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MAG!-!E'I'l C 5 WHJCf UilE�1 OF' R.'\�E EARTH COMPOUN[.S 

A nd rze j S zytula 

Inst itute of Phys ics ,, Jae;ellonian University , Kr·akow, Poland 

In re.view ma51:.etic structures of two gro�ps of. rare earth com­
pounds i .e .  lritermetallics of RT2X�-type and high Tc-superconductor: 
are discussed.  In RT2X2 cor.1pounds a number of different magnetic 
ordering types of the rare earth sublattice is observed o The tran­
sitior. metal sublattice orders only in the case of I'ln. In high 
·r c-suporconductors magnetic mcments of Cu atoms order magnetically
at high temporetures and an antiferromagnetic ordering in rare 
earth sublattices is observed at low temperatures .  For both groups 
of compounds the observed magnetic structur&s are discussed in termE 
of exchange interactions and crystalline fields effects . 

1 . INTRODUCTION 

Relation between magnetism and superconductivity has been a 
matter of considerable interest for many years . In ternary magnetic 
superconductors such as ErRh4B4 and HoMo6s8 magnetic· and supercon­
ducting electrons occupy separate  sublattices . Hence there is only 
a weak coupling between those two cooperative e.ffects / 1 / .  

In this review properties connected with magnetism and super­
conductivity in two groups of rare earth compounds ,  namely inter­
metallics of RT2x2 type /R- rare earth, T - transition metal,
X:::S i 1 Ge/ and high Tc superconduct-ors : La2_xTxeuo4 /TaBa1Sr/ and 
RBa2cu3o7_x, are reported . In both groups of compounds the rare 
earth atoms and the transition metal ones occupy two dif.ferent 
crystal sites o 
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2 � INTERMETALLIC RT 2x2 CONPOUND;,

During rece�t years , intermetallic compounds prepared on the 
basis of 4f-electron elements have been a subject for intensive 
studies because of their intriguing physical properties. Among the 
in compounds of general fornrula RT2X2 are particularly numerous and 
interesting. 

Most of RT�2 compounds crvstallize in the body-cent�red tetra­
gonal structure of ThCr2Si2-type /spa ce group 14/mmm/ /2/. This 
type of crystal structure c onsists of tetrahedra bui ld up of X 
atoms with a transition metal inside. Its atom.le framework can be 
alternattvely visualised as the following scquenc� of monoatomic 
planes : 

R - X - T - X - R - X • T - X - R .  
The un.it eel] of ThCr2s12 type is shown i n  Fig. 1 .

A ccording to. the authors best knowledge, mag­
netic properties , including magnPtic structure of 
more · than 1 00 rare earth compounds of the ThCr2s 12 
type structure have been examined . Magneti c  data 
concerning these compounds are collected in /3/. 

Neutron diffraction data indicate that the rare 
earth sublattices exhibit . a large variety of or­
dering schemes /see Fi g. 2/:  
1. collinear ferromagnet ism /F/ was found in

Tb�X2 and Er�X2 /X:Si ,Ge/, 
2 .. four types of collinear anliferromagnetic

structures : 
ORE oT e X  

- type AFI with the wave vector k=/0, 0, 1 /  was Fir,. 1 
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observed in RCo2x2 /R=Pr_-Tm/ f RRh2s12 and RR�Gc2 /R=Nd�l'm/,
Tbir2s12, PrC�X2 and CeAu2s12, 

- type AFII with k=/o, o, �/ was found in Nd I•'c2�a2, NdFc2c;c2 , 
PrFe2Ge2 and ErF�S12, 

- type AFIII described by if=ll,!, o/ l :; ad optl>d. by 'l'bN12!..i 12 '
CeR�Si2 and CePd2Si2 , 



- type AFIV with k=/J , oJ/ is
exhibited by RCu2X2 /RcTb-Er/ . 

