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PACS. 71.70.Ej — Spin-orbit coupling, Zeeman and Stark splitting, Jahn-Teller effect.

Abstract. — Magnetic anisotropy has been measured for the ferromagnetic Lag.7Sro.3CoO3
perovskite from an analysis of the high-field part of the magnetization wvs. field curves, i.e.,
the magnetic saturation regime. These measurements give a magnetic anistropy one order of
magnitude higher than that of reference manganites. Surprisingly, the values of the magnetic
anisotropy calculated in this way do not coincide with those estimated from measurements of
coercive fields which are one order of magnitude smaller. It is proposed that the reason of this
anomalous behaviour is a transition of the trivalent Co ions under the external magnetic field
from a low-spin to an intermediate-spin state. Such a transition converts the Co®> ions into
Jahn-Teller ions having an only partially quenched orbital angular momentum, which enhances
the intra-atomic spin-orbit coupling and magnetic anisotropy.

Attention to cobalt perovskites of formula R;_,A,CoO3 was first paid in the ’50s. At that
time, Jonker and van Santen [1] and Koehler and Wollan [2] described their basic properties,
that were first interpreted by Goodenough [3]. The finding of colossal magnetoresistance
effects in Mn perovskites [4,5] reactivated the interest on these and related materials, like the
title compound. Since the first investigations, it was seen that the magnetic and transport
properties of cobalt perovskites have a peculiar thermal dependence [2,6-10]. To explain it,
the existence of a thermally induced change in the electronic configuration of the Co ions
was established by Raccah and Goodenough [7]. Tt is a consequence of the interplay between
the intra-atomic exchange and the crystal electric-field interactions, which in this particular
compound are of comparable magnitude. This fact is highlighted as the source of many of
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Fig. 1 — Magnetization vs. magnetic field in the saturation regime of Lag 7Srp.3C00s3. In fields up to
55kOe the material is still far from saturation, indicating a strong magnetic anisotropy.

the differences with manganites [11], where the intra-atomic exchange is rather higher than
the crystal electric-field interaction. For the particular case of LaCoOs, the electronic state
changes at intermediate temperatures. At low temperatures, the predominant state is low-spin
(tgg7 S = 0) and, at intermediate ones, it evolves to an intermediate- (tgge_}], S = 1) or high-
spin state (t‘égeg, S =2)[7,8,10,12-18], due to the small energy gap (~ 0.03eV) between such
configurations. Sr-doping leads to a phase segregation into hole-rich ferromagnetic clusters and
a hole-poor LaCoOQj3-like matrix [19,20]. The hole-rich regions are isolated for low z, but at x ~
0.20 they percolate and the samples become ferromagnetic and metallic. The phase diagram
of this very complex system has been given by Senaris Rodriguez and Goodenough [19].

One of the specific features of Lag 7Srg.3C00s3 is the difficulty of approaching a magnetic
saturation state [11,19,21,22]. This has been attributed to the absence of true long-range order,
that leads to a cluster-glass state [21]. Nevertheless, the ultimate origin of the situation is still
not clear, and some hypotheses have been launched recently, like the presence of diamagnetic
S =0 Co ions that would dilute the magnetic lattice [11]. In any case, after the percolation
of the hole-rich ferromagnetic clusters the system can be considered as a ferromagnet.

As a new input to this puzzle, Ibarra et al. reported recently a huge anisotropic magne-
tostriction [23] that cannot be explained on the basis of the usual spin-orbit coupling contribu-
tion. To explain it, they proposed an orbital instability of Cot under an external magnetic
field. In this work the hypothesis of the orbital instability is adopted to analyze the high
magnetic anisotropy of the Lag 7Srg.3Co0O3 system.

The sample was prepared by conventional ceramic methods. X-ray powder diffraction
revealed that it was single phase. Initial magnetization data were taken with vibrating-
sample and SQUID magnetometers in fields up to 55kQOe. Before each run, the sample was
demagnetized heating up to 350 K, well above the Curie point, and cooled down to the test
temperature at zero field.

