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Abstract &\

Oxygen content in transitio etal oxides is one of the most important parameters to

control for desired physi %{tles Recently, we have systematically studied the oxygen

content and prop ons 1p of double perovskite PrBaCo,0s 5:5 (PBCO) thin films
deposited on O) substrates. The oxygen content in the films was varied by in-situ
annealing il a m en, oxygen, or ozone environment. Associated with the oxygen content, the

4

out-o e tio{ parameter progressively decreases with increasing oxygen content in the
fi sat)rated magnetization shows a drastic increase and resistivity is significantly
reduged 1) the ozone annealed samples, indicating the strong coupling between physical

?paies and oxygen content. These results demonstrate that the magnetic properties of PBCO
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Publishifilys are highly dependent upon the oxygen contents, or the film with higher oxygen uptake has

the largest magnetization.

Introduction

Functional transition metal oxide materials continue to be the sﬂ(ﬂs&fextensive research
due to their interesting and important physical properties for a vast ; of promising
applications.' The interaction of the 3d-orbitals in the transitj rnjxeta toms with the 2p-orbitals
of the oxygen atoms plays an important role in controlling functienalities. Especially, in
perovskite oxides (ABOs) with multiple possible Vaﬁce states >or the B-site cations, variations
in oxygen content change the cation valence states«at the l.]i}ite to balance the charge (ABOs.),

leading to tunable physical properties in thes&‘%m@

transition metals can also alter the overall o h[‘oichiometry and oxygen vacancy

? The cation valence states of the B-site

distribution, changing the oxygen Kic%n etry to Os.5.” In these materials, oxygen vacancies
can significantly alter the cryst b&@mres and the spin-orbital interaction resulting in
various anomalous electri magnetic properties of transition metal oxides.** Especially,

ordered oxygen vacanéies canbe/formed in the families of cobalt and iron.® These vacancies
Y.
n of'len

g/-range magnetic ordering and dramatically change the properties of

result in the for L\
the transition@:dde .8 Remarkably, functional properties in these systems, namely
ma

cobaltite

nganite perovskites, are extremely sensitive to oxygen content variation as
- V.

changes in O)Yg content (as little as = 0.01) can have immense effect on transport
ﬂ . . .
p opertleﬁ. ecent researches indicate that the ordered oxygen vacancy structure can

Wi icantly enhance oxygen ion transport in these materials.'”'" Additionally, cobaltite
~
perovskites show various interesting magnetic properties and electronic transport properties as

the Co-O-Co chains allow for ferromagnetic and antiferromagnetic ordering, as well as metallic,
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Publishigegniconducting, or insulating transport behavior.'? PrBaCo,0s s+5 (PBCO) bulk/powder double
perovskite has been shown to alter its magnetic and electronic transport properties significantly
based on oxygen content and annealing condition, for example, PBCO thin films exhibit reduced
defect concentration when treated to an oxygen anneal vs. no anneal." Garcia-Munoz et al. and

Ganorkar et al. showed that for 3 > 0.2, PBCO undergoes a paramagnetic-to-ferromagnetic-to-

antiferromagnetic ordering with decreasing temperature.'*"> In addition, ' slow cooling process
(1.67°C/min) following synthesis results in increased OXygff zkba.nd enhanced magnetic
properties.'° It is clear that optimization of oxygen content is crﬁyial in obtaining desired
properties in complex oxides. The oxygen content i&ateﬁ’ls like PBCO is normally adjusted

-
by post annealing treatments in different chemteal envitonments.

