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Abstract

Strain engineering of epitaxial heterostructures offers opportunities to control the orbital degree
of freedom by lifting the degeneracy of e, states. Here, we show that the orbital occupation in
LaCoOs (LCO) films can be switched between two degenerate e, bands with epitaxial strain. The
orbital polarization of nearly -100% (or 100%) is controlled by depleting occupation of

dy2_y2 (Ords,z2_,2) orbital entirely in LCO for large compressive (or moderate tensile) strain.

The change of electronic configuration associated with the spin state transition modulates the
magnetization of strained LCO films. Under compressive strain, LCO films exhibit a small
magnetization without long-range ferromagnetic ordering. With tensile strain increases, the
magnetization of the LCO films increases and reaches the maximum value when the bonding
angle (Co-O-Co) is close to 180° and the in-plane bond length (Co-O) is unstretched. Our results
highlight the role of octahedral distortion and spin state crossover in tailoring the magnetic
properties of cobaltite thin films, suggesting an attractive route to deliberately control the orbital

polarization that can be tuned to maximize the functionality of oxide heterostructures.
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Complex oxide heterostructures have attracted considerable interest because many novel
phenomena can be realized using dimensional confinement and strain manipulation. Lanthanum
cobaltite, LaCoO; (LCO), is an example in this context. The low-temperature magnetic
susceptibility of bulk LCO was found to have three contributions: a Curie-Weiss paramagnetism,
a thermally driven spin-state transition, and a surface-related ferromagnetism with 7, = 85K. It

was found that the spin state configuration of Co’" ions transits from a low spin (LS, t26g, §=0)
state to an intermediate- (IS, t3,e7, S = 1) or a high-spin state (HS, t7;eZ, S = 2) with increasing

temperature. ' Previous work with strained thin films reported that LCO thin films under

5-11

tensile strain exhibited ferromagnetism at low temperatures. "' To date, the exact origin of the

ferromagnetism in LCO films is still controversial. Multiple competing mechanisms have been

[5

proposed to explain the enhancement of magnetization, including spin state transition, ) orbital

[9-11

ordering, (! and defect (oxygen vacancy) formation. ] The first scenario is supported by both

experiment and theoretical calculation in which epitaxial strain plays a critical role in the spin

(7,12

state transition. JIn this scenario, a small change of strain in LCO films could influence both

crystal field splitting (A¢) and intra-atomic exchange interaction (A.x) through octahedral
distortions. 7" 1> 1] The balance between Acr and A directly governs the spin states of Co ions,
giving rise to the observed ferromagnetism in the strained LCO films. To test this hypothesis, a

systematic study of strain effects on the electronic and magnetic properties is required.

[6, 7] [15]

Previously, both static and reversible-controlled strain effects on the

magnetization of LCO films have been investigated. It is generally believed that tensile strain in
the LCO films increases the population of higher spin state Co" ions, i.e. the intermediate spin
[5-

(IS, t3,e5) and high spin (HS, t3,e5) configurations, resulting in an enhanced magnetization.

1 pPrevious work, [ addressed these issues in films with a relatively narrow strain window (~



3.5%), and at thicknesses (above 50 nm) which allowed partial relaxation in LCO films. To
understand the connection between the electronic state and magnetization, it is necessary to
systematically cover a range of lattice symmetries to map the structure-function response where
relaxation does not complicate the interpretation of the observed physical responses. Using soft
x-ray absorption spectroscopy (XAS), we investigated the electronic and magnetic properties of
coherently strained epitaxial LCO thin films varying strain over a wide range. We show that the
orbital polarization in LCO films is strongly modulated by epitaxial strain, suggesting the key
role of strain-mediated spin state transition in the competing spin-orbital entanglement.
High-quality LCO thin films were epitaxially grown on a set of single crystalline
substrates, including SrLaAlOs (SLAO), LaAlO; (LAO), NdGaO; (NGO), (LaAlOj3)os-
(SrAlysTags03)07 (LSAT), SrTiO; (STO), DyScO; (DSO), and GdScOs (GSO) (Figure 1la),
using pulsed laser deposition. Samples were grown at 700 °C in oxygen partial pressure of 100
mTorr. The thickness of LCO layer was 40 unit cells (u. c.) (approximately 14 nm).
Subsequently, a 5 u. c.-thick STO capping layer was grown on each LCO layer to prevent the
loss of oxygen at the surface. ") The samples were cooled at a rate of 5 °C/min to room
temperature in oxygen partial pressure of 100 Torr. X-ray reflectivity measurements were
conducted to confirm the layer thicknesses in design and the abrupt interfaces between the films
and substrates. We performed X-ray diffraction (XRD) measurements on all samples (see Fig. S1
in Ref [16]). XRD 6-26 scans around the 002 reflection of LCO films grown on various
substrates showed distinct thickness fringes around Bragg peaks (Figure 1b), exhibiting a good
crystalline quality for all LCO films. XRD reciprocal space maps (RSMs) indicate that all LCO
films are coherently strained to the substrates with negligible strain relaxation (Figure 1c). The