3 . a number of different non�col­
linear structures was also  
discovered : 
- cosinusoidally modulated lon­

gitudinal spin wave l.SW I ?ro7
pagating along the c-exis was 
found in PrCo2Ge2 , HoNi2Gc2 und 
PrNi2Si2 , 

- cosinusoidally modulated longi­
tudinal spin wave l.SW II propa­
gating along the a axis operates 
in RRu2S i2 /RQTb-Er/, TbRu2Ge2 , 
ROs2Si2 /R=Tb, Ho,Er/ and CeAg2Si2 • 
In the case of TbRu2Si2 and 
TbRu2Ge2 at low temperatures this 
type of magnetic structure trans­
forms to the square modulated 
phase o  

LSW IY 

Fig. 2 

- Ndnu2s 12 and NdRu2ae2 have complex magnetic structures . Below
T=10 K they are ferromagnetic with the moments parallel to  
c-axis . Above T=1 0 K NdRu2s12 has a cosinusoidally modulated 
longitudinal spin wave, LSW III propagating along the [1 11] 
direction. A squaring of the magnetic structure is observed 
below T=1 5 K,  

- LSW IV  is  incommensurate structure with two component wave
vectors °it=/kx,O,kz/ occurs in TbFe2s12 , HbFe2s 12, TbPdz312, 
HoPd2Si2 and TbPd2Ge2 • 
Since the interatomic distances between two R atoms are·

always about o.4 nm in the basal plane and about o.6 nm along c-axis, 
the assumption of the Heisenberg type interaction is not justified. 
The models involvi:lg indirect coupling are usaally adopted to 
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explain the stabilitv of particular magnetic stru�tures . 
Since the 4f electrons: are strongly localized: and the RT2x2 

sys1tems show a metallic type of electric conductivitv, the exchange
interaotions of 4f electrons can be described in terms of the well­
known RKKY theory /4/, which postulates the coupling between the 
moments via conduction electron.� . The other factors are the inter­
aotion of the !-electron shells with the crystal field CEF and the
interactions with valence electrons of the anionic lattice via
hybridization orbitals . 

The competition of these factors c::1us,?s that a J arr,e variety of 
magnetio structures ln RT2x2 systems occ·�s . To estimate, which of
them plays more important role in the particular compound a plot of 
the observed N�el temperatures 3.B"dinst thr• de Genncs f'c1ctor / g-1 ;2 

J/J+1/ has been constructed . The following condusions can, be drawn:
- de Gennes function is not obeyed in R'r2x2 compounds containing 

light rare earth at oms .  In many ca3es the compounds remain para­
magnetic above the temperatures of 1 .a K1 

-- in the case of heavf rare eu rth atoms, N�el points follow in
principle the de Gcnnes function. 

In an isotropic RKK'l model wi.th a spherical Fermi surface, t he
Fermi vector is strongly rlcp,mdcnt on the f rat!� and on the numhor
of free electrons Z per magnet ic ion: kF "" (211./a)t6l.a/J1.c • 

The analysis of c/a values d etermined for a l:;.1 rge number of 
RT2X2 compounds contain.ing hoavy rare <wrth atolD:3 /R='fb..!fm/ shows, 
that when a/c < 0 .1,1 5, a :'\lmple c ollinear ant iff:rromai�etic ordering 
is observed, whlle the compounds with a/c > o.41 5 �xh.i-bit. o�cllla­
tory magn�tic ntructure:.; . T he s ta bi_l lty of ob:;crvc:1 roenetic s t ruc­
tures for Z valuan rn.:a r 3 .  T he Z ;J ntl I?' values obtained up to now 
for a number of RT2X

?. 
cornpound::s nro 11:;tcd in Table 1 .

