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Recent progress with the thermally-driven spin-state crossover in LaCoO3 has made it 

increasingly apparent that the nominally non-magnetic low spin ground state of this material 

actually hosts novel defect-based magnetism. This is investigated here via a small-angle neutron 

scattering (SANS) study of LaCoO3-δ crystals. The results provide: (i) the surprising finding that 

the spin-state crossover is clearly reflected in SANS via quasielastic/inelastic scattering from 

paramagnetic spin fluctuations/excitations, and (ii) evidence for the formation, likely around 

oxygen defects, of local entities known as magnetic excitons. The latter generate distinct 

magnetic scattering below 60 K, providing valuable quantitative information on exciton densities 

and interactions. Potential relevance to the unexpected ferromagnetism recently discovered in 

epitaxial LaCoO3 films is discussed.           
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Magnetism in LaCoO3 has attracted attention and controversy for almost 50 years, largely 

due to the only marginal dominance of the crystal field splitting of t2g and eg states over the Hund 

exchange energy [1,2]. A low spin (LS, t2g
6eg

0, S = 0) configuration is thus observed in the 

ground state, but is stable only to ∼30 K, at which point excited spin-states are gradually 

populated [1-12]. These excited states can be simplistically described as intermediate spin (IS, 

t2g
5eg

1, S = 1) and/or high spin (HS, t2g
4eg

2, S = 2), but unravelling the true nature of the 

thermally-excited paramagnetism has proven a formidable challenge. Experimentally, mixed, 

and even contradictory conclusions have been obtained on the relative stability of IS and HS 

states [1-12], while theoretical difficulties also abound [13-17]. An example of the latter is that 

local analyses [1,15] and band structure approaches [13,16,17] often favor different excited 

states due to the differing extents to which they capture Co-O hybridization [14,17], spin-orbit 

interactions [15], etc.   

Despite these challenges, substantial recent progress has been achieved. This encompasses: 

(i) Increased recognition that characterization of excited states as atomic-like “IS” or “HS” is 

likely misleading due to significant spin-orbit coupling [15] and Co-O covalency [17]; (ii) A 

suite of experiments using electron spin resonance [6,11], X-ray absorption 

spectroscopy/magnetic circular dichroism [7], and inelastic neutron spectroscopy (INS) [8,9], 

that consistently identify a zero-field-split triplet as the first excited state; (iii) Direct 

measurement of both a 0.6 meV excitation associated with this triplet [8,9] and a g-factor of 3-

3.5 [6,11]; and (iv) Consistent interpretation of these results in terms of a spin-orbit triplet 

excited state [6,8,9,11,15]. While the understanding of the spin-state problem in LaCoO3 thus 

remains incomplete, it is nevertheless advancing.        
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Remarkably, recent work has also emphasized that the challenges and controversies with 

magnetism in LaCoO3 extend even to the nominally “non-magnetic” (S = 0) LS ground state. An 

unexpected transition to a weak FM state at temperatures between 50 and 100 K has in fact been 

detected by several groups [e.g.18-21], some form of defect-based magnetism being implicated. 

The possibility of surface FM has been discussed [18,20,21], as have local FM entities termed 

magnetic excitons [19]. The latter were predicted by Nagaev and Podel’shchikov [22], the 

essential concept being that doped carriers created at defects in LaCoO3 (for instance electrons 

induced at oxygen vacancies) can stabilize finite spin Co ions within their localization volume. 

Specifically, analytical calculations [22] show the stability of magnetoexcitonic complexes 

where the total energy is lowered by trapping the electron, exciting HS Co ions inside the 

complex, and aligning their moments. Such a “magnetic exciton” is thus distinguished from a 

“magnetic polaron” by the induction of the moments in addition to their alignment. Low field 

magnetization and muon spin relaxation measurements support the existence of these excitons 

[19,23], as does retention of some finite spin Co even as T → 0, as seen in specific heat [24]. 

Parallels with the “spin-state polarons” that form with dilute Sr (i.e. hole) doping [4,25] are 

obvious, potentially playing an important role [19,23,26] in seeding the nanoscale magnetic 

inhomogeneity in La1-xSrxCoO3 [27]. Noteworthy in comparison to conventional magnetic 

polarons is that these excitons / spin-state polarons form as the host lattice crosses over to an S = 

0 ground state; they can thus exist in a non-magnetic (as opposed to para- or antiferro-magnetic) 

matrix.   

