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Molecular beam epitaxial growth of SrCu  ,03: Metastable structures
and the role of epitaxy
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Within the study of oxide materials, high pressure bulk growth has generated a number of new and
interesting materials. More recently, attention has been paid to using epitaxy to stabilize these high
pressure oxide materials as thin films. In this article we report on the molecular beam epitaxial
growth of SrCyOg; a high pressure, highly correlated, model oxide. We find that the choice of
substrate can significantly alter not only the structure but also the chemistry of the resulting film. For
growth on SrTiQ substrates the epitaxially stabilized structure for single phase films with a
SrCwy0O; composition is based on a tetragonal unit cell. For identical growth conditions, but on a
LaAlO; substrate, a single phase film with the composition and structure of the infinite layer
material (SrCu@) is formed. We also review the literature for the successes and failures of epitaxy
to stabilize high pressure structures. 2002 American Institute of Physics.

[DOI: 10.1063/1.1466876

I. INTRODUCTION II. BACKGROUND

The addition of high pressure as one of the variables In order to make progress with the concept of growing
during the growth of bulk materials, particularly high pres- high pressure materials with thin-film-type processes, it is
sure oxygen, has led to the discovery of a number of new antdseful to separate the effect of pressure into two components.
interesting materials, and the promise of many mofelhe The first is the ability to drive the oxidation reaction to a
growth of epitaxial thin films has been considered as anothgProduct with a higher oxidation state, via the thermodynamic
way to stabilize these high pressure oxides in a technologrgument relating oxidant activity to the oxygen partial pres-
cally useful form. However, the literature only shows succesSUre- The second is the role of pressure in stabilizing a par-
for a very limited class of materials, and there seems to be cular structure—in this case, a high pressure structure. Us-
belief that the reason for the failure to grow other high pres_|ng this separation of oxidation and structure stabilization,

. . L - three separate classes of materials can be defined within the
sure oxides is related to an inability to fully oxidize the . ) T .
ing fi category of high pressure oxide material¥xidation high
growing _' m. . .. pressure materialare those in which the high pressure acts
In this article, we present our results on the epitaxial

; . i to provide full oxidation, but does nothing to affect the struc-
growth of SrCyO; using a high flux atomic oxygen source e There is generally no low pressure structure with the

that is more than sufficient to ensure the necessary oxidatiogyme stoichiometry, and the structure that forms is stable
of the films. We find that films of the correct stoichiometry with nonstoichiometric amounts of oxygéhe., oxygen de-
can be grown on SrTiQsubstrates, however, these films do ficiencie3. Structural high pressure materialsre materials
not have the orthorhombic structure found in the high presthat undergo a structural phase transition as a function of
sure bulk form of SrCyO;. Instead, we find an epitaxially pressure, with no change in oxidation level or stoichiometry.
stabilized structure based on a tetragonal unit cell. Growtt\ low and a high pressure phase therefore exist for the same
on LaAlO; substrates, under identical deposition conditions stoichiometry. Many materials fall into this class. Finally,
results in the formation of the related compound SrguO  combination high pressure materiadse those in which the

As discussed in the main section of this article, thesligh pressure oxygen both fully oxidizes the material and
results serve to demonstrate that epitaxy can strongly influ@/lows a high pressure structure to be stabilized. These tend
ence the critical and delicate interplay between the chemistr}® P€ line compounds with no similar stoichiometric low
and the structure of these oxide films. The results also denR"€ssure phase. _
onstrate the necessity of powerfinl situ (and ideally real- By dividing the effect of pressure into these two compo-

time) characterization of these oxide thin films if the film's NENtS and using the three classes defined earlier, we can bet-

. . . . ter understand the limiting step, either oxidation or structure
structure and chemistry is to be effectively determined. The g step

ticle will end with a di . f th blished Stabilization, in growing high pressure materials via thin film
article it .end with a discussion ot the publishe aCCOm'deposition processes. To grow materials from eitherotkie

plishments and failures in using epitaxy to stabilize highdation high pressure materialsr thecombination high pres-
pressure phases. sure materialsclasses, the oxidation reaction must be driven
to generate products of higher oxidation state than can be
dElectronic mail: ingle@stanford.edu obtained with molecular oxygen under molecular beam epi-
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taxy (MBE)-type growth pressures. Hence, to drive theTABLE I Possible Sr—Cu—0O phases with unit cell sizes.

