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Observation of low, intermediate, and high spin states in GdBaCg0s 45

S. Roy, M. Khan, Y. Q. Guo, J. Craig, and N. Al
Department of Physics, Southern lIllinois University, Carbondale, lllinois 62901-4401

(Received 14 August 2001; published 23 January 2002

The magnetic and electrical transport properties and relative thermal expansion measurements on
GdBaCgOs 45 show the existence of a stabilized intermediate spin state df @othe temperature region
108 K=T=365 K. A charge ordering effect at 242 K due to Jahn-Teller effect followed by a ferromagnetic
transition is observed in the intermediate spin state. Thermal expansion data reveal second and first order phase
transitions at 163 and 359 K, respectively. These are explained as due to spin state transition accompanied by
a change in the ionic radius of €oin different spin states.
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The discovery of colossal magnetoresistai€®IR) in radiation and refinement of the diffraction data was done
manganese perovskites has triggered studies in other relateding the Rietveld powder diffraction profile fitting tech-
transition metal oxide systems, one of such compounds beingdue. Magnetization and electrical resistivity was measured
RBaCo,0s, whereR=rare earth element. Compared to the Py Quantum Design SQUID magnetometer and four probe
conventional CMR manganites, the cobaltitB8aCo,0x method respectively in the temperature range of 5-400 K.

) : elative thermal expansivity was measured using high reso-
can have Co-O octahedra, square pyramid or both StrUCtu%tion capacitance dilatometry methiddn the temperature

depending on the amount of oxygen presenthese com- r?nge of 77—380 K.
po_unds are als_o_ excellent candidates tp study th_e effect of powder XRD patterns show that GdBaCa 4 crystal-
spin state transitions, that are not seen in manganites, due {9es in an orthorhombic structure with a space group of
the ability of C3* to acquire different spin states. Another PmmmandZ=2. The lattice spacing ar@=3.878(5) A,
interesting feature of these compounds is the variation of the=7.831(2) A, andc=7.535(3) A. There are two occu-
properties due to different oxygen stoichiometry. The transipations for Co cations, i.e., Cat 2q crystal position and
tion of CA&* from low spin [(LS) tgg e’] to intermediate C0d' at 2r crystal position. Two kinds of Co-O clusters cen-
[(1S) 3, el] and high spin[(HS) t e2g] states has been tered at Cband Cd coexist in this structure and forms the
938 9.9 jayer structure with C®; octahedron/CtOs square pyra-
: TS 9 mid in alternate order. The distortions of these two cluster
msuliator transition IS also observed: H owever, the ply- have been investigated by study of the Co-O bond lengths
namics of the transition fro_m low to h|gh spin s_tate IS NOtand Co-0-Co bond angles according to the structural refine-
very clear and a coherent picture of the interrelation betweeR,ant The results have been listed in Table |. GdBAo
the structure and property has not yet emerged. In order tgiso crystallizes in an orthorhombic structure with the same
gain insight into the nature and effect of the spin state transpace group oPmmmandZ=1. However, the lattice pa-
sitions, a detailed study on GdBagt; 4,5 was done. We ob- rameters and ions occupation were found to be changed, and
served that the compound has distinct and stable low, intethe volume of the unit cell is around half of GdBaf3 45.
mediate, and high spin states with two magnetic transition3he lattice spacings ara=3.916(0) A, b=3.923(2) A,
along with an antiferromagnetic and a ferromagnetic phasand c=7.513(0) A. There is only one occupation for Co
transition in the IS state and a IS-HS spin state transition atation and it induces only CaCcluster being in this struc-
the metal-insulator transition temperature. Thermal expanture. However, the size of Ce@®hows an increase along all
sion of the compound shows anomaly due to the spin statthe three inequivalent Co-O bond lengths and a bending of
transitions. These results are interpreted in terms of differen€o-O-Co bond angle from 162.4¢fin GdBaCg@Os 49 to
spin states of cobalt and are consistent with the theoreticdl60.97°.
predictions by Korotiret alX° Figures 1a)—1(f) shows the field cool magnetization ver-
Polycrystalline samples of GdBag®s 45 were prepared sus temperature data of GdBafCg 45 at an applied field of
according to the method in Ref. 3. Stoichiometric amounts 0600 G. As shown in Fig. (B), six regions with different
Gd,0;, BaCQ,, and CoO powders were thoroughly mixed magnetic and spin states are identified and are explained be-
and calcinated at a temperature of 1000 °C. The mixture walw.
reground, pressed into pellets and fired at a temperature of (i) In the low temperature regionT&108 K) the mag-
1100°C for 24 h. We have not explicitly determined the netization exhibits a paramagnetic behavior. We tentatively
oxygen content, but since some of the result agrees witassign this behavior as due to Gd and in the discussion sec-
published dathwe consider the oxygen content as 5.45. Intion we will show that this is indeed the case.
order to see the effect of oxygen stoichiometry, GdBaG0 (i) Around 1@ K a change in slope is seen in thevs T
is prepared in Ar following the method of Kirat al® X-ray ~ curve that indicates a magnetic phase transifiig. 1(b)].
powder diffraction(XRD) of the samples showed formation This phase transition is most likely due to the spin state
of single phase compounds. Room temperature XRD medaransition of C3* from low spin (tggeg) to intermediate spin
surements were done by a Rigaku diffractometer an &u (tggeé) state.

