PHYSICAL REVIEW B 70, 014402(2004)

Ferromagnetism in LaCoOs
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A systematic investigation of the low-temperature magnetic properties of La®a® demonstrated a
ferromagnetism withl,~ 85 K from surface cobalt atoms. The experimental investigation involved compari-
son of the magnetic susceptibility ¢f) a single crystal(2) a powder ground from the same crystal, 484
a cold-pressed pellet from the ground powder that was unannealed and annealed at 400 °C followed by a later
anneal at 1000 °C. The low-temperature magnetic susceptibility was found to have three contributions: a
Curie-Weiss paramagnetism, a thermally driven spin-state transition, and a surface-related ferromagnetism with
T.~85 K. The ferromagnetic component has a remanence and coercivity at 5 K that increases dramatically
with increasing surface/volume ratio of the different samples. The presence of the surface ferromagnetism
explains the discrepancies of the low-temperature magnetic susceptibility reported by different groups. An
anion coordination at surface @b) ions that differs from that of the bulk cobalt is shown to be capable of
stabilizing higher spin states. A.=85 K is argued to be too low for ferromagnetic coupling by oxidized
clusters, and possible mechanisms for a ferromagnetic coupling between highergpini@ts are discussed.
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INTRODUCTION ence of the surface on the low-temperature susceptibility.
_ Another related question that needs to be clarified is the
The rhombohedra(R3c) perovskite LaCo@ undergoes origin of a nonlinearM-H curve and hysteresis loop first
an interesting evolution of its spin state with increasing temfound by Menyuket al? in both precipitated powder and a
perature. Recent experiments have finally established that thgound single crystal in view of the absence of any long-
bulk Ca(lll) ions are in their low-spirLS) t%° (S=0) state  range magnetic order of the bulk LS @b). Menyuket al.
at lowest temperatures, but change to a primarilyconcluded they were observing isolated ferromagnetic re-
intermediate-spin (IS) t°e! (S=1) state in the interval gions dispersed in a nonmagnetic matrix, but the nature of
35 K<T<100 K and then to a mixture of IS and high-spin the ferromagnetic phase was not identified. Androulagtis
(HS) t*€? (S=2) states in the interval 300 KT<600 K be- al.l! reported two ferromagnetic phases, one with a
fore, at higher temperatures, undergoing a transition froml<10 K and the other with 20 KT,<100 K that they
localized e electrons to itinerant electrons in a narre®  suggested were caused by the presence gMJadons asso-
band ofe-orbital parentagé:’ Nevertheless, all investigators ciated with L&*-ion vacancies.
have noted a Curie-Weiss paramagnetic component of un- In this paper, we report a temperature dependence of the
known origin that persists to lowest temperatures. This commagnetic susceptibility below 150 K that contains contribu-
ponent has been ascribed to impurities and to surface Co, btions from three sourcesl) the thermally activated LS to IS
there has been no systematic investigation of its origin. Irfransition in the interval 35 KT<150 K, (2) a ferromag-
view of the universal observation of this component, it seem#etic phase having a Curie temperatilige= 85 K detected at
unlikely that it is due to substitutional impurities. Moreover, low magnetic fields, and3) the universally observed low-
the suggestions concerning the origin of the low-temperaturéemperature Curie-Weiss paramagnetism. We argue that sur-
paramagnetism cannot persuasively explain the obvious irface Cglll) ions retain a higher spin state, most probably an
consistency in reports of magnetic susceptibility in the interdS state. Possible mechanisms responsible for the observed
val 5 K<T<140 K. It has been observed that regrinding ferromagnetism are discussed.
and refiring affects the low-temperature magnetic suscepti-
bility of LaC00;.8° However, the regrinding and refiring
process cannot preclude a variation of oxygen stoichiometry A LaCoQ; single crystal was grown by the floating-zone
or a change in the La/Co ratio due to the evaporation of Canethod in an IR image furnace as reported elsewhargart
ions when firing at high temperatures. Since we were in posef the as-grown single crystal was ground into a fine powder,
session of a single crystal and have also observed that coldénd then a part of the powder was cold presge#) into a
pressed samples are cracked so as to create a large surfalemse, 3 mm diameter pellet 1 mm thick by a technique re-
area that is removed only by annealing at higher tempergported elsewher¥ The particles of a CP sample are cracked,
tures, we have studied the low-temperature susceptibilities ahtroducing more surface area; but a high-temperature anneal
(1) a single crystal(2) a powder ground from the crystal, heals the cracks and yields a dense polycrystalline sample
and(3) a cold-pressed pellet from the ground powder beforehaving transport properties of an isotropic material that are
and after annealing at 400 °C and 1000 °C. These variedearly equivalent to those of a single crystal.
treatments provided samples of widely different surface ar- Since the same bulk single crystal was used to prepare all
eas per unit volume and therefore allowed probing the influthree samples, any differences between the low-temperature
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J J ' J ] crystal while the FC curve shows evidence of a weak ferro-
= CcP ] magnetism setting in below 85 K. The curve changed little
-6~ CP400 Ann | after a 400 °C anneal3) The CP pellet shows a much stron-
-~ -+ CP 1000 Ann | ger ferromagnetic response of the FC curve and the ZFC
‘o = Powder E curve has &, shifted to 0 K; the ferromagnetic Curie tem-
\—2— bulk crystal ] perature isT,~85 K. The magnitude of the ZFG(5 K)
i jumps to 97x10°%emu/mol compared with 2.51
X103 emu/mol for the single crystal and 6.93
g 8, R =Y X 1072 emu/mol for the powder. The anneal at 400 °C
o~ P L - changed the FC and ZFC by a minimal amouaj.After the
anneal at 1000 °C, the magnitude of the ferromagnetic com-
ponent was sharply decreased for the CP pellet. The thermo-
electric power of the annealed sample=350 uV/K is
close to that for the single crystal at room temperature; any
change of the bulk oxygen content as a result of grinding into
a powder, forming a CP pellet, and subjecting to anneals at
) 400 °C and 1000 °C is negligible. Therefore, we may con-
) g'% 1 Tlemperf‘t::; depebno:ince ?;lmagne;'c Suzcipt'b'“ty ofjude that the dramatic changejfiT) below 85 K of the CP
aCoQ; single crysta mg, bulk crystal ground powde(pow- o
den, unannealed CP pelléEP), and CP pellet annealed at 400 °C pellet before and after thg 1000 °C anneal reflects a change
(CP 400 Ann and 1000 °QCP 1000 Anj measured at 500 Oe in 11" the surface/volume ratio of the sample.
zero-field-cooling ZFC, solid and field-cooling FC, open modes. To confirm this conclusion, SEM photographs of the sev-
eral samples were taken and compared. Figure 2 presents the
surface images of the CP pellet after an anneal at 400ajC