_needed oxidation r_eactlon, the a_ct|V|ty of the ox_|dant m_ust b%hase ah) b(A) cA) Ref
increased. Changing the chemistry of the oxidant will ac-
complish this while maintaining a low pressure. In Ingle SrCUGs 12.68 3.90 3.49 50
5 oo : Srcug, 3.92 3.92 3.43 51
et al”> we describe, in detail, a method to produce and mea:
. S ClhOuy 11.46 13.39 3.94 52
sure very large fluxes of atomic oxygen. We have also shownguZOZ 547 547 983 53
that the previously inaccessible highest levels of oxidatiorsrcu,0, 3.03 11.57 3.49 1
for the group VIB elements are well within reach with this Sr,Cu0s 3.93 19.41 3.46 1

high flux atomic oxygen source.
Growing materials in the structural high pressure mate-

rials and thecombination high pressure materiattasses re-

quires a means to stabilize the alternative, high pressurt/- EXPERIMENTAL CONSIDERATIONS

structure. This article deals with the use of epitaxy on & |4eqly the substrate should be a very close match to the
gunable sgbstrate to stabilize th_e high pressure structure Brystal structure of the material that is to be grown, not only
lieu of high pressure. Experimentally, the growth of jyihe ynit cell size, but also in terms of the space group. The

SrCy0;, a material within the class afombination high gy cture of SrCy0, is quite unusual and therefore there has
pressure materialsyill be studied on several substrates both_yet to be found a substrate with a direct space group and

as an interesting case study and because it is a potentigltice parameter match. The next best alternative is to
model system for the study of highly correlated, low dimen-cpq0se a substrate with similar point group symmetries at the
sional materials. important atomic positions, normally the position of the
close-packed atoms. In Sr&ds, the structure is constrained
by the close-packed oxygen sublattice in & plane. With
Il. SrCu,04 this in mind, thea—b plane of the SrC4D5 structure closely
resembles that of the—b plane of the perovskite structure
SrCw0; is a low dimensional quantum magnet which 5,TiQ,. In both materials, the oxygen-to-oxygen spacing is
can currently be grown only as a bulk material under highp 79 A.
pressures of oxygen, and falls within the class of combina-  Considering LaAlQ and MgO as possible substrates can
tion hlgh pressure materials. It is a model SyStem for Studyhe|p shed ||ght on the influences of epitaxy_ La&]@ also a
ing low dimensional quantum magnets in a regime betweeReroyskite structure, but with a smaller lattice parameter,
the one-dimensional chairig materials such as uQ;)  making the oxygen-to-oxygen distance in teb plane 2.67
and the two-dimensional planar configuration of the high- A MgO, on the other hand, has the structure of simple rock
parent compound SrCyQ(see, for example, Refs. 7-14  sait (NaCl). In this case, the similarity in the structure to
However, as a bulk material it is hard to probe experimenngLho3 is solely through the oxygen sublattice in taeb
tally the many questions that need to be answered about thﬁane, with a larger oxygen-to-oxygen spacing of 2.97 A.
electronic properties of the material due to the difficulty of The family of Sr—Cu—O compounds is summarized in
chemically doping the material and the difficulty in generat-Taple |. Ideally the desired ratio of Cu to Sr in our film
ing clean surfaces for photoemission spectroscopy studieghould be 2:1, this ratio is controlled in the electron-beam
Both of these problems could potentially be solved by theyiBE chamber by maintaining the ratio of fluxésso called
grOWth of a thin film. Add|t|0na”y, several well-matched the deposition rati):)of Cuto Srat2:1 using atomic absorp_
substrates can be used to study the effects of epitaxy on thgyn rate control. However, there is no guarantee that the
growth of SrCy0Os;. ratio of atoms that ends up being incorporated in the film will
SrCuy0; is the first member of the homologous series ofpe the same as the ratio of fluxes generated, so the ratio must
compounds with a stoichiometry of SnCu, . 10,,, Where  pe checked after the film is grown.
n= 3,5, .., as was determined by Hireit al.* This series To this end,in situ core-level x-ray photoelectron spec-
is defined by the layered structure of Cu—O planes, withyoscopy(XPS) was used to determine the composition of the
CuQ, squares defining the planar geometry, and by oxygenfiim. Since the core-level peak area is directly relatee the
free Sr planes. The last member of this serfies>) is  photoemission cross sectioio the number of atoms present,
SrCuQ, the so-called infinite layer material upon which the ratio of the cross-section corrected core-level peak areas
most of the high temperature superconductors are based. Afiows one to determine the stoichiometry of the film without
n steps down in the series the Cu—O/Sr/Cu-O layering igshe need for models or fitting parameters. The XPS spectra
maintained, while the arrangement of the Guéfuares \yere measured in aim situ VG ESCALAB Mark 2 spec-
changes, from all corner-sharing in the->c case(SrCuG)  trometer equipped with a twin anode x-ray source. All XPS
to half corner-sharing and half edge-sharing inttive3 case  gata shown in this work were collected with Mg x rays and
of SrCuO;. SrCwO; has the Cmmm space group with  have had the spectral components associated with the,
a=3.934 A, b=11573 A, c=3495 A [Sr (3032), x-ray satellites subtracted and then a Shirley-s&teack-
Cu(0£,0),01(0,00),02(63,¢,0)]. Theb unit cell length is  ground removed. No contaminaris.g., carbopwere seen
just less than three times tleeunit cell length. This is re- in the spectra.
quired for the half corner-sharing, half edge-sharing motif to  The stoichiometry of SrG©O; implies that because Sr is
generate a translationally symmetric unit. oxidized to +2, which is the only option for this strongly
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aid of a collimator and parallel beam detector setup to maxi-
mize count rates.