reported®® and in some compounds an associated meta
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CoQ; square pyramid distortiofCo-O(A) N and Co-O-Co(°) N

cd'-0 1.977, 2 1.999,2 FIG. 1. (a) Field cool magnet_ization VS tempgrature curve qf
GdBaCqgOs 45 at 500 G. Dotted lines separate different magnetic

I_

gj, 8 1222 i igg;i and spin stategb), (c) LS-IS state transition(d) Antiferromagnetic
) ' ' ' ’ and ferromagnetic transition&) 1S-HS state transition.

(Co-0) 1.951,5 1.999,5

(O-Co-O(deg.) 162.41, 5 160.97, 5 at 365 K. This is shown in Fig.(&) and is probably due to

the spin state transition of the €b from intermediate to
high spin state.
Figure 2 shows the resistivity versus temperature curve at

CoQ; octahedron distortiofCo-O(A) N and Co-O-Co(deg.) N
of GdBaCqgOs 45

Cd-0 1.968, 2 zero applied magnetic field. The compound shows insulating
Co-O0 2.001, 2 behavior till 325 K except at 242 K, where the resistivity
cd-0 1.872, 1 undergoes a slope change. Since this temperature coincides
Ccd-0 1.896, 1 with the Nesl temperature in the magnetization curve, we
(Co-0) 1.951,6 interpret, similar to the manganite case, the anomaly in the
(0-Co-O)(deg.) 166.33.6 resistivity at 242 K as most likely due to charge ordering

effect®’%12 The resistivity then decreases abruptly around
325 K and a metal insulatoM-1) transition is observed at a
(iii ) A second transition is observed at 165 K within the IStemperature of 365 K. The absolute value of resistivity de-
state of C3" [Fig. 1(c)]. Korotin et al. have theoretically creases from 0.0€2cm at 300 K to 0.000832cm at 365 K.
predicted the presence of two magnetic states in the IS sta&ince the magnetization shows a IS to HS transition at the
and one of the states is associated with a change in the lattigame temperature, so th-l transition seems to be accom-
parametet’ In accordance with the theoretical result, we as-panied by a change in the spin state offCoWe mention
sociate this transition as the second magnetic state. here that as shown in Fig. 2 inset, the anomaly at 242 K
(iv) In the IS state the G undergoes an antiferromag- vanishes when a field of 5 T is applied thereby indicating the
netic arrangement with a etemperature of 242 K. The “melting” of the charge ordered state due to application of
magnetization then increases and the compound exhibits feeld, a fact well documented for manganitésdowever the
ferromagnetic behavior in the temperature range 242TK  magnetic field does not affect thé-I transition temperature.
<279 Kwith Tc=279 K[Fig. 1d)]. The relative thermal expansion of the compound in the
(vi) With increasing temperature another transition is seememperature range of 77—220 K and 300—-380 K is shown in
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FIG. 2. Zero field resistivity versus temperature curve. The inset 145 0s ]
shows the resistivity versus temperature curve at a field of 5 T. - r / l
= 090 7
Figs. 3a and 3b), respectively. Two distinct transitions are 10 e
observed at 163 and 359 K. As shown in Figa)3the ex- e y i
pansion curve shows a variation of slope around 163 K'in-~ 5[~ ., ]

dicating a second order phase transition. This transition ise I
due to the second magnetic staéthin IS stat¢ and might % 06}
involve change in the lattice parameter. However to ascertairS -
this, a detailed XRD analysis around this temperature is<d? 04}
needed. It seems that the process of transition from LS to IS I