N

PBCO thin films were studied not&%ﬁheir sensitivity to oxygen content in the

lattice, but also because PBCO sho<1 yoptimal composition among lanthanide cobaltite

double perovskites for A-site (K}a\\ihing as well as for oxygen vacancies to reside in the

PrO layers."” Thus it is feasible to mirthnize extraneous effects in the lattice to better understand

the specific role of increase

Y.
temperatures in oz&gen d then slowly cooled over many hours or even days to approach fully

xygen uptake. Usually, the samples are typically held at elevated

oxygenated s wm)ﬁ in the double perovskite structure, or alternatively subject to
extended post ann ing treatments in most reports.”*' However, in many transition metal
oxide§, the metaliatom ligand sites are occupied by single oxygen atoms, rather than diatomic
okygen. This'means that the diatomic oxygen must first overcome an energy barrier to dissociate
(u%) en ions before it can diffuse into the oxygen vacancies, as shown in similar perovskite
~
terials.'” In this study, we have focused on enhancing magnetic and electronic properties of

PBCO epitaxial thin films by tuning the oxygen content via in-situ annealing in oxygen deficient,
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Publishiegy gen rich, and ozone rich environments. By using flowing ozone gas during annealing, we
take advantage of the decomposition at elevated temperature of the O3 molecule in the deposition

chamber, allowing for reactive O to enter the lattice without first dissociating as O,.

Results and Discussion (/\

Figure 1 shows the X-ray and RSM data. The lower inset'shows,the diffraction pattern

from 20° to 50°, for ozone, oxygen, and nitrogen annealed n@s indicating that the films are

\
.
ters 087. 26 A, 7.720 A, and 7.715 A

(00/) oriented. Analysis yields out-of-plane lattice para
for the films treated in nitrogen, oxygen, and ozone@pective y. Additionally, Reciprocal Space
Mapping (RSM) scans were conducted for thege h\%rbund the (103) LAO peaks
(corresponding to (106) for PBCO, the RSM \heﬂm annealed in ozone is included in the
upper inset). LAO substrates were ch exglc at film relaxation begins at a small critical
thickness to minimize interface st%'blzon effects on magnetic and electronic
properties.”> Bulk PBCO exhib&s\ cubic a/b axis lattice parameters of approx. 3.93 A, with
a doubled c-axis parametér o rox. 7.655 A, typical of the ‘112’ double perovskites (where
the ratio of a:b:c axis(lattige paraimeters is approximately 1:1:2). This yields about a 3.693%
(compressive) in{ ¢ mismatch on LAO. A thin strained interfacial layer is evident in the RSM
scan of the O £ilm as the (106) peak is elongated in O, which is expected at our estimated
thickness 0£140 rgn he relaxed region is the higher intensity area marked by the dashed circle.
~
The insplane 151ttice parameter for the ozone annealed sample is determined to be 3.902 A based
-
O@%N[ scan, consistent with the reduction of the a/b lattice parameters with out-of-plane
?@g@tion. The oxygen and nitrogen annealed samples have in-plane lattice parameters of 3.916
A and 3.900 A, respectively. Interestingly, the oxygen annealed sample shows an increased

lattice parameter compared to the nitrogen and ozone annealed samples. This could be due to the

4
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Publishi&gcrgence of an orthorhombic distortion that can be found in bulk samples near Os s, where the a-
axis parameter exhibits a “hump” like behavior with a maximum near Os s and decreasing with either
more or less oxygen in the lattice.” In comparison with bulk PBCO, all PBCO films in this study
show an increased out-of-plane lattice parameter, possibly resulting fr?ﬂ the oxygen deficiency.
Alternatively, the increased out-of-plane lattice parameters might r; su‘l‘t)from me residual
strain remaining in the film. As the PBCO film and LAO substraté«cool'ftom the annealing
process, differing coefficients of thermal expansion may cau tDe-ﬁlm and substrate lattices to

