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tionIn this paper the results of the magneti
 and neutron di�ra
tion measure-ments of the TbTSb2 (T=Cu, Pd) and TbTGe2 (T= Ir, Pt) are dis
ussed.These 
ompounds 
rystallize in di�erent types of 
rystal stru
ture, su
h asthe tetragonal ZrCuSi2-type (spa
e group P4/nmm) [1℄ for TbTSb2 
om-pounds and YIrGe2-type (spa
e group Immm) [2℄ for TbTGe2 
ompounds.In the �rst stru
ture the Tb atoms o

upy one site while in the se
ond theyo

upy two nonequivalent 
rystallographi
 positions. These 
ompounds areantiferromagnets with a 
ompli
ated phase situation in an ordered phase.Magneti
 sus
eptibility and magnetization data were 
olle
ted using thevibrating-sample and SQUID magnetometers. Neutron di�ra
tion patternswere obtained at the BER II rea
tor (BENSC, Hahn-Meitner Institute,Berlin). The Rietveld-type program FULLPROF [3℄ was used for pro
essingthese data. 2. TbTSb2 (T=Cu, Pd) 
ompoundsWith an in
reasing temperature the following magneti
 phases in TbCuSb2appear:� between 1.4 and 4.4K the Tb moments form a 
ollinear antiferromag-neti
 stru
ture des
ribed by the propagation ve
tor kkk = �12 ; 0; 0�,� between 4.4 and 5.8K the magneti
 ordering is sine-wave modulatedwith k = (0:4227; 0; 0),� between 5.8 K and the Néel temperature equal to 9K the magneti
order is again a 
ollinear antiferromagneti
 des
ribed by kkk = �0; 14 ; 12�.The magneti
 moment of Tb, equal at T =1.4K to 7.80(5) �B is parallelto the [110℄ dire
tion in the �rst two phases and to the [100℄ for the last one.Magneti
 peaks observed on the neutron di�ra
tion pattern of TbPdSb2taken at T =1.4K are indexed as satellite pairs (�kkk) with the propagationve
tor kkk = kybbb� + kz
� (ky = 0:772, kz = 12 ). An analysis of the mag-neti
 intensities reveals that the Tb3+ magneti
 moments are parallel to the
-axis. The magneti
 moment is given by �(r) = �0 sin(2�k � r+'0) whereamplitude �0 equals 8.61(6) �B, rrr is the position of rare earth atom and '0is the phase. Two di�erent models of the magneti
 stru
ture dependent ofthe phase '0 are possible for '0 = �4 (Fig. 1(a)) and for '0 = �2 (Fig. 1(b)).The temperature dependen
e of the magneti
 peak intensities 000� and010� (Fig. 2) gives the Néel temperature at 11K. Over a whole temperatureregion at the angles near two narrow magneti
 peaks a broad peak 
onne
tedwith the short-range order is observed. An intensity of this peak in
reaseswith an in
rease of the temperature and rea
hes a maximum above TN.
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Fig. 1. Magneti
 stru
tures of TbPdSb2 for '0 equal to �4 (a) and �2 (b).
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Fig. 2. Temperature dependen
e of the TbPdSb2 di�ra
tion patterns between 1.4and 15K. Angular range 2� = 6Æ�24Æ. The inset shows the temperature dependen
eof the magneti
 peaks 000� (M) and 010� (Æ) and the broad peaks (N).



