an evolution
electrons contributed by Cu favors the negative exchangB0m an incommensurate amplltude—modulated structure, im-
interactions and the structures become complex: the Fouriépediately below the ordering temperature, to a ferromag-
transform of the exchange integral, which is dependent of th@etic noncollinear one that remains stable down to low tem-
polarization of conduction electrons, becomes maximal foPeratures. It is difficult to ascertain the origin of this
k;&o and SO the magnetic per|0d|c|ty iS now incommensupeha\/.ior. HOWeVer, in this limit Compouﬂd, S“ght modifica-
rate with the nuclear unit cell. Incommmensurate magneti¢ions in the cell volume when decreasing the temperature,
phases are widely observed in rare earth intermetallics: the§ould increase tha(Eg), inducing a ferromagnetic behavior.
occur as a result of competing long range interactions peln addition, crystal electric field modifications with tempera-
tween the localized #moments via the polarization of the ture could not be discarded and could give rise to a mix of
conduction band and the influence of the crystalline fieldthe two first low lying singlet levels in all the Pbions, thus
induced anisotropy and small quadrupole-quadrupoldR ions behaving as effective Kramers ions, as could occur in
interactions’® The exchange interactions in rare earth inter-the higher Pt content compounds.
metallic compounds are indirect and of RKKY type, medi- From the presented results, we can confirm that the AF
ated by the polarization of the conduction electrons, the rabehavior with complex incommensurated structures is fa-
dial extent of the rare earthf4shells being too small for Vvored by the increasing Cu content, as in other similar series
direct interactions. Due to the low symmetry of rare earth(NiCu, etc). However, in these cases, this evolution might
site it is likely that crystal field effects become of importancenot be attributed to changes in the interatomic distances. This
and may introduce an important anisotropy and strongly fixstudy clearly demonstrate that the main parameter driving
the moment direction. this change is related to electronic effe¢®:modification in

In the present series, the appearance of modulated struthe Fermi surfacgbiunivocal relation between propagation
tures for concentrations=0.3 confirms the existence of a Vvector and composition(b) modifications of the density of
strong anisotropy in these ThB{Cu, compounds: the mag- States in the Fermi level(Eg); a large value of this number
netocrystalline anisotropy imposes the orientation of thgfavors a ferromagnetic behavior, as seems to be the case in
magnetic moments, although their amplitudes are sinusoithe intermediate compounds at low temperatures, confirming
dally modulated along thé& directions. In this sense, the the suggestions of Ref. 23, where the rolen¢kg) is dis-
moment directions in the series mainly remain in thez)  cussed as well as band calculations on Cu based systems.
plane, although an additional component along yhaxis
becomes appreciable. In the isomorphous GdBliy ¢ with
negligible magnetocrystalline anisotroply=0), the incom- In the TbP;_,Cu, compounds, thé®nma orthorhombic
mensurate structure is helimagnetc;(0,0,0.29, and the  structure remains stable for<0.7, with negligible modifi-
moments are able to rotate in they) plane when we move cations of the interionic distances. Fox 0.3, the magnetic
along thez-axis* structures are ferromagnetic noncollinear, ofxFZtype. For

In addition, all the incommensurate structures in thex> 0.4, the magnetic structures are antiferromagnetic incom-
TbPt_,Cu, and TbNj_,Cu, series stabilize until very low mensurate, with a modulated moment amplitude. In the in-
temperatures, which is only possible due to the non-Kramergermediate TbRtCuy 3 compound, the balance between FM
character of the TH ion:*® the R ion in low symmetry sites and AFM interactions is critical, and the incommensurate
could have a single ground state; thus, in order to induce atructure evolves towards the ferromagnetic one by decreas-
magnetic moment on a non-Kramers ion, the field acting onng the temperature. Symmetry analysis has been needed to
it has to mix the two first low lying singlet levels. In such a determine these complex magnetic structures, which emerge
case, the magnetic moments can have any value belgw)  due to the competition of the RKKY interaction and the
without increasing the entropy of the system, so that wherstrong magnetocrystalline anisotropy.

V. CONCLUSIONS
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