magnetic susceptibilities of the three samples cannot be agnd(P) and at 1000 °Qc) and(d). The irregular grain size
tributed to substitutional impurities, but they could reflect the®f the CP pellet annealed at 400 °C does not change notice-
spin state of surface cobalt because of the large difference @Ply from that of the unannealed CP pellets and is similar to
the surface/volume ratio of the samples. Moreover, x-rajhe particle size of ground powders. However, many micro-
powder diffraction did not reveal the appearance of anycracks[see Fig. 2b)] can be seen in some large individual
phase other than LaCqQalthough the peaks of the CP particles in the CP pellet; these microcracks are not present
sample were clearly broadened compared to those of thié@ the particles of the ground powders and they were not
ground powder. This peak broadening indicates the smallesignificantly removed from the CP pellet annealed at 400 °C.
particle size of the CP pellet and possible residual strains iThese microcracks increase greatly the surface/volume ratio
the CP sample. To eliminate any influence of internal strain®f the CP pellet. After annealing at 1000 °C, the microcracks
resulting from the CP process, the powder and the CP pelletre removed and grain connectivity was obserfgske Fig.
were annealed at 400 °C for 15 h in flowing oxygen; at this2(c) and 2d)]. A reduction in surface/volume ratio is clearly
temperature, little if any sintering occurs. evident. Another direct evidence for surface involvement in

The temperature dependence of the magnetic susceptibike ferromagnetism is the dependence/F) on the size of
ity x(T) of the single crystal was first compared to that of thethe single crystal. As shown in Fig. 3, the larger the size of
ground powder and the CP pellet;)&T) curve of the CP the crystal, the smaller thg.,.
pellet was then taken after the 400 °C and 15 h anneal and To demonstrate the existence of a ferromagnetic compo-
after the 1000 °C and 4 h anneal. The data were taken withent in thex(T) curve, M-H hysteresis loops were taken at
a SQUID magnetomete(Quantum Designfrom 5K to 5 K over the range -5 ¥H<5 T; they are displayed in
320 K in a field of 500 Oe in both field coole@C) and  Fig. 4. They illustrate a dramatic increase in the remanence,
zero-field-cooled (ZFC) modes. Above 140 K, they(T) M,, and coercivityH., with increasing surface/volume ratio.
curves of all samples have the same magnitude and temper&aturation of the magnetization has not been reached in any
ture dependence and were similar to those reported in thef the samples, which signals a paramagnetic contribution
literature; below 140 K, they(T) curves differed signifi- from the bulk in addition to the presence of ferromagnetic
cantly from one another as is shown in Fig. 1. regions on the surface. It is noticed th&t(5 K, 5T)