-
contract at different rates, resulting in a partially strained\{ilm atSroom temperature. Since the
film thicknesses are over 12 times the estimated cri@ thisjmess of 12.3 nm, the interface strain
should be mostly relaxed, however some partial strai erLﬁéins as discussed previously. As the
temperature, laser energy, repetition rate, tc%tc\whe same for each film, the dominant cause
for the variation in lattice parameter as mined by XRD/RSM is directly related to the
variation in oxygen content across t&i&{ nnealing treatments. The RSM scans shown in
Figure S1 exhibit subtly decrea&ﬁfpeak widths from nitrogen to ozone annealed samples,
characteristic of reduced% ncentration or possibly decreased octahedral distortion or
mosaicity. The reduction in o;t- f-plane lattice parameter with increasing oxygen content is
confirmed in sey rw thin film perovskites, including variation of unit cell volume due to B-
site transitign ?11 cation valence change as a possible mechanism.*** A fully oxidized PBCO
thin fi (P Co,0¢) will have cobalt in an average valence state of +3.5, from equal parts of
mixg_ii lence Co>'/Co*". As a result of reduced oxygen content toward Os s, the cobalt atoms all
te towé‘d Co’" causing the lattice to expand as cobalt and most other transition metal atoms
he‘ase ionic radius as their valence is reduced. Therefore, the PBCO peak shifts higher in Q.

from nitrogen to oxygen to ozone, again indicating increased oxygen uptake in each successive

casc.
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magnetization vs. applied magne}ﬁqd (M-H) measured at 10 K. M-T and M-H data were
collected with the fiel a&a@tbe film plane due to the a/b axes being the “easy axis” for
£

lanthanide cobalﬁ? pe Vskiyis’ magnetic order and electronic conductivity.?® Figure 2(a) is the
zero-field coo d-g?F -T curves for each different anneal environment. Strikingly, the ozone
annealed mp/le ws a nearly 400% increase in peak magnetization over the oxygen annealed
samplé and a a(er than 2500% increase over the nitrogen annealed sample in these curves.
TheZF es show an onset of ferromagnetic (FM) ordering at about 175 K which quickly
col essas competing antiferromagnetic (AFM) regimes begin to dominate at lower

N

temperatures. This type of behavior is also seen in other LnBaCo0,0s s:5 thin films (Ln = La, Pr,

Nd, etc.) and is typical of a cluster glass behavior consisting of competing domains of FM and
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PublishiagM regions.*'** The field-cooled scans in Figure 2(b) also show quite interesting behavior. All
samples show onset of FM order at approx. 175 K, however the nitrogen and oxygen annealed
samples may show some slight onset of AFM behavior as evidenced by the decrease in
magnetization near 100 K. During cooling, this PM-FM-AFM transiticz(( 1s characteristic of bulk
PBCO samples with oxygen content near Os s to Os 75, although th ei?fome isagreement on
what oxygen content exactly relates to this behavior."*'* Most inﬁ% , the onset of AFM
ordering is absent in the ozone annealed sample, giving inclii ?V‘Td-ence of elevated oxygen
content. Although there is some variance in the range of ygen¥ontent that yields this behavior,
evidence points to oxygen content of at least Os ¢s, &L_pos‘s‘ﬂaly as high as 05.85.15 In order to

A
confirm that increased oxygen content modifi€sithe métal-oxygen interaction mainly in the “easy

axis” or a/b plane, we measured in-plane d-o\,ﬁkof-plane M-H hysteresis loops. The hysteresis
loop of the film annealed in ozone in ﬁi%xhibits stronger ferromagnetic response than
that of the films annealed in oxygen ittogen. This can be related to how the oxygen content
can influence the crystal field splihnd affect the spin state of the cobalt atoms. As discussed
above, oxygen Vacancie% ge the valence or oxidation state of the cobalt atoms, resulting
in a re-distribution ee{rory cording to the energy of the crystal field splitting. Depending

on how the cry ta{f%d{lergy changes due to the oxygen vacancy, it may be energetically

4

favorable for préviously unpaired electrons to begin to pair up and reduce the spin state of cobalt.
£
on.the