In fig. 1 the high-field part of the magnetization vs. magnetic-field isotherms is shown.
As can be seen, the difficulty to achieve saturation is greater than in ferromagnetic man-
ganites. In order to analyze the approach to saturation magnetization, we use the empirical
relationship [24, 25)

a b

H H?
where My is the component of the magnetization along the field direction, Mg is the saturation

MH :MS(T) +XH7 (1)



J. MIRA et al.: FIELD-INDUCED MAGNETIC ANISOTROPY IN Lag 7Srp.3C003 435

& " 5K
E 44 e kK .
o~ A BOK o .
8 v 100K Ceele
150K *e%er *
L]
o e 230K O
91 * 240K .Q":**o r'yd Qeg°
— 24 ® 250K Y * * . .
™ L] * *"e
i ° Zsi}i':*::o° oo’ o
< 1 .:*:,o:.“‘ N X
- *g 9 w3 lig ¥
5 Pgeect _ngng‘:gilﬂ”af#f‘:'!“«
A nohillevdicee Coee00%0""
= (a)
E O T T T T
20000 30000 40000 50000
H (Oe)
- 240
n [ ]
81 (b) " . ©)
— 200 ]
o - n
mo 6 1 % 1604 | |
£ . § .
g - - ] .. g 120 u
g 44 L] n o [ ]
< u "
9 n s 80 ]
> 24 n
40_
0 T T T T T T 0 T T T T T T
0 100 200 300 0 100 200 300
T(K) T(K)

Fig. 2 — (a) Representation of the magnetization wvs. field isotherms of Lag.7Sro.3C0o03 according to
eq. (2). (b) Values of x used for the representations of (a). (c) Saturation magnetization obtained
from the fits of the isotherms to eq. (1).

magnetization and a, b and x are constants. The term y H represents the field-induced increase
in the spontaneous magnetization of the domains and it is very small at temperatures well
below the Curie temperature. The a/H term is generally interpreted as due to imperfections
such as dislocations or nonmagnetic inclusions, and b/H? is due to crystalline anisotropy. To
expedite the fits, the derivative is often used [24]

(%—X)H?’:aH-i-%. (2)

Data were fitted to achieve the x that best linearizes the curves. In fig. 2(a) we show
the representation of the magnetization according to eq. (2), with the x’s shown in fig. 2(b).
Linear fits were then done for data above 30kOe in order to obtain a and b. These data,
substituted in eq. (1), allow to fit the magnetization data and to determine the saturation
magnetization shown in fig. 2(c).

From the value of b, the values of the anisotropy constant can be calculated. For a poly-
crystalline material with crystallites oriented at random, the approach to saturation may
be calculated by averaging the magnetization curves for all crystal orientations [26]. The b
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Fig. 3 — Magnetic anisotropy vs. temperature for Lag.7Srg.3CoQOgs, extracted from fits of the high-field
linear part of magnetization wvs. field curves (filled symbols) as well as from data of coercive fields
(open symbols).

constant is then given by [27]
K?
b=03—
/BMS ’ 3)

where 3 comes from purely geometric considerations. As this study only estimates the orders
of magnitude of the magnetic anisotropy, we chose the same value of 5 = 8/105 used for the
reference manganese perovskite Lag/3Sr;/3sMnO3 (ref. [28]), understanding that the choice
does not affect the final results. The values thus obtained for the anisotropy constant are
reported in fig. 3.

The effects of magnetocrystalline anisotropy are detectable in other features of ferromag-
netic materials, like the value of coercive fields. The coercive field can be estimated from the
results of fig. 2 with the well-known relation

K
where A is a constant typically between 0.1 and 1 (ref. [29]) and M; is the spontaneous
magnetization. Taking into account that for T' < 0.8Tc My ~ Mg (Mg can be used instead of
My at low temperatures), we arrive at the fact that expected coercive fields are of the order of
103 or 10* Oe. The coercive fields of Lag 7Srg.3C0o03 have already been reported by Vazquez
et al. [22]; surprisingly, a clear discrepancy is found with the values expected from eq. (4), in
one or two orders of magnitude, depending on the A value.