3384 M. Kolenda et al.3. TbTGe2 (T=Pt, Ir) 
ompoundsThe temperature dependen
e of the magneti
 sus
eptibility has severalfollowing temperatures:� TN=24:2K, Tt1=11:4K and Tt2=7K for TbPtGe2 and TN=10:2Kand Tt1=9K for TbIrGe2.Neutron di�ra
tion data indi
ate that the following models of the mag-neti
 stru
tures 
an be 
onstru
ted:� in both 
ompounds below TN the Tb moments in the 4(i) sublatti
e:���1(0; 0; z), �2(0; 0; �z), �3(12 ; 12 ; 12+z) and �4(12 ; 12 ; 12�z) form 
ollinearantiferromagneti
 arrangement. The orientation of magneti
 momentsis: +���1 ����2 +���3 ����4. The Tb moment is equal to 7.5(1) �B at 15Kin TbPtGe2 and it is 5.1(2) �B at 9.4K in TbIrGe2 and parallel to theb-axis. The Tb moments in 4(h) site (0; y; 12 ; 0; �y; 12 ; 12 ; 12+y; 0; 12 ; 12�y; 0)are not ordered,� below Tt1 the magneti
 order in 4(i) sublatti
e does not 
hange whilein TbPtGe2 at the 4(h) site the Tb moments equal to 6.7(2) �Bat 8.8K form a sine-wave-modulated stru
ture with the wave ve
tork = (0:2677; 0:1312; 0:6989); they form an antiferromagneti
 arrange-ment with the orientation of magneti
 moments +���1 � ���2 � ���3 + ���4in the 
rystal unit 
ell and they lie in the b�
 plane.In TbPtGe2 below Tt2 the Tb moments lo
alized at the 4(h) site forma new sine-wave modulated stru
ture with the kkk = (0:2584; 0; 0:5895). TheTb moment equal to 9.0(2) �B at 1.5K lies in the a�b plane.In TbIrGe2 the Tb moments equal to 8.4(2) �B at 1.5K form a 
ollinearantiferromagneti
 stru
ture with the kkk = �12 ; 12 ; 0�. The Tb magneti
 mo-ments lie in the a�
 plane and have the +���1 ����2 +���3 ����4 orientation.4. Dis
ussionThe ex
hange intera
tions and Crystalline Ele
tri
 Field (CEF) are thetwo fa
tors that in�uen
e the stability of magneti
 ordering of the rare-earthmagneti
 moments in these 
ompounds. Be
ause of the large interatomi
distan
es, for example in TbTSb2 
ompounds a R�R distan
es are about�4 Å in plane and �5.5 Å between planes, the ex
hange intera
tions be-tween the lo
alized 4f ele
trons are indire
t and they are probably mediatedvia the 
ondu
tion ele
trons (RKKY model). This type of ex
hange intera
-tions favours a long-range os
illator type ordering, while magneto
rystallineanisotropy 
onne
ted with the CEF favours an uniaxial magneti
 ordering.



Magneti
 Phase Transitions in the : : : 3385The magneti
 stru
tures of TbCuSb2 indi
ate a strong magneto
rys-talline anisotropy in the basal plane [7℄. In the low temperature 
ommensu-rate and in
ommesurate phases the Tb magneti
 moment is parallel to the[110℄ dire
tion while in the high temperature phase it lies along the [100℄dire
tion.In TbPdSb2, over a wide temperature range of temperatures up to theNéel temperature a 
oexisten
e of long and short range magneti
 order isobserved. It suggests that the magneti
 ordering 
ould be similar to thatfor '0 = �2 presented in Fig. 1(b). The magneti
 moment in 
enter of thetetragonal 
ell (12 ; 12 ; 12) is frustrated and does not give a 
ontribution to thelon g range order. Su
h a frustration of the magneti
 moment is observedin the CeNi2Sn2 
ompound [4℄.An in�uen
e of the Crystal Ele
tri
 Field (CEF) is des
ribed by theHamiltonian: HCEF = B02O02 +B04O04 +B44O44 +B06O06 ;where Omn are the Stevens operators and Bmn are the CEF parameters de�nedby Hut
hings [5℄. The Bmn values determined for the tetragonal RT2Si2
ompounds indi
ate that the B02 parameter is dominant [6℄. The dire
tionof the magneti
 moment with referen
e to the tetragonal 
-axis is 
onne
tedwith the sign of the B02 parameter. The magneti
 moment is parallel to the
-axis if B02 < 0 and it is perpendi
ular to the 
-axis if the B02 > 0 [7℄. Thedetermined dire
tion of the magneti
 moment suggests the negative valueof the B02 parameter for T=Pd and positive for T=Cu. The 
hange of thedire
tion of the magneti
 moment with a 
hange of temperature observed inTbCuSb2 indi
ates an in�uen
e of higher-order terms [5℄.The di�erent orderings are observed in TbTGe2 (Pt, Ir) 
ompounds. Inboth 
ompounds the Tb moments in 4(h) and 4(i) sublatti
es order mag-neti
ally at di�erent temperatures. The 4(i) sublatti
e orders dire
tly belowthe Néel temperature.A distribution of the magneti
 moments in the 4(i) sublatti
e (see Fig. 3)indi
ates that the ex
hange �eld indu
ed by the Tb moments in 4(i) sub-latti
e 
arries over the 4(h) sublatti
e. It 
auses that the Tb moments in4(h) and 4(i) sublatti
es order in di�erent temperatures and form a di�erenttypes of stru
ture.In both sublatti
es the Tb magneti
 moments have di�erent dire
tions.In the 4(i) sublatti
e the moments are parallel to the b-axis whi
h suggeststhat the B02 parameter is negative, while in the 4(h) sublatti
e the Tb mo-ments are in the a�b plane in TbPtGe2 and in the a�
 plane in TbIrGe2 whi
hindi
ates di�erent values of the Bmn parameters for di�erent T elements.
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Fig. 3. Proje
tion of the magneti
 stru
ture of TbPtGe2 and TbIrGe2 in the tem-perature range Tt1 < T < TN.This work was supported by the European Commission under theA
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