, The Ir1teraction of cryntalline electric. fields . /CEf'/ with the 
multiple moments o f  R. utom electrons in a n ite of a crystal lattice
of 4/mmm point symmet

_ 
ry l!� r; iven by the lf;Jm i l  tonio.n

0 0 0 O . ,, Ti O O ,, 4 
Hcp:i:8202 + 840,. + u,.04 + J)60G + B606
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Table 1 .  The values of k and 2 obtained for RTi'2 compounds 

Compound. it z Compound ir z 
TbRu2Si2 o.23� 3.1 3 RCo2'{2 1 .oa- 2 .15-3 . 75 
DyRu2Si2 o.221'f 3�1 36 RRh2Si2 1 .� 2 .77-3.39 
/Ho , Er/Rut>i2 0 .2� 3 .16 T�h2Ge2 1 .0� 2 .84-3 02 
T��Ge2 o.235it3f 3.0 NdRu2s 12 o.ot-* 2 .67-3.4 
TbOs2s12 o .312a" 3.0
/Ho,Er/Os2Si2 o.29� 3 .02

Table 2.  The values of B� coefficients and direction. of magnetic 
moment :for RT Si compounds2' ·2 

R/T Mn Fe Co Ni Cu Rh 
Ce -3 .0 J.C 
Pr -Oe 7 ,JI C II C -3 .99,llc IJ C 

Nd -0,63, Uc IIC .LC +O.B,J.c dC 
Tb ·11c -3�o, u c UC (I C +0 .57 ,J.C -2 .4,  IIC 

Dy -1 .35 -1 .a -1 .0,  IIC +0.17 +0. 175,J.c -0.22, cf 

Ho -0.61 , 'f I IC .,L C -0 .2 f 
Er· C +0.67,lC ,LC J.C -0.79, uc .L C 

Tm +2 .54 J.C .LC J.C 

Yb +7 e65,J. C J.C

where � is the Stevens operator, B� is a CEF parameter defined by 
Hutchings /5/ . The c-axis of the tetragonal unit cell was chosen as 
a quantization axis . 

The orientation of the magnetic moment in respect to the tetra­
gonal axis can be connected with the sign of the � coefficfent.; :tt 
was shown /6/ that when the magnetic moment �s normal to the tet�­
gonal axis or makes an angle 'f with it , B� is positive. For a neg­
ative value of B� coefficient the magnetic moment is parallel to 
the c-axis . Table 2 contains the values of B� coefficients determined 
for a number o:f· RT2'{2 compounds o These data indicate that the 
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corrc.l.ption between the signs of the B� coefficlent and the orien"'." 
tation of magnetic moments agrees with that deduced from neutron 
diffraction experiments .  However, it has been shown, that the sign 
of B� depends also on the number o:f 4f and nd electrons, but the 
lack of data doe�· not permit us to  plot a detailed diagram. 

In this section we concentrate on superconducting properties of 
RT2x

2 
compounds . The list of the compounds is given in Table 3 .

Superconductivity is observed at very low t empe�atures and only for 
nonmagnetic compounds with R=Y , La ,Lu and T=Ni , Cu,Rh,Ir, Pd, Pt .  

Temperature dependence of the specific heat indicates that 
CeCu2Si2 is a superconductor below -o.s K. The electronic specific 
heat constant 1(=1 . 1  J/mol.K2 sugge�ts that Cecu2Si2 is a heavy­
fermion system /with an effective mass "'100 m0/ /7/. 

Table 3 �. Superconductivity of RT�2 compounds /7-1 0/ 

Compound T/K/ Compound T0/K/ Compound Tc/K/

YPd2Si2 o.47 l.aPct2s12 o.39 LuPd2Si2 o .67 
YRh2Si2 0 .33 laRh2Si2 0.074 LuRhz3i2 0.33 
Yir2Si2 2 .83 Iair2Si2 1 .58 YbPd2Ge2 1 .1 7  
Ypt2Si2 1 .70 I.aFt2S i2 1 .42 CeCu2Si2 . 0.5  

laPd2Ge2 1 . 12 
La.?t2Ge2 0.55 
IaNi2Ge2 o.69 

-

3 . HIGH-Tc SUPERCONDUCTIVITY

Less than three years ago K.A . Miller and J.G. Bednorz. /1 1/ 
discovered a material that was sup�rconducting at relatively high 
temperature 1�30 K/. In the second step they have determined the 
new class of superconductors , RBa2cu3o7� with high critical 
temperature i . e .  abov:e the boiling point of liqu.ia nitrogen /12/.  