A deeper insight is needed, and the value of A is important to quantify this anomaly. In
order to determine A, we have analyzed the manganite Lag 7Cag 3MnO3. From magnetization
vs. field isotherms at 5 K and fitting the high-field part in the same way as previously, we obtain
K =3.4-10%erg/cm? (5.86 - 10* erg/g), which is consistent with the results of Perekalina et
al. [30], who give values ranging from 3.5 - 10* to 6 - 10%erg/g for the magnetic anisotropy
of Lag 7(Sr,Pb)g.sMnOg3. It is worth mentioning that this value is one order of magnitude
smaller than that of the cobaltite. Provided that coercive fields at 5K are of the order of
~ 500e and Mg ~ 650 emu/cm?, we arrive at the conclusion that A ~ 0.1, which will be
used for the analysis of Lag 7Srg.3C003. With this value of A and the data of Hc and Mg,
we can recalculate the anisotropy constant by eq. (4). The result is shown in fig. 3. A simple
comparison of these data (measured from coercive fields, i.e., at low applied magnetic fields)
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with fig. 3 (obtained from the high-field regime) show that they are around one order of
magnitude smaller.

The question now is to identify what is happening with the magnetic anisotropy of this
compound. For the measurements of the two sets of anisotropy constant values (expected in
principle to be similar), the only external parameter that has been changed is the external
magnetic field. In one case it is high (saturation regime) and in the other it is low (when
measuring coercive fields, that are of the order of 102 Oe). Then, it seems that the magnetic
anisotropy constant of Lag 7Srg.3C003 does not remain the same under external magnetic
fields. We see a strong parallelism of this situation with the finding by Ibarra et al. [23] of
a huge anisotropic magnetostriction induced by the external magnetic field. They concluded
that the anisotropic magnetostriction cannot be explained on the basis of the usual spin-orbit
contribution and proposed that it is due to the orbital instability of the Co ions under the
external applied field, i.e., on the transformation of the low-spin state of the Co®* ions in
the insulating matrix (which is diamagnetic and does not contribute to magnetic anisotropy)
into the energetically close intermediate-spin configuration, which is a Jahn-Teller ion. As
described by Ibarra et al. [23], under Jahn-Teller distortion, the doubly degenerated e, level
of IS-Co?" splits into two singlets (L = 0), and the triplet ¢5, into a singlet and a doublet
(L =1). The singlet states of the ¢o, level are occupied by two electrons with opposite spins
and the doublet level by three electrons. Due to the degeneracy of the doublet level with
nonzero angular momentum, a strong intra-atomic spin-orbit coupling is created which leads
to the increase in magnetic anistropy, in contrast to the reference manganese perovskites. Our
result can also be interpreted as another evidence in favour of the orbital instability of the Co
ions under external magnetic fields in Lag 7Srg.3Co00O3.

* % X%

Spanish MCYT, under project FEDER MAT2001-3749, is acknowledged. We also wish to
thank L. E. HUESO for data on Lag 7Cag 3MnOs3.

REFERENCES

] JONKER G. H. and VAN SANTEN J. H., Physica, 19 (1953) 120.

] KoreHLER W. C. and WoOLLAN E. O., J. Phys. Chem. Solids, 2 (1957) 100.
[3] GOODENOUGH J. B., J. Phys. Chem. Solids, 6 (1958) 287.

]

[4] voN HELMOLT R., WECKER J., HOLZAPFEL B., SCHULTZ L. and SAMWER K., Phys. Rev. Lett.,
71 (1993) 2331.

[6] JIN S. et al., Science, 264 (1994) 413.

[6] HEeIKEs R. R., MILLER R. C. and MAZELSKY R., Physica, 30 (1964) 1600.