in-plane misfit strain (&,,) of the LCO films varies from —1.4% (compressive) to 4.1% (tensile)



depending upon the substrate. The out-of-plane lattice parameters of the LCO films are also
obtained from the RSMs. The out-of-plane strain (&,,) of the LCO films spans a range from 2.2
to -2.3%. We calculated Ae,, /A¢,, to be —0.82, yielding a Poisson ratio of LCOv=1/(1 -2 X
Agy, /Ag,,) = 0.38, which is close to the literature value of 0.33. U7 18] This result suggests that
the substrate-induced misfit strain is accommodated by the elastic deformation of the LCO films.

We first discuss the influence of strain on the electronic properties of the LCO films
using element-specific X-ray absorption spectroscopy (XAS). The XAS was collected around the
O K-edge and Co L-edge in total florescence yield (FY) mode. Figure 2a shows XAS at O K-
edge for LCO films grown on various substrates. For all of the LCO films (except for the
LCO/DSO sample), we observed distinct pre-peaks at around 530 eV, corresponding to the
excitation from the O 1s state to the hybridized O 2p-Co®" 3d state. "1 These pre-peaks
overlapped with the characteristic peaks from different substrates, hindering the quantitatively
analysis of the hybridization strength between the Co and O (Figure 2a, and Fig. S2 in Ref. [16]).
Direct comparison of XAS data from LCO films with reference spectra of Co®” ! and Co®" ions
(201 indicates no detectable Co>" for the capped LCO films (see Fig. S3 in Ref. [16]). Using
Gaussian fitting to the XAS for Co L3;-edge, we estimate an upper limit of 2 % for the content of
Co®". The shoulders at ~ 782 eV (for Co Ls-edge) and at ~ 797 eV (for Co L,-edge) are the
fingerprints for the LS state Co’" present in the LCO films.

The electronic configuration of the LCO films was further characterized by X-ray linear
dichroism (XLD) using out-of-plane (/,,,) and in-plane (/;,) linearly polarized X-ray beams
(Figure 2b). One can anticipate that the absorption of X-rays polarized along E,,,//c (or E;,//ab)

arises largely from the unoccupied Co d3,2_,2 (or dyz_,2) orbitals, i. e. the holes. 19, 201 The

difference between /,,, and [, directly reflects the orbital configuration of d electrons (Figure 3a).



For the unstrained bulk LCO, a degenerated orbital occupancy is expected, thus no XLD signal is
observed. For LCO films under compressive strain, the position of energy peak in /,,, is lower

than that of /;,. This result indicates that the electrons preferentially occupy the d 2 orbital

3z%-r
rather than the d,z_,2 orbital (Figure 3b). Thus, the XLD peaks show positive values for the
compressive-strained LCO films. However, for tensile-strained LCO films, the peaks around the
Co L-edge exhibited negative values, suggesting a higher electron occupancy in the d,z2_,2
orbital compared to the d5,2_,2 orbital (Figure 3b). The orbital occupancy strongly depends on
the strain states of LCO films. The orbital polarization (P) can be quantitatively determined
using X-ray dichroism sum rules. ¥ P = (Ny2_y2 = Ngp2_p2)/(My2_y2 + Ngp2_p2)

where n,2_,2 and ns,2_,2 represent the number of electrons. P abruptly changes its sign when

-y
the strain state of LCO films changes from compressive to tensile strain (Figure 3c). We find that
P is close to -100% and 100% for the LCO films grown on SLAO and LSAT substrates,
respectively. These results suggest the electron occupation in these two cases can be modulated
from a nearly empty to a fully occupied d,2_,2 orbital by changing the misfit strain. As the

tensile strain further increases above 1.6%, P reduces again towards zero, indicating that the

electrons tend to be equally distributed over the d,2_,2 and d3,2_,2 orbitals for tensile strain

beyond 3 %.