Measurements of magnetic susceptibility and resistivity o:f 
RBa2eu3o7-x samples ind icate transit!oh into a superconducting 
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s tate at about 90 K. S.peci.f'ic: heat measurements carried out for 
RBa

2
eu3o7 /R=Cd,Dy,Ho,Er/ indicate anomalies at 2 .24 K,: 0.96 K,

0.17 K and  0. 59 K for R=Gd, Dy, Ho and Er, respectively /13/ .  In 
the case of Gd.Ba2cu

3
o6 such an anomaly corresponding to: a phase 

transition into an antiferromagnetic s�ate is observed at TN=2 .2 K. 
Neutron dif�actian data collected at T=1 .3 K for Od.Ba2eu

3
o7 indi­

cate magnetio·ordering with doubling of the orthorhombic unit ce11 
in al] three dimensions which cor�esponds with antiferromagnetic 
ordering. Anal.ysis of the intensities of the observed magnetic. Bragg 
reflections shows that in the ordered state the value of the mag­
netic moment per Cd atom is 7 .4;t.0.6 µB and the moment is parallel 
t� the c-axts of the orthorhombic unit cell. /14/ .  For Gd.Ba2Cu3o6 

.. 1 i / the magnetic. ordering is described py the wave vector k=/�1�,o . 
In contrast to the case of GdBa2eu.1o7, -the magnetic moments of Gd 
in GdBa2cu3o6 are coupled antiferromagnetically in the a-b plane 
but ferromagnetically along the crystal.1crgraphic c�is ./1 5/ . 

For ErBa2cu3o7, specific heat measurement indicate the Nle!l tem­
perature T

rr-
0.59 K. Below T N' two�imensional magnetic ordering with 

ferromagnetic coupling along b-axis and antiferromagnetic one along 
a-axis is observed /1 6/ .  The neutron d!f1rac:tian �ttern obtained 
at Ta1 40 mK shows clearly three�imensicmal ordering of the Er mo­
ments at this temperature. The magnetie reflections can be indexed 

.. ,1 / .. ,1 1 ,  using two inde.pendent wav.e vectors: k1 = 1,o •. o am �a i,o,� • The 
likelies"tfmodel is the one with al] moments make an angle of 32 deg. 
with the crystall.o�phio; c-axis. The value of the omcmed magnetic 
moment. at Tm1 40 mK is 4.9/2/ p8 which is much less than the free-ion 
value of Er3+ /17/.  

Below the Niel point T
rt=

0.90/3/ K1 neutron di�.tractio111 studiea 
of DyBa2eu3o6•95 ihdicat:e> three�imensfmaa1 .long�range ant11fiJJl'l'OIIELS­
netic similal!' to the S-State of Gd.Ba

ieu3o7• This magnetic struoture 
is characterized by the vector itg/i,i,� and the magnetic momenta 
of oy3+ ar.e parallel. tea: the c-exis and sattmated to 6.8/1/ J1B /18/ •
The magnetic structure of DyBa2eu3o., is presented J.n. Fig. a. 

Int the case of HoBa2eu3o
6•8 a broad peak presumably magnetic..
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Fig •. 3 
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origin appears below TNQ1 40/1 5/ mK. This. is in good agreement with 
earlier heat capacity measurement /13/.  The peak appears at the sim­
ilar position as it was found :tor the 2D-antiferromagnet ErBa2eu3o7
/1 6/, but its shape is considerably less asymetric., This indicate 
short range. range antife�omagneti0: oorre1.a.tions between ordered 
planes /19/ .  

What is the nature of  interactions which- produce antiferroma.gnet, 
ic ordering of the rare earth sublattice in rare earth based 
supeconductors? 

Trying to answer this question we can select three main mechanisms : 
1 .  exehange interactions between localizea 4f moments· via conduction 

electrons . Values of Niel temperatures does· not satisfY the de 
Gen.mes function - large discrepances· are observed for Ho and Er. 
This . suggests that some dif:f'erent mechanisms of interaction are 
decisive· in developing the magnet!� structure of the RBa2eu3o

7
systems . 