Depe /fnagnitude of the splitting energy, it may be possible for electrons to thermally
redistribute i)to a higher spin state, however no such transition is evident in the data presented
here, as the increasing temperature only serves to overall reduce the magnetic response in all

thTes. Figure 2(d) compares the in-plane and out-of-plane M-H loops for ozone annealed

samples. We consider that the magnetic “easy axis” is in the plane of the film due to the
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Publishitegdency of oxygen vacancies to reside in the PrO; planes rather than the CoO; or BaO
planes.'*?' Oxygen vacancies along the c-axis of the film will disrupt the double/superexchange
interaction in the out-of-plane direction that is responsible for magnetic ordering, resulting in
magnetic anisotropy from the reduced magnetic response along the c-?ds direction as shown in

other Lanthanide double perovskite materials.”’=*

Furthermore, th @)wtic isotropy can
typically be attributed to strain, magnetocrystalline effects, or sh%ﬁ{ ile the film near the
interface is still fully strained, the film is significantly thiclf_i Ql‘rhe\estimated critical
thickness as mentioned previously. As a result, strain from the ‘r?jm-substrate interface should not
be a dominant parameter in the films’ magnetic p ogqiies‘.'?y the same reasoning, the
magnetocrystalline anisotropy contributions W aL;E)le as the films have an increased out-

of-plane lattice parameter as compared tochis case the increased lattice parameter is
itiona

again attributed to oxygen deficiency. y, the shape anisotropy energy (2nM?, where

N
M is the saturated magnetization) c&k&{ ith the oxygen vacancies along the c-axis distorts the

out-of-plane M-H loop and results}m—plane easy axis.””"
/\
/\ /
£
ﬂ /

<
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Figure 2. Magnetic properties of each ann a) PBCO ZFC in-plane M-T curves in 500 Oe
field, (b) PBCO FC in-plane M-T curve ESQQ e field, (c) In-plane M-H hysteresis loops at 10

K for each anneal environments an N lane vs. out-of-plane M-H loops for ozone sample

only measured at 10 K.

In addition to a%}lge'\i perties, oxygen content has significant influence on the
ropertie

electrical transpoz/ s/of PBCO thin films as well. Figure 3 shows as-measured resistivity

data as a fun o@f temperature. The samples all display typical semiconductor/insulator
behavior 4g registivity (p) decreases with increasing temperature. Surprisingly, there is very small

ﬂ
differénce begzve n the oxygen and nitrogen annealed curves, however the ozone annealed PBCO

ﬁ
sample sgow a dramatic reduction in resistivity over the other two samples. Resistivity values at

‘16.9 the films annealed in nitrogen, oxygen, and ozone are 46.669 Q-cm, 45.807 Q-cm, and
N

6.199 Q-cm respectively.
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Publishing  Figure 3(a) depicts a typical Arrhenius fitting, often applied to semiconducting materials

to determine their activation energy or band gap. The equation is reproduced here:

)
&

where E, is the activation energy or gap energy, k is the B tz@%ﬁstam given in

p(T) = Aexp (i—T)

units of eV/K, and T is temperature in K. It is obvious due to the\nw rity of the In(p) vs. 1/T
fit that this data cannot be completely fit by the Arrhenius _m\ I'as*the fitting is accurate for
higher temperatures but diverges considerably below approx. 2(’9 K, probably due to the local
charge disordering and/or interface strain in thes s&leqlthough the Variable Range
Hopping model is often used to describe disortked\s eLr;l-s, it has seen some success in

describing complex oxide semiconductor nsulw at low temperatures and even

superconducting oxides above their cri '}k}emp ratures.””! The general equation for this model

4

is given below as presented by Mott™;

\
Q 1(a)=A—Tf;/4 )
y.

where 4 and B ar¢ matérial dependent constants relating to the Fermi level and average
electron hoppi g"bjzerg r range. In terms of resistivity, this model typically requires a In(p) vs.
T fittingin },n 0,05 5+5 materials as the exponent on 7 can assume different values based

)

on thesystem e/scribes.31 As seen in Figure 3(b) this model fits the data reasonably,
rt use to describe low temperature transport in cobaltite double perovskites, where

