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MAGNETIC STRUCLUGES OF RARE EARTH COMPCUNDS
Andrzej Szytuza

Institute of Physiecs, Jagellonian University, Krakdéw, Poland

In review magretic structures of twc groups of rare earth com-
pounds i.a. irtermetallics of RTZXZ-type and high Tc-superconductorz
are discussed. In RT2X2 conpounds a number of different magnetic
ordering types of the rare earth sublattice is observed. The tran-
sitior metal sublattice orders only in the case of lMn. In high
‘rc-superconductors magnetic mcments of Cu atoms order magnetically
at high temperztures and an antiferromagnetic ordering in rare
earth sublattices is observed at low temperatures., For both groups
of compounds the observed magnetic structures are discussed in terms
of exchange interactions and crystalline fields effects,

1. INTROCDUCTICN

Relation between magnetism and superconductivity has been a
matter of considerable interest for meany years. In ternary magnetic
superconductors such as ErRh,B, and HoMoSg magnetic and supercon-
ducting electrons occupy separate sublattices. Hence there is only
a weak ccupling between those two cooperative effects /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=Si, Ce/ and high Tc superconductors: Laz_xTxCuoh /T=Ba,Sr/ and
RBaZCu 07_x, are reported. In both groups of compounds the rare
earth atoms and the transition metal ones occupy two different
crystal sites,
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2. INTERMETALLIC RT2X2 CCMPOUND:;

During recent 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 formula RT2X2 are particularly numerous and

interesting.

Most of RTZX2 compounds crvstallize in the body~centered tetra-
gonal structure of ThCr,Si,=-type /space group 14/mmm/ /2/e This
type of crystal structure consists of tetrahedra build up of X
atoms with a transition metal insides Its atomic framcwurk can be
alternatively visualised as the following sequence of monoatomic

planes:
Re«eX~-T~-X«R~Xa&«T~-X =R,
The unit cell of ThCrZSi2 type is shown in Fige 1.
According to. the authors best knowledge, mag=
netic properties, including magnetic structure of
more- than 100 rare earth compounds of the ThCr,Si,
type structure have been examined, Magnetic 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 Fige 2/:
1e collinear ferromagnetism /F/ was found in
TbMn,X, and ErMn,X, /X=5i,Ge/,
2+ four types of collinear antiferromagnetic
structures:
- type AFI with the wave vector F;/0,0,1/ was

ORE oT eX

Fi['.o 1

observed in RCo,X, /R=r-Tm/, RRh,51, and RRh,Ge, /R=Nd-Im/,

TbIr,Si,, PrCu,X, and CeAu,Si,

- type AFII with K=/0,0,4/ was found in NdFeytl,, NdFe,te,,

PrFeZGe2 and ErFe2512,

- type AFIIT described by K=/3,4,0/ is adopted by TbNLSi,,

CeRh,Si, and CePd,Si,,
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- type AFIV with k=/3,03/ is

exhibited by RCu,X, /R=Tb=Er/.
3. a number of different non-col-

linear structures was also

discovered:

= cosinusoidally modulated lon-
gitudinal spin wave LSW I pro-
pagating along the c=-axis was
found in PrCo,Ge,, HoNi,Ge, and

i o i
...-.a-;;,.
o p!

N
PriiSi,, L1
- cosinusoidally modulated longi- :\:'
tudinal spin wave LSW II propa~ E%.\%
gating along the a axis operates b rb-ba
in RRu,S1, /ReTb-Er/, TbRu,Ge,, ’J - ‘
ROs,Si, /R=Tb,Ho,Er/ and CeAg,Si,. X o
In the case of TtRu,Si, and ‘ ‘Q, B
TbRuZGe2 at low temperatures this Wi

type of magnetic structure trans-
forms to the square modulated Fige 2
phaseo

- NdiluZSi2 and NdRu20e2 have complex magnetic structures, Below
T=10 K they are ferromagnetic with the moments parailel to
c=axise, Above T=10 K NdRu2812 has a cosinusoidally modulated
longitudinal spin wave, LSW III propagating along the [111]
directione A squaring of the magnetic structure is observed
below T=15 K,

- LSW IV is incommensurate structure with two component wave
vectors E;/kx,o,kz/ occurs in TbFe,Si,, HoFeySi,, TbPdS1,,
HoPd2512 and Tde2Ge2’