357.0 3585 360.0 361.5 363.0
TK)

that started at 108 K completes at this temperaflifs K). 02F 1
A step change seen at 359 ikset of Fig. 3b)] indicates that 0.0 i (b) |
the phase transition is of first order. Comparing this tempera-

ture with the I1S-HS transition temperature avidl transition 0.2 L L . L L L
temperature, we assign the transition as due to change of th 300 320 340 360 380
spin state from intermediate to high spin state. Abrupt Temperature (K)

changes in the lattice parameters at the I1S-HS transition tem-

perature in TbBaCas s have been observed by Moritomo FIG. 3. (a) Relative thermal expansion curve from 77-220 K.
et al® also. To the best of our knowledge this is the first (b) Relative thermal expansion curve from 300—380 K. The inset
report on the anomalous behavior of expansivity inshows the step change in the expansion curve at 359 K.
GdBaCg0s 45 due to spin state transition.

From the above experimental results, it can be concludednd GdBaCgOs, respectively, which is very close to the
that the magnetic properties of GdBag 4s compound de- moment of free G&" ion. This leads us to the conclusion
pend largely on the spin state of the Co ion. Magnetizatiorthat at low temperature the observed moment is primarily
versus temperature measurements of GAB&cshow that  due to Gd™ that acts as a noninteracting paramagnet in the
the compound exhibits a paramagnetic behavior in the entiretherwise antiferromagnetic Co sublattice. It may be noted
temperature range of 5—400[Kig. 4(a)] and does not show here that at low temperature the Co is in low spin state and as
any long range ordering. One of the reasons might be the fastuch has no magnetic moment. Hence there is no contribu-
that the average Co-O bond length increases from 1.951 Aion from Co in the low temperature region. In YBa@h,
in GdBaCgOs 4510 1.999 A in GdBaCgOs and the aver- since Y is nonmagnetic, no paramagnetic behavior is ob-
age Co-O-Co bond angle decreases from 164° to 160°. Thiserved in the low temperature regidm, fact that supports
results in a weakening of the magnetization and a paramagpur conclusion. On the other hand SmBaOgys (Ref. 7)
netic behavior is observed. Also there is a decrease in thexhibits a fairly large magnetization even at the low tempera-
Co®* content in GdBaCgs that results in a weakening of ture thereby indicating the possibility of €0 in intermedi-
the magnetization. However, magnetization versus field meaate spin state rather than in low spin state. However in
surement at 2 KFig. 4(a) insef reveals that the magnetiza- GdBaCgOs 45 due to a nonunity ratio of G and CG*
tion tends to saturate in the paramagnetic region with maxithere are more numbers of £oin octahedral sites, some of
mum magnetization almost same for both GdBg&&g,;and  which might retain their high spin state even at the lowest
GdBaCgOs. We estimate that foH—« the magnetization temperature. This might be a possible explanation for a
value will be 7.83.g/f.u. and 7.2%5/f.u. for GdBaCgOs 45  slightly higher moment of GdBaG®s 45 as compared to
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where C3" is in the JT active state. From our structural data
also we have found that there is a difference in the Co-O
bond length in among the octahedral and square pyramid
sites. This difference is most likely due to the JT effect and
the distortion of the octahedra and the pyramidal sites can be
a source of the ordering of charges. In the compound
GdBaCagOs 45 the structure is such that there is an alterna-
tion of the octahedral and pyramidal structure that extends
towards thea axis [see Fig. 1b) of Ref. 5. Considering a