2p3/2
shake-up lines

/ .,

V. RESULTS

2
5 st A. On (001) SrTiO substrates
o
g; | @ The exact surface that SrTiOpresents for epitaxial
‘§ growth is a matter of some debate. Although recent articles
o Cu"" and Cu) have proposed methods for chemical and thermal surface
T 1 treatments to obtain either SrO or TiQerminationt®-2°
(o) typical core level XPS results always find the ratio of Sr to Ti
T T T ] to be 1.6:1 instead of 1:(seen, for example, by correcting
o with cross sections the XPS core level ratios published by

Binding Energy (eV) 21 = . . . .
Gondaet al.).“* Time-of-flight ion scattering and recoil spec-

troscopy also shows more Sr on the surface than expétted.
The reason for the incorrect ratios of Sr to Ti is not clear, but
it is commonly thought to be related to the layered nature of
the SrTiG, structure, possibly influenced by the lack of oxy-
gen at the surfac® or by the formation of another member
ionic group I metal, Cu must be in theé 2 oxidation state of the SE+1Tino3n+1 Rudd|esden_Popper homo'ogous se-
(the hlgheSt oxidation state for (ELII’] this work the oxidant ries W|th|n the top Severa' Surface |ayers_
used is atomic oxygen, generated from a high flux atomic | this work all substrates were cleaniedsitu by heat-
oxygen sourcgsee Ref. 5 This allows the product of the jng to 600 °C under a flow of atomic oxygen. XPS on the
oxidation reaction to be driven to a higher oxidation statesrTjo, substrates showed core level peaks for Sr, Ti, and O
than would be possible using molecular oxygen as the oXipnly, and the cross-section corrected core level peak areas of
dant, while still maintaining MBE-type growth pressures. Tosy and Ti consistently produced a ratio of 1.6:1. The 1.6:1
determine the oxidation level of the film, we can concentratgatio was also seen for substrates treated with the chemical
solely on the oxidation level of Cu because Sr is limited to agnd thermal procedure described in Kosterl® to gener-
single oxidation stat¢+2). A change in the oxidation state zte g TiQ terminated surface.
of an atom will cause both a spatial rearrangement of the  separate calibration of the Cu and Sr atomic absorption
valence charges of that particular atom and a different potenate monitors via quartz crystal monitors allows the determi-
tial due to the change in the surrounding nuclei and elecnation of the number of Cu and Sr atoms hitting the sub-
trons. These changes show up as a shift in the binding energyrate. Empirically it was determined that a deposition ratio
and the satellite structure of the core-level peaks in XPS. Thegf 2.5 Cu atoms for every Sr atom hitting a Srgi€ubstrate
oxidation state of Cu is therefore obtained by studying theyt 550 °C, as controlled by atomic absorption, led to a film
binding energy and satellite structure of the Cp 2ore  \jth a Cu:Sr ratio of 2:1, or a composition of Sty as
level. Figure 1 shows the2core level of Cu for several determined by cross-section correcteditu XPS core level
films when the oxidation state is changed by varying the fluixpeak area ratios. In addition, an atomic oxygen flux of at
of atomic oxygen. As shown in previous worksee, for |east 5< 10 atoms/c's was needed in order to fully oxi-
example, Refs. 16 and 17the appearance of extra satellite gize the Cu(i.e., to produce the correct binding energy shift
peaks around 942.5 and 962.5 eV and a shift of thgé @re  and satellite structure as shown in Fig.uhder these depo-
level from 932.4 to 933.6 eV, which are clearly discernible,sition conditions. From this point on, all films discussed in
indicate the presence of Cu in the2 oxidation state. this article showed an oxidation state 62 for the Cu as
Reflection high-energy electron diffractiotRHEED) determined by the binding energy and satellite structure of
was digitally recorded and analyzed during growth and washe Cu 2 XPS core level.
primarily used to determine the long range ordering of the  For a very large range of stoichiometry on the Cu rich
structure. Beyond the qualitative knowledge gained byside (Cu:Sr deposition ratios from 2.5:1 to 20, lhe first
simple visual inspection of the obtained images, this tech10—-15 A deposited on SrTiOsubstrates always show an
nique is useful for the information it provides regarding theepitaxial RHEED pattern. Moreover, XPS measurements on
in-plane symmetry, and the rough estimates of the in-planghese samples show a small Ti peak which is due to the
lattice parameters. substrate(and expected for such a thin fijmand a cross-
X-ray diffractometry(XRD) was doneex situon a Phil-  section corrected Cu to Sr XPS core level peak ratio that is
lips Materials Research diffractometer using ICyiradiation  independent of the deposition ration. The ability to grow a
with a four-axis goniometer. Theaxis lattice parameter of a 10—15-A-thick film with a range of Cu to Sr deposition ra-
thin film is easily determinable with XRD, but as can be seertios from 2.5:1 to 20:1 and yet always generate an epitaxial
from Table | this will not uniquely determine which phase thin film with a fixed Cu to Sr ratio demonstrates that the
has formed. However, judicious examination of specific off-substrate can have a huge influence on the local chemistry.
axis peaks can distinguish between all the unit cells listed irFor films thicker than 10-15 A, the cross-section corrected
Table I. Therefore, off-axis XRD was done as well, with the XPS core level peak ratio increases as the Cu to Sr deposi-

FIG. 1. The oxidation state of Cu as determined via XPS of the Codte
level for films grown under varying oxidation conditions.
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tion ratio is increased and the epitaxial RHEED pattern is
lost for deposition ratios greater than 3:1. All of the XPS
results were robust as a function of position on the sample,
suggesting that phase separation or precipitate formation did
not occur.