Since the interatomic distances between two R atoms are
always about Oe4 nm in the basal plane and about 0.6 nm along c-axis,
the assumption of the Heisenberg type interaction is not justified.
The models involving indirect coupling are us:ally adopted to
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explain the stability of particular magnetic structures,

Since the 4f electrons: are strongly localized and the RT2X2
systtams show a metallic type of electric conductivitv, the exchange
interactions of 4f electrons can be described in terms of the well-
known RKKY theory /4/, which postulates the coupling between the
moments via conduction electrons, The other factors are the inter-
action of the f-electron shells with the crystal field CzF and the
interactions with valence electrons of the anionic lattice via
hybridization orbitals,

The competition of these factors causes that a Jarge variety of
magnetio structures in RT2x2 systems nccurs, To estimate, which of
them plays more important role in the particular compound a plot of
the observed Néel temperatures against the de Gemnes factor /g--1/2
J/J+1/ has been constructede The following condusions can be drawn:
= de Gennes function is not obeyed in RT,X, compounds containing

light rare earth atoms, In many cases the compounds remain para=

magnetic above the temperatures of 1.8 K,
- in the case of heavy rare eurth atoms, Néel points follow in
principle the de Gennes function,

In an isotropic RKKY model with a spherical Ferml surface, the
Fermi vector is strongly depondent on the 5 rqtio and on the number
of free electrons Z per magnetic ion: k; = (Qn/a)IEZZch .

The analysis of c/a values determined for a lurge number of
1T2x2 compounds containing heavy rare carth atoms /R="Tb-Tm/ shows,
that when a/c < 0,%15, a simple collinear antiferromagnetic ordering
is observed, while the compounds with a/c » 0,415 exhi~bit oscilla=-
tory magnetic structurese The stability of observe:l magnetic struce
tures for Z values ncar 3, The 7 snd K values obtained up to now
for a number of RT, X compounds are listed in Table 14

The Interac*ion of crystalline electric fields /CEF/ with the
multiple moments of H utom electrons in a site of a crystul lattice
of 4/mmm point Symmefry is Ftven by the Hamiltonian

Hop=B0D + 808, + Blo; + nfol + Blo/
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Table 1. The values of k and Z obtained for RT X, compounds

Compound X z Compound 4 YA
TbRu,S1, 0.2338* 3,13 RCoyX, 1.08* 2,75-3.75
DyRu,S1, 0,228% 3,136 RRh,Si, 1.08* 2,77-3.39
/Ho,Er/RuSi, 0.22% 3,16  TbRhyGe, 1.08" 2.84-3.2
ThRu,Ge, 0.2358* 3.0 NdRu,S1, 0.08* 2.67-344
TbOs,51, 0.3128* 3.0

/Ho,Er/0s,S81, 0.,2958% 3,02

Table 26 The values of Bg coefficients and direction. of magnetic
~ moment far RT,Si, compounds

R/T| Mn Fe Co Ni Cu Rh
Ce =3,0 1c
Pr | -0.7,Ac lc =3.,99,lic fic

Nd =0,63,llc fic 1¢  +0.8,4c fic
Tb e =3.0, Wc e flc +0,57,1¢C =2.4,llc
Dy | =1.35 =1.8 -1.0,4§c #0417 +0,175,Lc  =0.22,%
Ho -0.61, ¢ lic 1c 0.2 L ¢
Er c +0,67,]c 1c 1¢  -0.79,m¢c 1c
Tm +2,54 1¢ lc 1c
Yb +7.65,1.¢ Ac

where O;"l is the Stevens operator, Bg 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 Bg coefficfents It
was shown /6/ that when the magnetic moment is normal to the tetra=-
gonal axis or makes an angle ‘Pwith it, Bg is positive. For a neg-
ative value of Bg coefficient the magnetic moment is parallel to
the c-axis, Table 2 contains the values of Bg coefficients determined
for a number of‘R’I.‘ZX2 compoundss These data indicate that the

151



correlation between the signs of the Bg coefficient and the orien=
tation of magretic moments agrees with that deduced from neutron
diffraction experiments. However, it has been shown, that the sign
of Bg depends also on the number of 4f and nd electrons, but the
lack of data does not permit us to plot a detailed diagram,

In this section we concentrate on superconducting properties of
RT2X2 compounds. The 1list of the compounds is given in Table 3,
Superconductivity is observed at very low temperatures and only for
nonmagnetic compounds with R=Y,la,lu and T=Ni,Cu,Rh,Ir,Pd,Pt.