The strain modulated electronic state is accompanied by a change in the magnetic ground
state of the LCO films. Macroscopic magnetic measurements were performed on the LCO films
grown on various diamagnetic substrates, as shown in Figure 1d and le. Our measurements show
a minimal magnetic response for the compressive-strained LCO films (on SLAO and LAO). In
contrast, ferromagnetic hysteresis loops were observed for tensile-strained LCO films. We note

that the M(H) does not saturate above 1 T, but continuously increase as increasing the magnetic



field. The saturated magnetization is ~ 2.1 up/Co and ~ 1.3 ug/Co for LCO films grown on LSAT
and STO substrates, respectively. These results suggest that an additional paramagnetic (PM)

(2. 5-7] Meanwhile, we found

component in the LCO films contributes to the total magnetization.
that a small change of strain strongly affects the magnetization of LCO films, whereas no
significant changes were observed for the Curie temperature (7; ~ 80 K). These observations are
consistent with previous reports. %!

To eliminate the influence of paramagnetism from the substrates on the magnetometry
data, we compare the X-ray magnetic circular dichroism (XMCD) at Co L-edge for all LCO
films which cover a wide range of misfit strain. The XMCD measurements were performed at 10
K under a field of + 5 T applied along the in-plane direction. XMCD signals were observed for
all samples (Figure 4a). The signals at the Co L,- and L3;-edges have opposite signs. We confirm
that the XMCD signals flip sign with the reversal of the applied magnetic fields (£ 5 T), thus the
XMCD exhibits magnetic response under the applied fields. The intensity of the XMCD signal
varies with the strain state of the LCO film. The magnetization of LCO films is quantitatively
estimated using spin sum rules to separate the orbital (L) and spin (S) contributions to the total
magnetization (M = L + 25). ! Total magnetization of LCO films is dominated by the spin
contribution (Figure 4b), which is typical for 3d transition metal oxides with relatively low spin-
orbital coupling. For the moderately tensile-strained LCO film on LSAT, the S and L reach
maximum and minimum values, respectively, resulting in the largest M among all LCO films.
Figure 4b compares the total magnetization of strained LCO films derived from the XMCD

signal (solid circles) and direct measurements from SQUID magnetometry (triangles). The

results from both techniques are consistent.



The intriguing strain dependence on the electronic and magnetic properties of the LCO
films arise from the structural distortion induced spin state transition in Co ions. In bulk LCO
(R3c, rhombohedral lattice structure), the Co-O bond length (d) is 1.93 A and the Co-O-Co
bonding angle (8) =~ 163°. ** 2! The spin state of Co ions is determined by the electronic
configuration of the t,, and e, bands. The transition between different spin states is controlled
by the energy difference (AE) between the crystal field splitting energy (A¢) and the intra-atomic
exchange interaction energy (Acx). In addition, the distortion of CoOg octahedra in the strained
LCO films will further split the e, band into d,2_,2 and d3,2_,2 orbitals. Thus, another factor,
the bandwidth (W) of the hybridized Co e, orbital and O p orbital, contributes to the energy
difference AE = A.p — Ay — W /2, where Ay & 1/d5 and W o cos (m — £)/d*5. * *! Under
compressive strain, the CoOg octahedra distort by shrinking f and decreasing d to accommodate
the in-plane compression. **! In this case, AE will be larger for the compressive strain compared
to the tensile strain. Thus, the Co e, bands will primarily empty the higher energetic d,z_,2
orbital, resulting in a large negative orbital polarization (Figure 3c) and a comparatively lower
spin states, e.g., a mixture of LS and IS. The spin state yields a small magnetization observed in
compressive-strained LCO films. As the strength of compressive strain reduces, the distorted
lattices increase B towards 180° while keeping d unchanged. Thus, the bandwidth is broadened,
and the crystal field energy reduces, leading to a decreased AE. In this situation, the higher spin
state becomes more energetically favorable. This favors the HS and IS states and reduces the
population of LS state as the tensile strain increases. The magnetization of LCO films will
continuously increase as the strain state of LCO films changes from compressive to moderate-

tensile strain.