Here, a study of the magnetism of LaCoO3 crystals using small-angle neutron scattering 

(SANS) is reported. The magnetic SANS is found to have two contributions: A low scattering 

wavevector (q) part with strong q dependence that turns on below 60 K, and a higher q part with 
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negligible q dependence that increases gradually on warming above 30 K. The latter is shown to 

be due to the spin-state crossover, which SANS is demonstrated to be sensitive to via the 

quasielastic and low energy inelastic scattering from paramagnetic spin fluctuations and 

excitations. Most importantly, the low q scattering is found to be of Guinier type, revealing a 

bulk ensemble of scattering centers that are identified as magnetic excitons. The results provide 

information on the size, density, and interactions of these excitons, constituting a direct neutron-

based observation of their existence. Potential relevance to the now well documented observation 

of unexpected FM in epitaxial thin films of LaCoO3 is discussed.     

The LaCoO3 samples used in this study are from the series of floating-zone-grown La1-

xSrxCoO3 single crystals extensively characterized and discussed in prior work [e.g. 

8,11,12,24,27]. LaCoO3-δ is a more accurate representation of their stoichiometry, the density of 

defect-stabilized T → 0 finite spin Co ions from the 0.5 meV specific heat Schottky anomaly 

suggesting δ ≈ 0.0005 [24]. Zero-field-cooled magnetization (M) measurements were performed 

on these crystals in a superconducting quantum interference device magnetometer from 2-300 K 

in fields (μ0H) from 0.05 to 5 T. SANS measurements were made between 5 and 300 K on the 

NG7 and NG3 instruments at the NIST Center for Neutron Research, at a wavelength, λ = 5 Å. 

The scattering was recorded on a 2D area detector, using circular averaging to obtain the 

absolute cross-section (dΣ/dΩ) vs. the magnitude of the scattering wavevector, |qሬԦ| = q. The 

probed range (0.014 ≤ q ≤ 0.240 Å-1) was obtained at a single sample-to-detector distance.  

The q dependence of dΣ/dΩ is shown in Fig. 1 at four representative temperatures between 5 

and 300 K. Two distinct q regimes are apparent: A low q regime (q < 0.03 Å-1) where dΣ/dΩ is a 

steep function of q and increases quickly on cooling below ∼60 K, and a high q regime (q > 0.03 
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Å-1) where dΣ/dΩ is notably q-independent, increasing gradually on warming above ∼30 K. The 

T dependence in these two q regimes can be seen more clearly in Fig. 2 (panels (b) through (e)), 

where it is compared to M/H (panel (a)). The latter readily illustrates the phenomena discussed in 

the introduction, the rising susceptibility on cooling below 300 K reflecting the Curie-Weiss 

behavior of excited Co ions, the falling susceptibility between 100 and 30 K marking the spin-

state crossover, and the increase at the lowest T (particularly in low H) being due to the defect-

based magnetism. Lower fields and more specialized field-cooling protocols [19,23] reveal the 

saturating component associated with the weak FM discussed above, as can be seen for instance 

in Figure 4 of ref. 19. As shown in Figs. 2(b,c), in the low q regime (< 0.03 Å-1) dΣ/dΩ is 

essentially T-independent down to ∼60 K, below which it increases monotonically by as much as 

40 %. In the high q regime (> 0.03 Å-1, Figs. 2(d,e)) the behavior is very different, the low T 

upturn progressively weakening with increasing q, accompanied by a clear increase in dΣ/dΩ(T) 

from 30 to 300 K. While the scattering at such q values is quite weak, making incoherent 

scattering a potential concern, simple estimates place this at only 20-30 % of even the minimum 

cross-section shown in Fig. 2(e). Moreover, this incoherent contribution is expected to be both q 

and T independent. Also worth emphasizing is that Figs. 2(b-e) plot dΣ/dΩ values computed 

from circular averages in the qx-qy plane. The scattering from these crystals has small, but non-

zero anisotropy however, which can be quantified by the parameter A = [(dΣ/dΩ)max - 

(dΣ/dΩ)min] / (dΣ/dΩ)min × 100 %, where “max” and “min” denote the maximum and minimum 

values on a circular scan at fixed q. Fig. 2(f) shows A(T) at a representative q of 0.08 Å-1, the 

striking feature being the similarity to both dΣ/dΩ(T) at similar q (Fig. 2(e)) and M/H(T) (Fig. 