2j dipole-dipole interactions . Calculations of the dipole energy far 
the observed magnetic strueture of GdBa2eu3o., show that the energy
required to: fiip one Gd moment is 1 .40 K. 

3 . interaction through anions . !he observed magnetic structures of 
GdBa2eu3o7 

and GdBa2eu3o6 indicate significant influence of oxygen
occupancy on magnetic ordering. 
The reduction of magnetic moment in the ordered state of Er- and 

Dy- baaed compounds is clear evidence for impol!'tance of crystal field 
effects in these compounds. 

Crystal structure and physical properties of Y�Cu3o
7-x strong�

depend on the oxygen content of the compGnllld /20/. The magnet!� and 
superconducting phase diagr8JD! is presented in Fig-. 4 /21/. T·he 
oxygen. content in this compound can. ea.ailiJ' be varied from 7 tCII) 6. 
With increasing oxygen deficiency x, the superconducting Tc deC%Pe&ses
and for low content of oxygen antiferromagneti(l ordering: is observed. 
Neutron di.flraetiam experiments shows. that YBa2eu3o6 orders antifeJrl:t'O­
magneticalJLy,. belc!>w TN=420±10 K. The magnetic moment of 0.60/5/ >1B is
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localized on Cu�+ sites and is perpendicular to the tetragonal 
c-exils . THe magnetic structure is characterized by the in-plane 
wave vector tl,},o/ and the antiferroma.gnetic coupling-· between 
eue2 planes . in the unit cell. An increase in the oxyg£-n contents
leads only to. a decrease _in TN and in the magnetic moment va lue 
/290/19/ K11 o.45/5/ Jla and ?45/1 0/ K, o.2a/5/ JJB !or x=0.25/3/ and 
0.38/3/,  respectively. The long range magnetic order disappears 
abruptly around x=0.4 . /22/ . 

A different t}'lle of magnetic structure is determined in 
Nd�Cll3o6• In this - compound magnetic moments are localized on Cu/2/ 
ions and order antifer.roma.gnetically at TN1=450 K .  6elow TN2=80 K 
the observed magnetic structure is described by the wav.e vec tor 
!},},}!. Very small magnetic. momtmt of c. � 2  Pe i s  observ'ld on Cu/ 1 /
chain atoms /see Fig.  5/ /23/ . 

The schematic phase diagram of /I.a1 -xa�x/2cuo4 is shown in Fig.  
6 /21 /  ci The stoichiometric. compound ta

2
:uo4 exhibit a11t iferromagnetic

properties /24/ . On the increa3e of Ba contents th� 1rc:1.lue of the N�el
tempenature· decrease.s and above 0.01 the antiferru:raguetic orde� 
disappears . New experimental data indicate existence of a n9w. inter­
mediate phase between the antiferr.o:nagnetic and the superconducting 
phases /24/ .  

The neutron diffraction experiment carried: out for 1.a2cuo4 indi­
cate anti.ferromagnetic: ordering below ,.,220 K /25/" From the magnetic 
peak intensities · we deduced the structure conslstlng o! ferromagnetic 
sheets of Cu spins altel'?lating along the (100] orthorhombic axis , 
with . spins in the planes parallel to the [001] orthorhombic axis . 
The low temperature magnetic. moment J.s approximately 0. 5 p8/cu atom. 

Magnetic properties of this compound strongly depend on oxygen 
vaaancies ereated by heat treatment . In Table '* the values, of the 
Niel temperatures and the magnetic moment, determined by us and by 
other authors, are collected. 

In both YBa2Cu3o6 and ra2euo4 compopounda;, high values of the 
ordering temperature proves strong magnetio coupling. The crystal 
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structure and the type of magnetic:, ordering exhibit a pronounced 
two-dimensional character. The magnetic interactions are described 
by two exchange integrats: J / in plane/ and J' / interplanar/ .. The 
quasi two-dimensional cl'iaracter of magnetic ordering suggests the 
relation J '4', J .  Interpretation of these exchange interactions is 
difficult because one has to dea1 with complicated crystal struc­
ture and unknown nature of magnetic interaction mechanisms . 