two sublattice model, along the direction the spins are
aligned in the same direction. Along theandc direction the
spins are aligned in the opposite direction resulting in an
antiferromagnetic interaction in thac plane. Therefore
along thea direction there is an alternation of the spin direc-
tion among the neighboring octahedral and square pyramid
site. It may be noted that such a spin structure supports the
fact that there is in-plane ferromagnetic interaction and inter-
plane antiferriomagnetic interaction. Korot al® have cal-
culated that such a charge ordering state reduces the entire
electronic energy and is therefore a preferable state. Spin
arrangements of similar kind are also reported by Fauth
et al® who also report a structural change and appearance of
additional superstructure peaks below the charge ordering
temperature. However, since Ref. 8 deals ViRBBaCq,0O5 so

the structure is square pyramid only. Nevertheless, this does
confirm the presence of a charge ordered state in the IS state
of Co>*. Application of magnetic field destroyémelts”)

the charge ordered state and favors ferromagnetism. There
exists a competition between the in-plane ferromagnetic in-

teraction and the interplane antiferromagnetic interaction and
at around 242 K the ferromagnetic interaction overcomes
antiferromagnetic superexchange interaction thereby estab-
lishing a long range ferromagnetic state with=279 K.

The temperature induced spin state transition to HS state

100 200 300 400
Temperature (K)
26 " 1 L 1 L 1 " 1 L 1 " 1 L 1 L
320 330 340 350 360 370 380 390

400 410

Temperature (K)

FIG. 4. (a) Field cool magnetization vs temperature curve of . . .
GdBaCgOs at 500 G. The inset shows magnetization vs field curvet"’lke“3 place in the paramagnetic region at 365 K. In Fig! 4

at 2 K for GdBaCgOs and GdBaCgOs 4s. (b) Inverse susceptibil- W€ have shown a Curie Weiss fit to the experimental data
ity curve of GdBaCgOs 45 in the temperature region 330—400 K. Points and the inset shows the inverse susceptibility from
The straight line shows the Curie-Weiss fit to the curve. Inset show§—400 K for GdBaCgOs 45. Two distinct linear regions are
the inverse susceptibility curve from 5-400 K. identified each with an effective moment of 8:85/f.u. and
5.67ug/f.u. for T>365 K and T<365 K, respectively.
Since the effective paramagnetic moment of Gd cannot
change, the only reason for the change of moment by
3.18ug/f.u. could be accounted for is by considering a
resulting this state to be an insulator. change of the C8 spins from intermediate to high spin
Based on the magnetization of GdBaOg and state. A similar result is reported by Moritomet al. for
GdBaCgOs 4s, it can be assumed that the spin state 6f Co  ThBaCgOs s compound although their effective moment
and C3" ions in the pyramidal site do not change with per C6" ion does not seem correct. Also the assertion that
temperature, in contrast to the €oions present in the oc- this transition could be due to low-spin—intermediate-spin
tahedral site that has a temperature dependent spin stateansition of C3" in octahedral siteseems not correct as the
With increase of temperature thg, electrons of Cd" get Co moments values are much higher. The HS Stégeeg) is
thermally excited and an electron is transferrecegdevel  Jahn-Teller(JT) inactive. Thus there is a change over from
resulting in a stable IS stateggeé) which is Jahn-Telle(JT)  JT active to JT inactive state resulting in the reduction of
active. At the charge ordering temperature, usually there iglectron-lattice coupling and a transition from localizedab
an increase in resistivity and changes along the crystalloleast partially itinerant Co 3 electron is realized. Also due
graphica, b, andc axes'? Thus the charge ordering is most to a change in the electron-lattice coupling a change in the
likely associated with the Jahn-Teller distortion. In thelattice structure should be observed which is consistent with
present case, the charge ordering takes place at a temperatorg thermal expansion result.

GdBaCgOs at 2 K. In the low spin phase of €6 the €y
orbital is empty and a stronigy-p ,-t,q bonding component
between Co @ and O 2 dominates over the,-p,,-e4 bond
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The anomalies in the relative thermal expansion curvecreases along with a reduction in the distortions of the octa-
represent phase transitions due to the spin state transitiohedra and the square pyramid structure. From the
The ionic radius of C' is different in LS and HS statéS:  experimental results it seems that in the insulating region
1.89 A and HS: 1.95 A}*Due to the transition in the IS  overall effect of these competing forces is to destabilize the
state at 163 K, the ionic radius of €ochanges. The oxygen double exchange interaction and increase of charge localiza-
ions surrounding the C6 move cooperatively in order to tion resulting in an insulating state. As has been reported in
adjust for the size change causing the lattice to expand. Howgefs. 6,7 and also mentioned above, the distortion in the
ever the resulting change in the Co-O distance is very feeblgctahedral and square pyramidal Co sublattices are different

There is no discontinuity in the structure as is evident fromyng could be one of the reasons for the stabilization of these
the smooth slope change in the thermal expansivity CUNVEpin states.