Four features of Fig. 1 are to be notgd) the single- =0.2Qug/f.u. for the CP pellet is about 20 times that of the
crystal data exhibit a minimum susceptibiligy,, at a tem-  bulk single crystal, which is also direct evidence for the cre-
peratureT,,,=26 K and a divergence of the FC and ZFC ation of more localized spins with increasing surface/volume
curves below 70 K. The sharp decreasg/OF) on cooling in  ratio. After the anneal at 1000 °C, tiv-H curve of the CP
the intervalT,,,<T<80 K (note logarithmic scalereflects  pellet became like that of the ground powder.
the transition from IS to LS Gdll) in the crystal bulk.(2) Figure 5 shows FC and ZF®(T) curves for a 24 mg
The ground powder, on the other hand, shows a divergencgingle crystal measured with different applied magnetic field
of the FC and ZFC curves below 85 K; the ZFC curve has sstrengthsH. The separation between the FC and ZFC curves
lower T,,;, and aymi, four times larger than that of the single below 85 K decreases and the magnitude.f, drops asH
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FIG. 2. SEM photograph for CP pellet annealed at 400 ° C for & and(b) and at 1000 °C for 4 kic) and(d). Curves in(b) highlight
the microcracks.

increases; the FC and ZFC curves fr1 T (not shown X(T) = Xpara* Xsst* M/H, (1)
overlap over the entire interval 5KT<300 K. Below . ) ) . )
120 K, three contributions tg(T) can be identified as where xparais @ Curie-Weiss paramagnetisy; is from the

well-studied LS to IS transition on the bulk @b) ions, and

M is a field-dependent magnetization of the ferromagnetic
regions having a Curie temperatufig= 85 K and a tempera-
ture dependence described by the Brillouin function. The
first two terms of Eq(1) are field-independent whereas the
third term saturates at high fields. Since the divergence of the
ZFC and FC curves is caused by the third term, it is expected
that the FC and ZFC curves overlap at sufficiently high mag-
netic field. In low enough fields, the ferromagnetic contribu-
tion is comparable withy,,, and xss; Or may even be domi-
nant where the surface/volume ratio is large.

5%10°

X, (emu/mol)

DISCUSSION

Our experiments have clearly identified the existence of
unpaired localized spins at the surface of LaGgiarticles
and a ferromagnetic coupling to give ferromagnetic surface

regions with aT.=85 K. Both the magnitude and the tem-
40 60 80 100 120 140
T (K) perature dependence gfT) depgnd on the .su.rface/vo.lume
ratio of the sample and the applied magnetic field, which can

FIG. 3. The temperature dependence of magnetic susceptibilitvell account for the discrepancies in the reported low-
of LaCoO; bulk single crystals with different sizes measured att€mperaturey(T) behavior of LaCoQ.

500 Oe in ZFC(solid curvg and FC(dashed curvemode. No FC The spin state in LaCoQis determined by the competi-
mode was measured for the 66 mg sample. tion between the crystal field splitting enerdy. and the
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FIG. 4. M-H hysteresis loops at=5 K of (a) bulk single crystal(b) ground powder, angc) CP pellet. Inset ir(a) highlights the low
remanence and coercivity for bulk single crysta# mg.

Hund exchange energy.,. In the bulk, a small(A,
-A.,) >0 stabilizes the LS state as the ground state at lovhigher temperatures because chemical pressure incragses
temperatures. The spin-state transition can be induced nét fivefold-coordinated Cdll) ion on an ideal surface has a
only by thermal energies of the order of a few meV, but alsoSmallerA. than an octahedrally coordinated bulk(@bj ion,

by any structural or chemistry change that influences the balvhich stabilizes higher spin states even at the lowest
ance between . andA,,. It has been predictégland verified

later by experimeftthat the substitution of La by other rare-

%, (emu/mol)

T(K)

FIG. 5. Temperature dependence of magnetic susceptibility o1~ ion.}” Therefore, the adsorption of 8 can be expected

120

bulk single crystal24 mg in ZFC (solid) and FC(oper modes at

different magnetic fields.

earth ions with smaller radius will stabilize the LS state to

temperature$?

