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Th e st at ic magneti zati on of the EuBa C o2 O 5 : 5 single crystals was mea -

sure d from helium to room tem peratures for tw o conÙguration s of the applie d
Ùeld: parallel and perp endicul ar to the c -axis . The comp ound is antif erromag-
netic from helium temp erature to ab out 210 K . I n low temp erature region
(b elow 45 K ) the antif erromagnetism coexists with a spin- gla ss-li ke state.

T he metamagnetic Ùeld- indu ced phase transition was observed in the antif er-
romagnetic phase for magnetic Ùeld applied perp endi cular to the c -axis. T he
spontaneous phase transitio n from antif erromagnetic to w eak ferromagnetic
phase w as established to be of the Ùrst order. T his transition is accompanie d

by the app earance of the intermediate state. T he w eak ferromagnetic phase
exists up to T c 240 K :

PAC S numb ers: 75.30.C r, 75.50.Dd, 75.30.Gw , 75.30.K z

1. I n t rod uct io n

The layered rare-earth cobal ti tes LnBa Co O x (Ln | rare earth) are of
great interest since they show charge order, m etal { insulato r and many other m ag-
neti c tra nsiti ons depending on a ki nd of lantha nide and the oxygen content [1].
In the case of EuBa Co O x Ma rti n et al . [1] reported tha t for a m etal {
insul ato r tra nsiti on ta kes place at 360 K accom panied by the param agneti c to
ferrom agneti c pha se tra nsiti on at 270 K. It was also shown tha t below 260 K the
system di splays a phase tra nsiti on to an anti ferrom agneti c phase.
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In thi s paper we are going to present deta i led studi es of the magneti c prop-
erti es of EuBa Co2 O 5 :5 perform ed for the Ùrst ti me on sing le crysta ls.

2 . E x per i m en t a l

Single crysta ls were grown by a sponta neous crysta l l izati on from over sto-
ichi ometri c Ûux mel t [2]. The as grown crysta ls are of the tetra gonal sym m etry
(P 4 =mmm space group). The crysta ls were next annealed for 20 h at 6 0 0 £ C at oxy-
gen atm osphere, under the pressure of 3 at, and then cooled at a rate of 1 0 £ C/ h
down to room tem perature. The powder X- ray di ˜ra cti on of annealed sampl es
showed a sing le phase of the ortho rho m bic structure wi tho ut any tra ces of other
phases. The value of x wa s estim ated to be 0.5 ( Ï ).

The m agneti zati on m easurements were perf orm ed using SQUI D
m agneto meter (Qua ntum D esign, MPMS- 5) in the tem perature range 2{ 350 K at
m agneti c Ùelds up to 50 kOe.

3. R esul t s an d d iscu ssio n

The tem perature vari ati on of the magneti zati on of a sing le crysta l of
EuBa Co O : measured at 100 Oe in three di ˜erent therm o-magneti c reg im es is
presented in Fi g. 1. Beside the m easurements in the regime of zero Ùeld cool ing
(ZFC), measurements duri ng Ùeld cool ing (FCC) and next on warm ing (FCW )
have been shown. The externa l m agneti c Ùeld in these measurements was appl ied
perpendicul arl y to the -axi s. Since the crysta l is twi nned wi th twi nni ng bound-
ari es intersecti ng the plane, we have neglected any angular dependences of
m agneti zati on in the plane. As is seen from Fi g. 1 the ZFC m agneti zati on in-
creases rapidl y near 240 K reachi ng the m aximum near K. The
m agneti c m oment per Co ion at is about 0.04 / Co for Oe. For

kOe, whi ch is close to the satura ti on Ùeld, the m agneti c m oment is onl y
about / Co whi ch suggests weak ferrom agneti c orderi ng (W FM) of Co
ions (or more general ly, noncol l inear anti ferrom agneti c orderi ng). Bel ow the
m agneti c mom ent of the system sharpl y decreases and the system tra nsfers into
the anti f erromagneti c state (AFM) at tem perature 210 K. Below one can
rem ark in Fi g. 1 the fol lowing features of observed dependences:

(i ) the most stri ki ng is the di stinct di ˜erence between ZFC m agneti zati on
( ) and both ( and ) ones in who le tem perature range

. Such situa ti on is unusua l for anti ferrom agnets. In order to expl ain such
behavi or of the crysta l one shoul d assume tha t the di ˜erence between ZFC and
FCC (FCW ) m agneti zati on could ari se as an e˜ect of induced ferromagneti c order
near vari ous defects (i ncl udi ng twi nni ng wal ls) in the pro cess of sam ple cool ing
or wa rm ing in an externa l magneti c Ùeld. It means tha t the system is magneti -
cal ly inho mogeneous wi th ferrom agneti c regions embedded into anti ferromagneti c
m atri x.
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Fig. 1. The dc susceptibi li ty â ( T ) in H = 1 00 Oe for H k [ 100 ] for three regimes: zero

Ùeld cooling (ZFC , Û ), Ùeld cooling w ith measurements on cooling (FC C, Â ) and on

w arming (FC W, full line).