For LCO films coherently strained on LSAT, the in-plane lattice constant of LCO films
(arco = arsat = 3.86 A) is approximately twice the Co-O bond length in bulk LCO (d = 1.93 A).
In this case, d is not stretched, and f would remain 180°. The bandwidth reaches its maximum
value 1/d3>, suggesting the strongest hybridization between the Co 3d and O 2p orbitals
(qualitative comparisons in Figure 2a). In this case, the Co’* spin state favor HS with relatively
small contribution from IS and LS states. According to the Goodenough-Kanamori-Anderson
(GKA) rules, *** this spin configuration favors ferromagnetic superexchange between the

occupied and unoccupied e, orbitals. Therefore, the LCO films grown on LSAT exhibit the
largest magnetization. Further increase of tensile strain in LCO films (e. g., on STO, DSO, and
GSO) will not increase the bonding angle as § = 180°; instead, d stretches along the in-plane
direction, resulting in a continuous decrease of (A, — W /2) ~ (1/d> — 1/d3%). Then, AE
further decreases. The large reduction in AE might leads to the strong overlap between the t,,
and e, bands, depopulating the d,2_,2 orbital in favor of the t,; band. This hypothesis is

supported by our observations of both reduced orbital polarization (Figure 3c) and magnetization
(Figure 4b). This result ultimately suggests that Co’” ions transit from a higher spin state to a
lower one with tensile strain beyond 1.6%.

Octahedral tilting and rotations in the LCO thin films may play a role in the modification
of the magnetic properties. °'** The symmetry of the substrates used in the present study varies
from rhombohedral (LAO), cubic (SLAO, LSAT, and STO), to orthorhombic (NGO, DSO, and
GSO) lattice structures with varying octahedral rotation patterns. It is challenging to draw a
complete picture of the influence of substrate-induced octahedral rotation on the overall
magnetic response of our LCO films. Earlier work has shown that a modification of octahedral

tilt / rotation commonly exists at oxide interfaces within a few unit cells. ***% So, a small



portion of the thin film’s magnetization may be affected. Nevertheless, the magnetization derived
from XMCD and magnetometry is dominated by the film bulk, where epitaxial strain plays a
major role. Further work involving depth dependent magnetization and microscopic structural
profiles is required to ascertain whether a correlation between octahedral tilt and rotation and the
interfacial magnetization in the LCO films.

In summary, strain effects on the electronic and magnetic properties of epitaxial LCO
thin films were investigated using XAS and magnetometry. We found that the orbital occupation
can be effectively switched between the two degenerate e, orbitals (as evidenced by change of
orbital polarization) by epitaxial strain. The magnetic properties of the LCO films were strongly
associated with the electronic state of the Co ions, which was controlled by the interplay among
the crystal field splitting, orbital bandwidth, and inter-atomic exchange interaction. The higher
spin states are not only stabilized by a decrease of the crystal field energy, but also by an
increase of bandwidth, i.e., the bonding angle and bond length. The largest magnetization was
observed in a LCO film on LSAT under a moderate-tensile strain state, in which the bonding
angle is close to 180° and the bond length is not stretched above the bulk value. Further
stretching the film along the in-plane direction reduced the magnetization of LCO films. Our
work suggests a powerful route to tailor physical properties through strain tuning that effectively