Temperature deperndence of the specific heat indicates that
CeCu2812 is a supercenductor below ~0,5 K, The electronic specific
heat constant Y=1.1 J/mol.K2 suggests that CeCu2512 is a heavy-
fermion system /with an effective mass ~100 mO/ 17/«

Table 3. Superconductivity of RT,X, compounds /7-10/

Compound Tc/K/ Compound Tc/K/ Compound Tc/K/
YPd,S1, 0.47 laPd,Si, 0639 LuPd,Si, 0467
YPh,8i, 0,33 laRh,S1, 0,074 LuRh,Si, 0433
YIr,Si, 2,83 LaIr,Si, 1.58 YbPd,Ge, 1417
YPt,Si, 1,70 Lapt,S1, 1.42 CeCuySi,. 0.5

Ian2082 1.12
LaNizGez 0.69

3 HIGH-Tc SUPERCONDUCTIVITY

Less than three years ago K.A, Miller and J.Ge Bednorz /11/
discovered a material that was supkrconducting at relatively high
temperature /~30 K/. In the second step they have determined the
new class of superconductors, RBaZCu307_x with high critical
temperature i.e. above the boiling point of liquid nitrogen /12/.

Measurements of magnetic susceptibility and resistivity of
RBaZCuBO.Hx samples indicate transition into a superconducting
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state at about 90 K. Specific heat measurements carried out for
RBa2011307 /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 GdBaZCu306 such an anomaly corresponding ta a phase
transition into an antiferromagnetic state is observed at TN=2.2 K.
Neutron diffraction data collected at T=143 K for GdBaZCu-507 indi-
cate magnetic ordering with doubling of the orthorhombic unit cell
in all three dimensions which corresponds with antiferromagnetic
ordering. Analysis of the intensities of the observed magnetiec Bragg
reflections shows that in the ordered state the value of the mag-
netic moment per Gd atom is 7.4+0,6 Mg and the moment is parallel
to the c-axis of the orthorhombic unit cell. /14/. For GdBa 011306
the magnetic ordering is described by the wave vector kalz,z,o/ o

In contrast to the case of GdBaZCju307, the magnetic moments of Gd
in GdBaZCu306 are coupled antiferromagnetically in the a=b plane
but ferromaknetically along the crystallegraphic c-axis./15/,

For ErBaZCuBO,,, specific heat measurement indicate the Néel tem-
perature TNuO.59 Ke Below TN’ two=dimensional magnetic ordering with
ferromagnetic coupling along b-axis and antiferromagnetic one along
a-axis is observed /16/. The neutron diffraction pattern obtained
at T=140 mK shows clearly three-dimensional ordering of the Er mo-
ments at this temperatures The magnetie reflections can be indexed
using two independent wave vectors: Elslg,o,,o/ and fzn/%,o,%/ e The
likeliesﬂmodel is the one with all moments make an angle of 32 deg.
with the crystallographic. c=axise The value of the ordemed magnetic
moment. at Ta140 oK is 4,9/2/ pg which is much lesz than the free-ion
value of Er>* /17/.

Belaw the Néel point Ty=0.90/3/ K, neutron diffractiom studies
of lD_vBaZCu306‘95 indicate three-dimensiemal longe~range antiferromag-
netic similar ta the S=-state of GdBa,Cu O o This magnetic strusture
is characterized by the vector k’“/?."i }/ and the magnetic moments
of Dy>* are parallel te the c-axis and saturated to 6.8/1/ mp /18/;
The magnetic structure of DyBaZC\x307 is presented in Fige 3.

Inthe case of H°Ba20u306.'8 a broad peak presumably magnetie
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origin appears below Ty=1 40/15/ mK, This. is in goed agreement with

earlier heat capacity measurement /13/. The peak appears at the sim-

ilar position as it was found for the 2D-antiferromagnet ErBaZCu307

/16/, but its shape is considerably less asymetricé This indicate

short range range antiferromagnetie correl:ations between ordered

planes /19/.

What is the nature of interactions which produce antiferromagnet-
ic ordering of the rare earth sublattice in rare earth based
supeconductors?