2(a)).  
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There are two main (T-dependent) features of interest that emerge from Figs. 1 and 2: The 

gradual increase in the q-independent scattering on warming from 30 to 300 K for q > 0.03 Å-1 

(e.g. Figs. 2(d,e)), and the more abrupt increase in the strongly q-dependent scattering on cooling 

below 60 K for q < 0.03 Å-1 (e.g. Figs. 2(b,c)). The origin of these two features is now discussed 

in turn. Given the q independence (which implies a local origin), the onset temperature (30 K), 

and the monotonic increase in dΣ/dΩ on warming, the obvious question with the scattering at q > 

0.03 Å-1 (Figs. 2(d,e)) is whether it could somehow reflect the spin-state crossover. The inelastic 

neutron spectroscopy (INS) data of Phelan et al [8] are important in this context, having 

demonstrated that warming LaCoO3 above 30 K induces both a broad inelastic continuum 

centered at energy transfer, ΔE = ԰߱ = 0, as well as well-defined excitations at ± 0.6 meV. The 

former derives from paramagnetic spin fluctuations, the latter the 0.6 meV excitation of the 

excited state triplet discussed above. The dynamic structure factor from such data, ܵሺqሬԦ, ߱ሻ, is 

related to the imaginary part of the dynamic magnetic susceptibility by ܵሺqሬԦ, ߱ሻ ൌ ఞᇱᇱሺqሬԦ,ఠሻଵି௘ష԰ഘೖ೅  , and 

߯ԢԢሺ߱ሻ from 0.5 – 2.0 Å-1 was found to be well described by: 

߯ᇱᇱሺ߱ሻ = ఞబ୻బ԰ఠሺ԰ఠሻమା୻బమ ൅ ఞభ୻భ԰ఠሺ԰ఠା԰ఠబሻమା୻భమ ൅ ఞభ୻భ԰ఠሺ԰ఠି԰ఠబሻమା୻భమ  (1). 

Here ߯଴ is the static susceptibility, ߯ଵ is the susceptibility associated with the 0.6 meV excitation, Γ଴ and Γଵ are relaxation rates, and ԰߱଴ = 0.6 meV. The first term captures the inelastic 

continuum, the second and third the ± 0.6 meV excitations. Phelan et al thereby determined ߯଴, ߯ଵ, Γ଴, and Γଵ as a function of T, which were found to clearly reflect the spin-state crossover [8].   

To connect to the current work it is first important to acknowledge that in SANS, λ is held 

approximately constant, dΣ/dΩ is measured vs. the scattering angle 2θ, and elastic scattering is 
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typically assumed, leading to q=|qሬԦ|=(4π sin༌θ)/λ. However, the quasielastic and low energy 

inelastic processes captured by equation 1 may also contribute to the SANS cross-section. |qሬԦ| 

should then be more generally written as: 

|qሬԦ|2=หkሬԦiห2
+หkሬԦfห2

-2 หkሬԦiหหkሬԦfหcos (2θ)  (2). 

Here ԰߱ ൌ ௜ܧ െ ௙, and Ei and Ef are the initial and final neutron kinetic energies given by ห԰kሬԦiห2ଶ௠ܧ  

and ห԰kሬԦfห2ଶ௠ , where m is the neutron mass. The scattering at fixed 2θ thus probes the integral of 

some trajectory through ԰߱-|qሬԦ| space such that: 

ௗஊௗΩ (2θ) ן ׬ หkሬԦfหหkሬԦiห ݂ሺqሬԦሻଶܵሺqሬԦ, ߱ሻ݀߱ா೔ିஶ   (3), 

where ݂ሺqሬԦሻ is the form factor. For magnetic scattering this gives:  

ௗஊௗΩ (2θ) ן ׬ หkሬԦfหหkሬԦiห ݂ሺqሬԦሻଶ ఞᇱᇱሺqሬԦ,ఠሻଵି௘ష԰ഘೖ೅ ݀߱ா೔ିஶ   (4), 

which, in conjunction with equation 1 and ߯଴ሺܶሻ, ߯ଵሺܶሻ, Γ଴ሺܶሻ, Γଵሺܶሻ from Phelan et al [8], can 

be used to predict dΣ/dΩ(T) at the elastic q-values probed in the current SANS measurements. 