manipulates the orbital occupancy of cobalt ions.
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Figure 1 | Structural properties of LCO films grown on various substrates. a. Lattice
parameters of the LCO bulk and various single crystal substrates [SLAO: SrLaAlO4, LAO:
LaAlO;, NGO: NdGaOs, LSAT: (LaAlOs)o3-(Sr1AlpsTags03)07, STO: SrTiOs, DSO: DyScO;3,
and GSO: GdScO;]. Pseudocubic lattice constants were used for non-cubic substrates. Insets
indicate the in-plane bond angle (Co-O-Co) £ and the bond length (Co-O) d. b. XRD 6-26 scans
around the 002 reflection of LCO films grown on various substrates. The 002 peak of LCO films
is indicated with “V¥”. The misfit strain of LCO films gradually changes from the compressive
(SLAO, LAO) to the tensile strain (NGO, LSAT, STO, DSO, and GSO). ¢. Reciprocal space
maps (RSMs) around substrate’s 103 or 103,. reflections (or the SLAO substrate’s 1110
reflection). All films are coherently grown on the substrates. d. M-T curves and e. M-H
hysteresis loops of LCO films grown on SLAO, LAO, STO, and LSAT substrates. The linear (or
nonlinear) diamagnetic backgrounds from these substrates were subtracted. For the M-T curves, a
magnetic field of 0.1 T was applied along the in-plane direction during the cooling and warm-up
measurements. The magnetic hysteresis loops were measured at 10 K and the maximum
magnetic fields of £ 5 T.
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Figure 2 | X-ray absorption spectra (XAS) for LCO films grown on various substrates. a.
XAS for O K-edge. The red-shaded region centered at ~530 eV represents the feature assigned
to O 1s excitation to the Co 3d—0O 2p hybridized state in LCO films. The asterisks (*) mark the O
s excitation to the hybridized states between O 2p and other transition metals (for example, Ti,
Ta, Al, Sr, etc.) from the substrates (detailed comparison in Fig. S2 in Ref. [16]). b. XAS for Co
L-edges measured by the out-of-plane [/,,,, dashed lines, with the linear polarization vector, E//c]
and in-plane [/;,, solid lines, with E//ab] linearly polarized photons. All LCO films show strong
peaks at around 780.5 eV and 795 eV, in consistent with the peak positions of the Co L3- and L,-
edges for the Co’* ions, respectively. XAS data confirm the valence state of the cobalt keeps 3+
independent of the LCO films’ strain states. All spectra were collected and averaged over four
times with fluorescence yield (FY) detection mode. The spectra from different samples are
shifted for clarification. Dashed lines in both figures show the reference data from the Co" ions
in HSrCoO; 5 %) and the Co>" ions in LCO bulk. 2"
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Figure 3 | Strain dependent electronic states of the LCO films. a. X-ray linear dichroism
(XLD) of the LCO films grown on various substrates. XLD is calculated from the difference of
X-ray absorption between in-plane (/;) and out-of-plane (Z,,,) polarized photons. The spectra
from different samples are shifted for clarification. The scale bar in a is for reference. b.
Schematic electronic configurations of e, band in the Co’" ions. In bulk LCO (unstrained), the ey
band does not split. When the LCO films are compressive-strained, the energy of d5,2_,2band is
lower, thus holes occupy the d,z_,2 band; the opposite trend occurs when the LCO films are

under tensile-strain. ¢. Misfit strain dependent orbital polarization P [= (n,2_y2 — Nz,z_.2)/
(ny2_y2z + ng,2_,2)], where the n,2_,2 and ng,2_,2 represent the numbers of electrons. The

largest P is observed for the LCO film grown on LSAT substrate. Inset of d shows the schematic
of the X-ray scattering geometry for X-ray absorption spectroscopy (XAS) measurements. The
incident angle of X-ray beam is ~ 30 degrees with respect to the sample’s surface.
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Figure 4 | Strain dependent magnetization of the LCO films. X-ray magnetic circular
dichroism (XMCD) is imposed to systematically study the ferromagnetism of the LCO films
under various strain states, as shown in a. The measurements are carried out at 10 K under an
applied magnetic field of 5 T in bulk-depth probed fluorescence yield (FY) mode. The XMCD
signals are calculated from the difference between 4" and x divided by their sum, as described
by (u'—)/("+u), where x4 and 4~ denote XAS obtained from the right-hand circular polarized
(RCP) and left-hand circular polarized (LCP) photons, respectively. The X-ray incident angle
(30°) and the circular polarization (96%) have been considered by multiplying (u'—u)/(u' +u)
with [96%/c0s(30°)] ~ 1.1. The magnetization of the LCO films is quantitatively estimated using
the spin sum rules to separate the orbital (L) and spin contribution (S) to the total magnetization
(M = L +2§). The calculated L, S, and M are summarized in b. We find the total magnetization
derived from XMCD and SQUID (in Figure 1e) are consistent for the LCO films grown on
SLAO, LAO, STO, and LSAT substrates.
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