Trying to answer this question we can select three main mechanisms:
1+ exchange interactions between localized 4f moments- via conduction
electrons, Values of Néel temperatures does not satisfy the de
Genmes function - large discrepances' are observed for Ho and Ere
This.suggests that some different mechanisms of interaction are
decisive in developing the magnetiec structure of the RB::lzCu307

systems,

24 dipole=dipole interactians, Calculations of the dipole energy for
the observed magnetie structure of GdBa20u307 show that the energy
required to: flip one Gd moment is 1,40 K,

3. interaction through anions, The observed magnetic structures of
GdBaZCu3O7 and GdBaZGu306 indicate significant influence of oxygen
occupancy on magnetic ordering,

The reduction of magnetic moment in the ordered state of Er- and
Dy~ based compounds is clear evidence for importance of crystal field
effects in these compounds.

Crystal structure amd physical properties of YBa2m307 - strongly
depend on the oxygen content of the compeund /20/, The magnetic and
superconducting phase diagram is presented in Fig¢ 4 /21/e The
oxygen content in this compound can easily be varied from 7 te 6,
With increasing oxygen deficiency x, the superceconducting Tc decreases
and for low content of oxygen antiferromagnetic ordering is obiserwved.
Neutron dififractien experiments shows, that ?{BaZCtJBOs orders antiferro-
magnetically below T\=420+10 K. The magnetic moment of 0.60/5/ np is
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localized on Cu,z" sites and is perpendicular to the tetragonal

c-axis, THe magnetic structure is characterized by the in=-plane
wave vector /}_.;_-.o/ and the antiferromagnetic coupling between
Cue2 planes. in the unit cell, /in increase in the oxygen contents
leads only to, a decrease in Ty and in the magnetic moment value
/290/10/ K,, 0.45/5/ pp and 245/10/ K, 0.28/5/ pg for x=0.25/3/ and
0.38/3/, respectively. The long range magnetic order disappears
abruptly around x=0¢%./22/.

A different type of magnetic structure is determined in
NdBa20u306.' In this. compound magnetic moments are localized on Cu/2/
ions and order antiferromagnetically at TmzloSO Ke Below TN2=80 K
the observed magnetic structure is described by the wawve vector
/%.%.%/ o Very small magnetic moment of C.?2 pp is cbservad on Cu/1/
chain atoms /see Fig. 5/ /23/.

The schematic phase diagram of /L:-\1 _xihx/z«’.‘u% is shown in Fige
6 /21/; The stoichiometric compound la,2u0, exhibit antiferromagnetic
properties /24/. On the increase of Ba contents the value of the iéel
temperature- decreases and above 0,01 the antiferromzgnetic order
disappears, New experimental data indicate existence of a new inter-
mediate phase between the antiferromagnetic and the superconducting
phases / 2‘&/ °

The neutron diffraction experiment carried out for T.azCuob indi-
cate antiferromagnetic: ordering below ~220 K /25/, From the magnetic
peak intensities'we deduced the structure consisting of ferromagnetic
sheets of Cu spins alternating along the [100] orthorhombic axis,
with spins in the planes parallel to the [001] orthorhombic axis,
The low temperature magnetic moment Jds approximately 0.5 }.\B/Cu atom.

Magnetic properties of this compound strongly depend on oxygen
vaaancies ereated by heat treatment. In Table 4 the values: of the
Néel temperatures and the magnetic moment, determined by us and by
other authors, are collected,

In both YBa20u306 and Ia201.104 compopounds, high values of the
ordering temperature proves strong magnetio coupling. The crystal
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structure and the type of magnetiec ordering exhibit a pronounced
two=dimensional character. The magnetic interactions are described
by two exchange integrals: J /in plane/ and J’ /interplanar/e The
quasi two~dimensional character of magnetic ordering suggests the
relation J'«&J. Interpretation of these exchange interactions is
difficult because one has to deal with complicated crystal struc-
ture and unknown nature of magnetic interaction mechanisms,

Thus, summarizing the phenomenon of coexistence of superconduc-
tivity and magnetism in rare-earth compounds is wvery rare¢ The
caoexistence is observed only in these campounds in which magnetic
interactiens are very weak and lead to antiferromagnetfs ordering,

Properties of high T, superconductors- should stimlate intensive
experimental and theoretical explaoration of coexistence of these
two phenomenon,

Table {1, Magnetic properties from different La,Cu0,, Samples

Sample Ty/K/  p/pg/  Refs

powder 220 0«5 25

powder 250 0.40/5/ 26

untreated

erystal 150 0+23/5/ 26

400 °c

treated 50 0.17/5/ 26

crystal

powder 240 045/1/ v?;:::l'i
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