Fivefold, square-pyramidal oxygen coordination intro-
duces a tetragonal site symmetry that favors the IS state since
it removes thee-orbital degeneracy of that state. RBgOg 5
is an oxygen-deficient perovskite with rare-eartA* Rind
B&’* ions ordered into alternai®@01) planes; the oxygen of
the R¥* planes are removed, which stabilizs IS or HY G0
in square-pyramidal sites.

With large surface/volume ratio, LaCg@ould lower the
surface energy by either surface reconstruction or by adsorp-
tion of oxygen or moisture. Although a reconstruction of
low-index surface of LaCo®has been estimated to give a
76% reduction of the surface enerf§ypxides normally ad-
sorb water at the surface oxygen vacancies; this bound water
is present as surface hydroxyl anions OlDxide surfaces
exposed to the atmosphere adsorfOHand/or Q to lower
their surface energy. Bound water that releases a proton to a
neighbor G~ ion creates two surface OHons without
changing the valence state of the(@o ions. If H,O from
the air is chemically adsorbed on the surface, some surface
Ca(lll) are coordinated with five oxygen and one Oidn.

This coordination is similar to that in S£00O;Cl where IS or
HS Cdlll) ions are coordinated by five oxygen and one

to double the concentration of surface (Tlg ions in a
higher spin state without changing the valence state of co-
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balt. On the contrary, the chemical adsorption of an oxygertively, a static Jahn-Teller orbital ordering like that in the
atom at a fivefold coordinated site would oxidize the surfacq001) planes of LaMn@ at neighboring IS C@ll) on the
cobalt to CalV) t°° with S=1/2. Therefore, some localized two-dimensional surface could give ferromagnefie O—°
spins could be stabilized on the surfaces of Laga@ mat- interactions. Although antiferromagnetic ordering between
ter whether the surfaces are ideal or adsorb moisture and/@{rface HS Cdll) could give a weak canted-spin ferromag-
oxygen. . ] netic moment, a sufficiently large magnetization observed
Given the presence of localized surface spins, we mushakes this alternative less likely. However, our data do not

next consider the possible magnetic couplings that can leagroyige an unambiguous distinction between these three al-
to a surface ferromagnetism. The LS(@b):t°¢” ions with (o hatives.

S=0 are diamagnetic. In lightly Sr-doped LaCgOLS
Co(IV) : t5%€° ions with S=1/2 areknown to create ferromag-
netic clusters having IS cobalt configuratidis "(n<1) in
which the e electrons are no longer localized, but occupy Our experiments unambiguously demonstrate the pres-
molecularo* orbitals of e-orbital parentage; these magnetic ence of localized spins on the surface of LaGqfrticles
clusters have & .~ 220 K!8 Although oxidation of C@ll)  and a ferromagnetism witfi,=85 K. The ferromagnetism
to CalV) at the surface by adsorption of,@ould explain  becomes observable if an applied magnetic field is small; it
the observed ferromagnetism by the double exchange intefs enhanced as the surface/volume ratio of the sample in-
action int°c""(n<1) clusters, al,~85 K seems too low to creases. The surface ferromagnetism contributes to the low-
match this mechanism. Nevertheless, in order to find the evikemperature susceptibility in addition to the universally ob-
dence of surface oxidation, we ground pieces of single crysserved low-temperature Curie-Weiss paramagnetism and the
tal in flowing O,, flowing wet Ar, and in air, respectively, paramagnetism due to the thermally driven spin-state transi-
into fine powders with similar particle size and distribution; tion. The ferromagnetic component from the surface states
the magnetic susceptibility was measured immediately aftegxplains the discrepancies in different reports of the low-
grinding. The x(T) of all three samples showed a similar temperature magnetic susceptibility for LaCo@® reduced
temperature dependence, although the magnitude variezkygen coordination of the surface cobalt ions is responsible
somewhat due to different particle size and distribution. Thifor the higher spin state of the surface cobalt even in the
result argues against the oxidation of surface(llCpto  presence of bound water. Further experiments are needed to
Cao(lV) to give the observed ferromagnetism. Moreover, thedentify the magnetic coupling responsible for the surface
unchanged thermopower of the CP pellet after annealing derromagnetism.
1000 °C for 4 h casts further doubt on the double exchange
mechanism as the origin of the observed ferromagnetism. ACKNOWLEDGMENTS
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