[Fig. 3(@]. On the other hand, comparing the result of x-ray
diffraction on ThBaCgOs 5,° the first order transition at 359 C
K [see Fig. 8)] mduiates a structural change due 10 IS-HSjermediate spin state. This state is stable and exhibits rich
state transition of Co'. Due to a larger ionic radius of €o magnetic properties. The IS state transition makes the com-
in the HS state, along with the oxygen, most probably the Gdy,nq jahn-Teller active resulting in charge ordering. An
(Ba) ions also suffer a displacement. The octahedra and th@qjator-metal transition associated with a spin state transi-
square pyramids therefqre get distorted. In the msulgtmgion of C3* from IS to HS state is observed. Finally it was
state <365 K), most likely the average Co-O bond in- ¢4 ng that the spin state transitions are accompanied by a

creases along thie axis, and contracts along tfieaxis, al-  change in the ionic radius of Co and probably also the lattice
though the amount of distortion in the individual octahedralgiy ;cture as is evident from the anomalies in thermal expan-

and pyramidal sites might not be same. Since the th&8  5ion measurements.

overlap is determined by the Co-O distance, change in the

Co-O distance affects the-d interaction. The distortion

causes the Co-O-Co bond angle and the band width to de- This work was supported by the Consortium for Ad-
crease. In theT>365 K region, thep-d interaction in- vanced Radiation Sources, University of Chicago.

In conclusion our results suggest that the evolution of
o>* low spin to the high spin state takes place through an

*Corresponding author. E-mail: nali@physics.siu.edu 8F. Fauth, E. Suard, V. Caignaert, B. Domenges, |. Mirebeau, and

1W. Zhou, C.T. Lin, and W.Y. Liang, Adv. MateB, 735 (1993. L. Keller, Eur. Phys. J. B1, 163(2002).

2Y. Moritomo, M. Takeo, X.J. Liu, T. Akimoto, and A. Nakamura, °C. Martin, A. Maignan, D. Pelloquin, N. Nguyen, and B. Raveau,
Phys. Rev. B58, R13 334(1998. Appl. Phys. Lett.71, 1421(1997.

3W.S. Kim, E.O. Chi, H.S. Choi, N.H. Hur, S.-J. Oh, and H.-C. Ri, °M.A. Korotin, S.Yu. Ezhov, I.V. Solovyev, V.I. Anisimov, D.I.
Solid State Commuril16, 609 (2000. Khomskii, and G.A. Sawatzky, Phys. Rev.58, 5309(1996.

T Vogt, P.M. Woodward, P. Karen, B.A. Hunter, P. Henning, and™M.O. Steinitz, J. Genossar, W. Schnepfand, and D.A. Tindall,
A.R. Moodenbaugh, Phys. Rev. Le84, 2969 (2000. Rev. Sci. Instrum57, 297 (1986.

5D. Akahoshi and Y. Ueda, J. Solid State ChetB6, 355(200).  *?Colossal Magnetoresistive Oxideadited by Y. TokuraGordon

8Y. Moritomo, T. Akimoto, M. Takeo, A. Machida, E. Nishibori, & Breach Science Publishers, London, 1299
M. Takata, M. Sakata, K. Ohoyama, and A. Nakamura, Phys.13M.A. Senaris-Rodriguez and J.B. Goodenough, J. Solid State
Rev. B61, R13 325(2000. Chem.116, 224 (1995.

"Takafumi Saito, Taka-hisa Arima, Yoichi Okimoto, and Yoshinori 1*G. Thornton, B.C. Tofield, and A.W. Hewat, J. Solid State Chem.
Tokura, J. Phys. Soc. Jpf9, 3525(2000. 61, 301(1986.

064437-5