We note on passing that depositing a Cu to Sr ratio of
2.5:1 on a MgO substrate at 550 °C generates an amorphous
film with a cross-section corrected XPS core level peak ratio
of 1.5:1. And as we will discuss later, deposition under iden-
tical conditions and LaAl@ substrates generates a cross-
section corrected XPS core level peak ratio of 1:1—further
demonstrating that the substrates play a large role in deter- . . . . -
mine what ratio of Cu to Sr will stick, and therefore which S
phases can be grown. ‘

For growth up to 500 °C on SrTiQwith a wide variety  FIG. 2. A 20w x-ray scan of a film grown at 550 °C on SrTjAndexed.
of Cu to Sr deposition ratios, the films grown were polycrys-
talline. Starting at 600 °C, and with a set deposition ratio of

Cu to Sr, there was a decrease in the ratio of Cu to Sr mea42Y peaks with a 26° offset from tha 01} peaks, as shown

sured by the cross-section corrected XPS core levels as thi Fi9- 3. Furthermore, peaks indexediasL; were found at
temperature was increased. At growth temperatures e correct 2 apdl/f angles for this tetragonal unit cell and
800 °C and above there was no Cu in the resulting film, a§otatec_j by 45 |n¢from the {101} peaks.
determined by XPS. This would suggest that the Cu is highly 't IS worth noting that all of these peaks can also be
mobile (or volatile). indexed by an orthorhombic u_nlt c_eII with dimensions
RHEED patterns obtained throughout the growth of a@~ 3-905,b=11.71, andc=3.49 A, ie., like that of SrCiD,
1000-A-thick film on SITiQ substrates at 550 °@with a but vylth a slightly expanded axis. However, W|_th the
deposition ratio of 2.5:1, a cross-section corrected core Ievej:om'c arrangement of Sr@; on this orthorhombic cell,

XPS peak area ratio of 2:1, and the correct XPS core leve e structure factor indicates that the tetragonally indexed
binding energy and satellite structure to indicatera Cu 101 peak should be absent and that the symmetry shown in

oxidation statg show three different patterns: A, B, and C, the 4 scan(Fig. 3 for the tetragonally indexed 211 peak is

with spacings of 3.9, 5.6, and 8.8 A, respectively, dependind)ncol:lrea't;hl's thetrr;afore rulets out ngh an |r_1:r?rpretat|qn. h
on the orientation of the substrate with respect to thefilm onetneless, there are wo probiems with assessing the

RHEED beam. As the film is rotated around its normal, thethatsfstrggtu[)eo;o _bceestsrr;%l?ﬁittrigﬁnigg';es“r' ngggf;_'s
patterns are seen in the sequerceC—B—-C—A, which is y y ' &

repeated four times within each 360° rotation. Assuming Aess of whether it is cubic, tetragonal or orthorhombany

: . L plane with h+k+1) equal to an odd number should gener-
homogeneous film, this four-fold symmetry implies square ) . :
: i : ate a systematic absence of the corresponding peak in the
planar symmetry in the plane of the samfile., the unit cell

must be either tetragonal or cupigvhich allows pattern A to x-ray data. Significantly, Fig. 2 clearly shows the strong pres-

be indexed as 100, pattern B as 110, and pattern C as 2197°¢ of the 001 peak. The second proble.m 1S that the cross-
. . i . séction corrected XPS core level area ratios imply the Cu to
making thea and b unit cell dimensions 3.9 A. These

RHEED patterns then require the unit cell of the film to beSr ratio of the_ f||m Is 2:1, no_t L1 .

. ! : . One possible interpretation of the results is that we have
either cubic or tetragonal, not the orthorhombic unit Ce"formed the SrCu@type tetragonal structure but with a ran-
listed for SrCyO5 in Table I. No three-dimensional transmis- yp g

sion spots were seen throughout the growth of these films,
suggesting that a second phase, or precipitate, did not form.

XRD is the easiest method for obtaining the unit cell size
in the direction normal to the sample. Figure 2 shows a stan- soor
dard - XRD scan. Two peaks are shown that, if indexed 700}
as (001) and (002, give ac-axis spacing of 3.49 A. From
Table | we see that the tetragonal unit cell sizeacfb
=3.9 A andc=3.49 A is more like that of SrCuQthan
SrCy0;. On the other hand, the cation stoichiometry deter-
mined by XPS is clearly 2:1.