(i i ) at 120 K the di ˜erence between M F CC and M appears and is observed
at least up to . Thi s di ˜erence seems to be due to an interm ediate state ari sing
because of the Ùrst-order character of the phase tra nsiti on AFM{ W FM.

(i i i ) below 45 K an addi ti onal m echanism seems to appear, whi ch gives
a contri buti on to the di ˜erence between and ( and ). Thi s
contri buti on suggests the presence of di sordered spi ns frozen in a spin-glass-l ike
state at low tem peratures. A detecta bl e increase in the FC magneti zati on below
and a peak at in the ZFC m agneti zati on m ay ori ginate from the Eu m agneti c
m oments intera cti ng wi th Co mom ents. Thi s intera cti on could resul t in the
frustra ti on of long-range m agneti c orderi ng [3]. It should be stressed tha t below

(for ZFC regime) the dom inati ng AFM phase coexists wi th m enti oned above
spi n-glass pha se.

Fi gure 2 presents m agneti zati on curves at 5 K ( ) m easured in the
m agneti c Ùeld appl ied perpendicul ar and along the -axi s. One can see tha t the

pl ane is an easy plane or tha t the easy axi s is situa ted in thi s pl ane. A narro w
hysteresi s displayed in Fi g. 2 f or seems to be due to a smal l disori enta ti on
of the -axi s in rel ati on to the m agneti c Ùeld di recti on.

The character of the ini ti al m agneti zati on curves (Fi g. 3) conÙrm s once m ore
tha t AFM order exists in the studi ed system even at the lowest tem perature (in
our case i t was 5 K) below . It is seen tha t the ini ti al m agneti zati on curve at
5 K displays a meta magneti c typ e tra nsiti on. Since thi s tra nsiti on is induced by
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Fig. 2. H ysteresis loops measured at 5 K for two orientations H k c ( Û ) and H ? c (Â ).

Fig. 3. I nitial magnetization curves for various temp eratures below T N . Magnetic Ùeld

w as applied parall el to the c -axis.

m agneti c Ùeld appl ied in the a b pl ane one can conclude tha t AFM vecto r (and
easy di recti on of m agneti zati on of Co3 + subsystem ) is located in thi s plane. The
value of the tra nsi ti on Ùeld decreases from about 50 kOe at 5 K to about 5 kOe
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near 100 K. For hi ghly ani sotro pi c system the tra nsiti on Ùeld is determ ined [4] for
T = 0 by

H t r = ñ j Ñ 12 j ;

where ñ i s the m agneti c m oment of Co3 + ion, is the m olecular Ùeld coe£ cient
describing the exchange Ùeld between nearest neighb ors.

Ab ove 120 K ( K) the character of magneti zati on curves changes consid-
erably (Fi gs. 3, 4). It should be related to the f act tha t in thi s temperature region
up to the system is in interm ediate state. The hysteresi s loops ari se due to the
phase dom ains existi ng near . General ly, one should exp ect tha t the interm e-
di ate state consists of three typ es of phase domains (AFM phase, W FM pha ses
wi th magneti zati on up and m agneti zati on down). W ith increase in m agneti c Ùeld,
Ùrst the domains wi th W FM magneti zati on down are suppressed and then the
dom ains consisting of anti ferrom agneti c phase should be suppressed. Thi s unusua l
m agneti zati on pro cessis responsibl e for the rather strange shape of hysteresi s loop.
Small values of rem anence observed for loops measured in the tem perature range
120 K is due to presence of al l three phases m enti oned above near

. It gives characteri stic low Ùeld narrowi ng of hysteresi s curves (see as an
exam ple the hysteresi s at 140 K in Fi g. 4).

In concl usion, i t was shown tha t m agneti c properti es of the EuBa Co O
single crysta ls are determ ined Ùrst of al l by anti ferro magneti c exchange intera c-
ti ons. Sim ilar to other rare-earth layered cobal ti tes the studi ed crysta ls di splay
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a num ber of vari ous phase tra nsiti ons, parti cul arl y the tra nsi ti on f rom anti f er-
rom agneti c to weak ferrom agneti c state. The coexistence of the anti ferrom ag-
neti c long-range-order and spin-glass-l ike phase is a feature characteri stic of the
EuBa Co2 O 5 : 5 single crysta ls and not observed unti l now in other m embers of thi s
fam i ly of cobal ti tes.
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