The results are indicated by the small red points in Figs. 2(d,e) (right axis), the excellent overall 

agreement with the data providing strong evidence that the increase in the q-independent SANS 

cross-section on warming above 30 K for q > 0.03 Å is indeed magnetic in origin, deriving from 

the thermal spin-state crossover. Comparing A(T) (Fig. 2(f)), dΣ/dΩ(T) (Fig. 2(e)), and M/H(T) 

(Fig. 2(a)) this magnetic scattering is apparently anisotropic. Note that while phonons may also 

contribute in Figs. 2(d,e), calculations based on ref. 28 and literature data for LaCoO3 indicate a 

qualitatively different form than the measured T dependence, particularly below ∼100 K.   
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Turning now to the strongly q-dependent SANS in the lower q region (< 0.03 Å-1, Fig. 1), the 

first point to emphasize is the abrupt increase in dΣ/dΩ below 60 K (Figs. 2(b,c)), some form of 

magnetic scattering being one possible source. The onset temperature is in fact strikingly similar 

to the weak FM transition seen in the magnetometry and muon spin relaxation studies discussed 

above [19,23]. To further investigate this, the 300 K cross-section was subtracted from the data 

of Fig.1 generating the dΣ/dΩ(q) shown in the inset. Significantly, this is well described (solid 

line fits) by the Guinier form characteristic of the low q limit of a dilute assembly of scattering 

centers, i.e. dΣ/dΩ = (dΣ/dΩ)0 exp (-q2Rg
2), where (dΣ/dΩ)0 is the q = 0 Guinier cross-section, 

and Rg is the radius of gyration of the scatterers. The resulting (dΣ/dΩ)0(T) and Rg(T) are shown 

in Figs. 3(a,b). (dΣ/dΩ)0 is found to turn on quite sharply below 60 K (Fig. 3(a)), the 

corresponding Rg decreasing on cooling, from ∼170 Å at the first point of detection, to 140 Å at 

low T (Fig. 3(b)) [29]. The latter observation is significant, as this is exactly the behavior of 

magnetic polarons in classic magnetic semiconductors such as Cd1-xMnxTe and Cd1-xMnxSe, 

where the increase in polaron binding energy on cooling drives a decrease in radius [30-32]. 

Given this characteristic behavior of Rg(T) (Fig. 3(b)), the q dependence expected of a bulk 

ensemble of local scattering centers (Fig. 1, inset), and the onset at the 60 K seen in prior work 

(Fig. 3(a)) [19,23], it is concluded that this scattering indeed derives from magnetic excitons. 

Any potential higher q features due to ݂ሺݍሻ and/or ܵሺݍሻ are apparently obscured by background 

and other scattering contributions. Note that the observations presented here, particularly the 

Guinier q dependence, are consistent with magnetism throughout the bulk of the material.      

One surprising aspect of Fig. 3 is the overall magnitude of the extracted Rg values. The 140 Å 

found at low T, for example, corresponds to ∼35 pseudocubic unit cells, significantly exceeding 

the few lattice constants expected from theory [22], simple estimates from experimental data [4], 
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and measurements of analogous spin-state polarons in lightly hole-doped LaCoO3 [25]. Analysis 

of the absolute magnitude of (dΣ/dΩ)0 sheds light on this issue. From elementary theory [33], 

(dΣ/dΩ)0 = nV2<(Δρ)2>, where n, V, and Δρ are the density, volume, and contrast of the 

scattering centers. Assuming this contrast is magnetic leads to (dΣ/dΩ)0 ≈ nC2M2, where C = 2.6 

× 10-5 ÅμB
-1, and M is the exciton magnetization in μB [34]. The low T experimental value of 