With a basic unit cell in hand, off-axis XRD can be done
to further enhance the certainty with which the structure can
be identified. A peak was found at the corre@ &nd ¢
angles for the(101) peak and at those locationsdascan
showed four peaks, as expected for a tetragonal unit cell. The 0

(121) peak was found at the co_rre_cﬂ and ¢ angles for thi_S FIG. 3. Two ¢ scans, of thg101} and{121} family of peaks, indexed and
tetragonal unit cell and & scan indicated the expected eight overlayed to show the tetragonal nature of unit cell.

900
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A S S S B L S planes can no longer be perfect. Unfortunately, information
I CE R regarding the location of O and Cu atoms is unobtainable
from XRD on thin film due to geometrical issues.

The accumulated results of RHEED, XRD, and XPS
suggest that the film is single phaseithin our capability to
tell) with a stoichiometry of SrGO, (wherex=3, assuming
formal valencesand with a tetragonal unit cell of dimen-
sionsa=b=3.90 andc=3.49. Taking into account the local
similarities between SrG@; and SrCu®, one interpretation
is that epitaxy has stabilized an alternative, metastable struc-
ture best described as a slightly compressed infinite layer
structure with 50% of the Sr atoms missing.

'(001)/ '(ooz)

0 01 02 03 04 05 06 07 08 098 1
Sr Occupancy

B. On (001) LaAlO ; substrates

FIG. 4. The ratio of intensities from tH&01) and(002) reflections from the The d it diti hich ted th t
SrCuQ structure as a function of Sr occupancy. Blue line is calculated from € deposiuon condiions which generate € meta-

the structure factors, the red points are experimental data. stable phase with the nominal composition of SiGyon
SrTiO; (a deposition ratio of 2.5:1, a temperature of 550 °C
generate a cross-section corrected XPS core level peak ratio
domly distributed Sr atom missing from one out of every twoof 1:1 on(001) LaAlO5 substrates while maintaining the2
unit cells. This makes the Cu to Sr ratio 2:1, as the XPSoxidation state of Cu. RHEED patterns recorded throughout
results require, and removes the required absence of the 0@ie growth of 1000-A-thick films on LaAlQsubstrates show
peak because half the unit cells no longer are body centeredimilar patterns to those of the films grown on SriO
The line in Fig. 4 shows the calculated ratio of the intensitiesAgain, three different patterns, A, B, and C, were detected in
of the 001 to the 002 XRD peaks as a function of Sr occuthe sequenc&—C—-B—-C-A, but notwith spacings of 3.8,
pancy in SrCu@ The two points are for experimental data, 5.4, and 8.5 A, respectively. Again the four-fold symmetry as
where thd ¢p1/1 992 is determined from the XRD data and the the film is rotated around its normal implies a tetragonal or
Sr deficiency is determined by the cross-section correctedubic unit cell, but this time one with of a slightly smaller
XPS core level peak area ratios. The point at the Sr defisize (that of 38 A a sidg. This is not surprising, given that
ciency of 0.52 is for the film discussed in this section, andthe unit cell size of the LaAl@substrate is slightly smaller
the point at a Sr deficiency of 0 is for a film with an XPS Cu than that of SrTiQ being a=b=c=3.78 A. However,