[7] Raccan P. M. and GOODENOUGH J. B., Phys. Rev., 155 (1967) 932.

|
|
]
[8] MENYUK N., DWIGHT K. and RaccaH P. M., J. Phys. Chem. Solids, 28 (1967) 549.
|
|
]

[9] BHIDE V. G., Rajoria D. S., Rao C. R. and Rao C. N. R., Phys. Rev. B, 6 (1972) 1021.
[10] SENARfs RODRIGUEZ M. A. and GOODENOUGH J. B., J. Solid State Chem., 116 (1995) 224.
[11] Mira J., Rivas J., VAzQUEz M., GARCIA-BENEYTEZ J. M., ArRcAs J., SANCHEZ R. D. and

SENARIS RODRIGUEZ M. A., Phys. Rev. B, 59 (1999) 123.

[12] Asal K., YOKOKURA O., NisHIMORI N., CHOU H., TRANQUADA J. M., SHIRANE G., HIGUCHI
S., OkAJIMA Y. and KOHN K., Phys. Rev. B, 50 (1994) 3025.

[13] KoroTIN M. A., EzHOV S. YUu., SOLOVYEV I. V., ANisiMov V. 1., KHomskil D. I. and
SAWATZKY G. A., Phys. Rev. B, 54 (1996) 5309.

[14] Sarron T., Mizokawa T., FusIMORI A., ABBATE M., TAKEDA Y. and TAKANO M., Phys.
Rev. B, 55 (1997) 4257; 56 (1997) 1290.



438

EUROPHYSICS LETTERS

YAMAGUCHI S., OKIMOTO Y., TANIGUCHI H. and TOKURA Y., Phys. Rev. B, 53 (1996) R2926.
ZHUANG M., ZHANG W. and MING N., Phys. Rev. B, 57 (1998) 10705.

TOKURA Y., OKIMOTO Y., YAMAGUCHI S., TANIGUCHI H., KIMURA T. and TAKAGI H., Phys.
Rev. B, 58 (1998) R1699.

YAMAGUCHI S., OKIMOTO Y. and TOKURA Y., Phys. Rev. B, 55 (1997) R8666.

SENARfS RODRIGUEZ M. A. and GOODENOUGH J. B., J. Solid State Chem., 118 (1995) 323.
Caciurro R., RINALDI D., BArRuccA G., MIRA J., Rivas J., SENARIS RODRIGUEZ M. A.,
RADAELLI P. G., FIORANI D. and GOODENOUGH J. B., Phys. Rev. B, 59 (1999) 1068.

IToH M., NaTORI I., KuBOTA S. and MoTova K., J. Phys. Soc. Jpn., 63 (1994) 1486.
VAzQUEZ M., GARCiA-BENEYTEZ J. M., ArRcas J., CasTtaNo F. J., Mira J., Rivas J.,
Breo M. P. and SENAR{S RODRIGUEZ M. A., J. Magn. & Magn. Mater., 196-197 (1999)
546.

IBARRA M. R., MAHENDIRAN R., MARQUINA C., GARCIA-LANDA B. and Brasco J., Phys.
Rev. B, 57 (1998) R3217.

BozoRTH R. M., Ferromagnetism (IEEE Press, New York) 1993, Chapt. 11.

See, for example, MORRISH A. H., The Physical Principles of Magnetism (Wiley, New York)
1965, Chapt. 6.

HERPIN A., Théorie du Magnétisme (Presses Universitaires de France, Paris) 1968, Chapt. 23.
HOLSTEIN T. and PRIMAKOFF H., Phys. Rev., 59 (1941) 388.

BALCELLS L. L., FONTCUBERTA J., MARTNEZ B. and OBRADORS X., J. Phys. Condens. Matter,
10 (1998) 1883.

CHikAZUMI S., Physics of Ferromagnetism (Oxford University Press, New York) 1997,
Chapt. 18.

PEREKALINA T. M., LiPIN’SKI I. E., TIMOFEEVA V. A. and CHERKEZYAN S. A., Sov. Phys.
Solid State, 32 (1991) 1827.