(dΣ/dΩ)0 ≈ 1 cm-1 (Fig. 3(a)) thus constrains the product nC2M2, generating the n-M relation 

shown in Fig. 3(c), inspection of which immediately reveals that it is highly unlikely that the 

observed scattering is from an ensemble of isolated, non-interacting excitons. For example, 

assuming a typical individual exciton magnetization of ∼20 μB results from this plot in an 

unphysical n of more than 1022 cm-3 (red dashed lines in Fig. 3(c)); in essence the observed 

scattering is too strong to result from entities with M ∼ 20 μB. An alternative approach is to take 

the previously determined density of T → 0 finite-spin Co ions (0.1 % of the sites, 2 x 1019 cm-3 

[24]), assume these to reside in HS excitons, and use this to constrain n and M in conjunction 

with Fig. 3(c). The result of such a calculation is n ∼ 1014 cm-3, M ∼ 5 × 105 μB (green dashed 

lines in Fig. 3(c)), i.e. a much lower density of higher M objects. Remarkably, this M is very 

close to that expected from an HS object with Rg = 140 Å (Fig. 3(b)), i.e. it is consistent with 

dΣ/dΩ(q). The clear implication is that the scattering observed here results not from isolated 

individual magnetic excitons, but rather interacting statistical agglomerates of such excitons with 

large M. Importantly, this is in accord with a true phase transition to a weak (low volume 

fraction) FM state, consistent with both Fig. 3(a) and prior ideas [19,23].             

In summary, SANS measurements on single crystal LaCoO3 have been shown to be sensitive 

both to the thermally driven spin-state crossover (via quasielastic/inelastic scattering from spin 
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fluctuations/excitations) and the formation of magnetic excitons in the ground state. The latter 

are evidenced by the onset of a Guinier scattering contribution below 60 K, analysis of which 

points to statistical agglomerates of interacting excitons. As a final comment on the implications 

of these findings, it is noted that recent years have seen a flurry of interest in heteroepitaxial thin 

films of LaCoO3 due to the discovery of unexpected FM (or ferrimagnetism) [35]. While the 

majority of work has focused on strain-induced changes in electronic structure as an explanation, 

results such as those presented here indicate that an important role for oxygen vacancies should 

not be discounted. Very recent studies in fact implicate oxygen vacancy ordering as essential for 

the magnetic ordering [36]; the interplay between such defect ordering and magnetic exciton 

formation in LaCoO3 is thus a fascinating topic for further study. 
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Figure Captions 

Figure 1: Wavevector (q) dependence of the scattering cross-section (dΣ/dΩ) at representative 

temperatures of 5, 40, 80 and 300 K. Inset: q dependence of the 300 K background subtracted 

cross-section at 5, 15, 30, 40, 80 and 100 K. The solid lines are fits to the Guinier form, as 

discussed in the text.  

    

Figure 2: Temperature (T) dependence of: (a) M/H (M = magnetization, H = applied magnetic 

field) at H = 0.05 and 5 T, (b) dΣ/dΩ at q = 0.014 Å-1, (c) dΣ/dΩ at q = 0.024 Å-1, (d) dΣ/dΩ at q 

= 0.05 Å-1, (e) dΣ/dΩ at q = 0.1 Å-1, and (f) A at q = 0.08 Å-1. The parameter A is defined as 

[(dΣ/dΩ)max - (dΣ/dΩ)min] / (dΣ/dΩ)min × 100 %, where “max” and “min” denote the maximum 

and minimum values on a 360 ° angular scan at fixed q. All dashed lines are spline fits to guide 

the eye. On (d) and (e) the red points (right axis) denote dΣ/dΩ calculated from published 

inelastic neutron spectroscopy (INS) data, as discussed in the text.        

 

Figure 3: T dependence of (a) the Guinier cross-section, (dΣ/dΩ)0 and (b) the radius of gyration, 

Rg, as determined from the fits in the inset to Fig. 1. The dashed lines are guides to the eye. In (a) 

the 100 K value was subtracted as a background. (c) Exciton density (n) – exciton magnetization 

(M) relation, determined by (dΣ/dΩ)0 ≈ nC2M2, where (dΣ/dΩ)0 is fixed at its low temperature 

value from (a) (1.0 cm-1). 
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Figure 2 
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