to Sr ratio of 1:1. LaAlO5 is not absolutely cubic because the angles between
When comparing the ideal infinite layer structure of axes of the unit cellg, is 90.12°%*
SrCuG to the orthorhombic, high pressure structure of  When an isotropic, purely elastic unit cell is put under a
SrCu0;, it is important to realize that the local environment two-dimensional compression, the lattice parameter of the
(the nearest neighbor atojrfer the Sr atom in either struc- unit cell perpendicular to the surface will compensate, by
tures is identical, and that the overall oxygen sublattice isncreasing in size, such that the overall energy is minimized.
identical. For this reason, the unit cells are very similar andPoisson’s ratiop, is a measure of this response, defined as
SrCy05; may be considered simply as having a longer ranger=—¢€,/e, = —€,/€, , wheree, and ¢, are the strains in
order than SrCu@ It is the longer range order that is obvi- the plane, ande, is the strain perpendicular to the two-
ously not forming in the grown films. Epitaxy may help dimensional compression. For an isotropic and purely elastic
maintain thec-axis layering, and the oxygen sublattice asmedium,v= 1. In reality, most materials have:a=0.25-0.3.
desired, but the Cu and Sr in the grown films do not have the  Assuming the original lattice parameter for this film is
long range order needed to generate the two-leg ladder struthe same as that for SrCy@nd assuming a Poisson’s ratio
ture of SrCyOs;. It is interesting to note that one of the for SrCuG of 0.25, a decrease in tteeandb lattice param-
important components of the Srgd structure, the half eter to 3.78 A would lead to an expansion in thexis to
corner-shared half, edge-shared Gu@its, is not found in  3.91 A. As shown in Fig. 5 a-axis spacing of 3.87 A is seen
any of the Sr—Cu-0 phases that have been prepared as thfrthe peaks are indexed @802 and (004). Off-axis XRD
films. This arrangement is prominent in the low pressureshows that th¢103} and{112 peaks have the corregiscan
orthorhombic version of SrCuQbut there is no published symmetries and are in the corregtind w angles for a unit
literature showing its growth as an epitaxial thin film. cell of dimensionsa=b=3.78 A andc=3.87 A, giving a
According to the chemical shift in the core level XPS Poisson’s ratio of 0.27 for this film.
results, the oxidation of Sr and Cu+s2. This would suggest Beyond the lattice parameters fitting those of a strained
an overall stoichiometry of SrGQj; for the films grown with  SrCuQ phase, as seen from Fig. 5, the only peak that is
a cross-section corrected XPS core level Cu to Sr ratio ofisible is the 002, suggesting a systematic absence of the
2:1. In oxides, as discussed in Sec. VI, the local electrostatith+k+1)=n peaks where is odd. This is to be expected
forces are very strong; so, if the structure is taken to be théor a body-centered unit cell such as SrGu@s already
infinite layer unit cell with 50% of the Sr atoms missing from mentioned, the cross-section corrected XPS core level area
random locations and the oxidation of Cu-i®, the Cu—O ratios for Cu to Sris 1:1, even though the deposition condi-