Thus , summarizing the phenomenon of coexistence of superconduc­
tiv.ity and magnetism. in ral!'e-earth compowids is v.ery rare,. The 
coexistence is observed only in these ccmpounds in which magneti:C 
interactions are very weak and lead to antiferromagnetfc ordering. 

Properties of high T0 superconductors· should stinrulate intensiv.e 
experimental and theoretical exploration of coexistence of these 
two phenomenon. 

Table '•• Magnetic properties. from different La2euo4 Samples 

Sample TN/K/ p!JlBI Ref,. 

powder 220 0.5  25  
powder 250 0�40/5/ 26 
untreated. 1 50 0.2.3/5/ 26crystal 
400 OC 
treated 50 0.17/5/ 26 
crystal 
powder 240 0.5/ 1/  this

work
REFERENCES 

1 . B.  Coqblin, J.  Magn. Magn; Mat . � /1 982./ 1 .  
2 .  Z o  Ban and M. Sikirica, Ac�a Cryst. 18  /1965/ 594. 
3. A .  Szytula and J;,  Leciejewicz, in Handbook on Physics and

Chemistey of Rare Earths , ed. K.A . Gschneider Jr. and L.Eyring,
Amsterdam, North-Holland, vol. ·1 2 ,  1 9881 in prees . 

4. MoA . Ruderman. and c.  Kittel, Phys . Revo 96 /1 9':,4/ 99,
K . Yosida, Phys o Rev. 106 /1 957/ 893 , r .  Kasuya. , Prog. Theor.
Phys . 1 6  /1 956/ 45.

157 



5. N .T .  Hutchings, Solid State Phys . 1 6  /1964/ 227.
6. J.,E. Greedan and v.u.s . Rao, J • .  Solid State Chem. 8 /1973/368.
7 . G.R. Stewart, Reviews of Modern Physics , 56 /1981+/ 755.
8. R.N.  Shelton, H.F .. Braun and E. Musick, Solid State Commun.

25 /1 984/ 797 . 
9 . T.T �  Palstra et al. Phys . Rev. 34B /1 986/ 4566.

10. G.w. Hull et al. Phys . Rev. 24B /1981 / 671 5.
1 1 0  J.G.  Bednorz and K .A .  Mtlller, z .  Phys . B64 /1 986/ 1 89.
12. M.K . Wu et alo  Phys . Rev. Lett.,  58  /1 9P.:7/ 908.
13 . B.D .  Dunlap et al . J .  Magn . Magn. Mat . 68 /1 9ffl/ 1.1 39.
14. D .  McKo  Paul et �i i . • : ;hys . Rev. D /1 98e/ Jn press .
1 '5 .  T .  Chattopadhyay l1 t  r.al . ,  J .  de Physique ,/1 988/ in prc�s . 
1 E .  J .W. Lyr.� e t  al . _ 1-'hy s .  ifev. !336 /1 9fr!/ 2574e 
;17 . T o  Chattopadhyay et al.  J .  de Phy:;1que /1 986/ . in press . 
1 8. A.J.  Goldmann et al.  Phys •. Rev. E36 /19f!'l/ 72340
19. P. F:n-rer� private communication .
20 .. H.  Kadowaki et al., Phys .. Rav. B37 /1 98S/ 7932 .
2 1  • S .  Uchida, Int . J.. of Modern Physics B2 /1 988/ 1 81 •
22, P. Burlet et al. Phynica C1 53-1 55 /1 988/ 1 1 1 5.
23 . W;H� Li et al. Phys . Rev. B /1 988/ in press .
24 . P ;M. Grant et al. Phys . Rev. Lett . 58 /1 9f!7/ 2482 �
25. n. Vaknin et ale· Phys •. Rev. Lett. 2§ /1 9ff'// 2802 .
26. T .  Freltoft et al. Phys . Rev. B36 /1 9f!///. 

1 58  