N
the high temperature region very well in addition to the Arrhenius model. At these higher

supporting.i
x%\a ca)riers (along Co — O — Co chains) are typically localized. Interestingly, the VRH model

temperatures, we potentially have a mix of conduction mechanisms with thermal conduction

10
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Publishibgoming dominant as temperatures continue to rise. This may result from the effect of thermal
expansion difference and interface strain between the films and substrates.” Thus, at high
temperature the Arrhenius model becomes the “good fit”, which enables one to determine the
activation energy from the slope of the fit line. Toward lower tempera?/res, due to the different
thermal expansive coefficients, regions of local charge disorderin @jae formed. This can be
seen from the linear fit divergence. Therefore, the VRH model be%sw minant, and a
“crossover” temperature to transition between models is eme ?t.‘"flable SI (see supplemental

_—

information) summarizes these values as well as many other crif)cal values presented above. In

-

addition to the lower resistivity in the ozone anneal ampaes, we see a lower activation energy
in the Arrhenius fit, as expected. In the VRH W ;.l?)pe of the fit is tied to the “hopping
energy” required for a charge carrier to V%en states. The ozone annealed sample shows
the smallest slope and thus requires a | op! ing energy resulting in reduced resistivity.

When it is applied to the as-measu&eﬁ ity data in Figure 3, the oxygen and nitrogen

annealed samples show similarN s, indicating that the nitrogen and oxygen annealed
samples are similarly diserderedbut possess different oxygen contents. Thus, the key parameter
to consider is the hopping’ enf}g necessary for charge transport. As the N, and O, annealed

samples show gini}hqping energies, this means that the hopping electrons can have similarly
£

available p@ssible hopping pathways. Since most oxygen vacancies tend to reside in the Pr-O

plane ofithe tmit céll (as discussed previously), the electron hopping energy can allow for farther
than “n rest)eighbor” conduction in the case of an oxygen vacancy. Additionally, even though
a anc) in the Pr-O; layer might leave the a/b-axis Co-O-Co conduction paths intact, those

wgal vacancies can change the valence state of the Co atom. As discussed previously, a defect

of this type can not only change the Co-O bond length/angle, but also reduce the available charge

11


http://dx.doi.org/10.1063/1.4977026

This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

AllP

Publishiegriers, and give a higher resistance state as the average Co valence tends toward integer values

(3+/2+).3

150 — =Nitrogen _s50|; Sreoen

—_ Oxyg en g * Ozone /
€25 g
g Ozone £ ’ 3\
€100 Z00 (a)
c 0.003 0.006 0.009 \
(@] 1T (K"
~ 50 Nitrogen ‘)
> A e Oxygen / -
£ 3] + Ozone g -
= 50 £25 ) ( 5
(7)) o ot
» 200 (b) N
() <
% 0 )
0

100 150 200 250 \3\6@\&50
T(K) €
Figure 3. Resistance data and conductio hdel ittings, R-T plot, showing
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£

In summary, epit& 1P thin films were deposited on LAO substrates via PLD. As in-situ

annealing is o@non treatment for complex transition metal oxide materials, we explored the
effects 0@1& ases (nitrogen, oxygen, and ozone) on the performance of the films. It was
—

found'that thSou of-plane lattice parameter progressively decreases with increased oxygen
—

uptake irSthe films. Additionally, the magnetic and electronic properties showed drastically

hﬁa&e magnetic response as well as significantly reduced resistivity behavior in the ozone

anngaled samples. Our results agree well with measurements of various PBCO bulk/powder

oxygen contents and support our claim of increased oxygen uptake during annealing. As all other

12
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Publishipgfameters remained the same, the addition of flowing ozone to a typical oxygen anneal requires
no additional time over a traditional anneal, and can give equal or superior oxygen content to

annealing techniques that require much longer time intervals.

See Supplementary Materials for detailed methods of thin ﬁlm\{Wnd

characterization, additional RSM information, and magnetic orderi }ormation.
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