Downloaded 22 Feb 2006 to 142.103.140.107. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6376 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Ingle, Hammond, and Beasley

The main interest of this work is in the stabilization of
an alternate, or metastable structure—in this case, a high
pressure structure. In 1980, Machlin and Chaudfauiib-
lished a theory of pseudomorphic stabilizatiomr., stabiliz-
ing an alternative and assumed metastable structwmtdch
considers a balance between surface energy, bulk free energy,
and strain energy. When trying to deal with the growth of
oxides (versus the case of metals and alloys, with which
Machlin and Chaudhari deglthe form of the surface energy
term must take into account the electrostatic energy and po-
larity issues relevant to such highly ionic compounds. The

s (001)
s (002)
s (003)
s (004)

Counts

20 00 40 5 60 70 8 90 100 110 use of Machlin and Chaudhari’s underlying equation is dif-
2 . . .
0 ficult, as little data exists for many of the terms. They, how-
FIG. 5. A 26— x-ray scan of a film grown at 550 °C on LaAJO ever, make headway by assuming there is no difference in

the interface energy between the metastable phase and the

substrate as compared to the interface energy between the
tions were set, similar to the growths on Srii€ubstrates, to stable phase and the substrate. For metals this is a legitimate
grow a film with a 2:1 Cu to Sr ratio. To within our capabil- assumption as the first atomic layer above the substrate sur-
ity, these films are single phase. face is in distinguishable between the metastable and stable
phases. For multielement oxides, this is probably an inappro-
priate assumption, given that there is evidence of
unit-cell-by-unit-celf® growth which suggests that the elec-

Previous thin film work on the growth of SICy®@n  ystatic energy strongly influences even a single monolayer.

SrTiO; has generally been done at about 500 °C and under  Ajmost all the experimental literature associated with
oxidation conditions which are typically provided by about gjtaxial stabilization of an alternative, high pressure struc-
1x 105 torr of NO,, or a maximum atomic oxygen flux of ture deals with compounds having the formula
roughly 5x 10*° at_orr_ls/crﬁ s. Typical XRD resulthSrzlé)w that (ABO,)(AO),, where A is a larger cation than B. If the
the Sr to Cu ratio is not 1:1, but rather0.8:1""" One Ao _"(n=0) compounds form a perovskite structure under
group, howeve.r, did grow Srgcilé@‘”th an XRD result that 50 hpheric pressure, then it is expected that the other mem-
suggests a Sr:Cu ratio of 171.In this current work, the bers of the (ABO,)(AO), series can also be formdd.

growth conditions that g'enerated SrCGuiere different from (TiOy(SrO), is a prime example of this type of series. The
these previously published works. We have generateﬁz0 compounds SrTiQis easily grown as a thin film, and

SrCuQ while under a much higher oxidation potential due tothe n#0 series of compounds(SITiOy)(SrO),, has also

the use of the high flux atomic oxygen source. been generated as thin filMsKafalas and Long® further

suggest that for bulk materials, growing the 1 compounds
VI. EPITAXIAL INFLUENCE (A,BO,) requires the lowest pressure, and thah decreases

—11 i i _
The effects of epitaxial influence can range from simplyt0 Z€ro (nh_ 2’3"”"0)',0:[2(3 pres]zure rgqugedh_mhcreases
generating a strained version of a stable phase to forcing aneaning tfa:]grow!ng— $would require the highest pres-
alternative, metastable structure to grow. In the case of grows_ure out of the series.

ing a stable phase under strain, ample reports in the literature Typically the n=0 CO”'POEJ”O'S (ABQ bellong to the
indicate that this can be a meaningful way of Contro”ingstructural high pressure materialdass with a high pressure

material properties such as the critical temperature operovskite structure and a low pressure hexagonal structgre.
superconductor¥: One interesting issue surrounding this is AN €xample of a successful growth of both thesg)erovsklte
the ability of oxides to maintain a strained structure well@nd hexagonal structures is YMgCsalvadoret al™ grew
beyond the predicted critical thickness at which relaxatiorfn® perovskite structure on SrTjONdGaQ, and LaAlG
occurs. The theoretical work on relaxation thickness is base®hile Fujimuraet al**“° grew the hexagonal structure on
on the assumption of an energy balance between the straMgO. BiMnO;** has also been grown with the perovskite
energy of the film and energy associated with defect nuclestructure on SrTiQ but the hexagonal structure has yet to be
ation and motior(see, for example, Ref. 32These models, grown. A report of the growth of the high pressure structure
which predict a critical thickness in the vicinity of 5-50 of LaCuQ;* as a thin film on SrT@ s in the literature,
monolayers for a 1% strain, have little connection to oxidesalthough the oxidation of the structure was not complete. The
for which examples abound of films in highly strained statespublished failures to stabilize the perovskite structure within
(often, as in this work, more than ten times thicker than theghe class of structural high pressure materials are for
models would predi¢t For example, the work of James and BaRuQ* and SmCu@*

Hibma®® showed the critical thickness of NiO on MgO to be When n#0, the compoundsi.e., layered perovskite-
600 A, as compared to the predicted 75 A value. In thistype materials fall under the definition ofoxidation high
work, about 1000 A of SrCuOmaintained a highly strained pressure materials Ba,CuQ,_5,**¢ La,CuQ,_;,*" and
structure thereby allowing it to grow coherently on LaAlO BaRuQ,_ ;* have all been grown. It is interesting to note

C. Previous growth conditions for SrCuO
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that while BaRuQ,_ 5, wheren=1, could be grown, the missing, not the bulk high pressure orthorhombic structure
=0 version, BaRug could not. expected for SrCO;. Growth under the same conditions on

When considering these successes and failures it is@AlO3 structures leads to a highly strained SrGuruc-
worth noting the substrate choice and lattice mismatch. Théure with a Cu to Sr ratio of 1:1. This indicates that both the
most naive approach to deciding which substrate to use is tehemistry and the structure can be highly influenced by sub-
pick one that will induce a compressive pressure in the filmstrate choice. It also suggests that the Cu is either very mo-
In general, most high pressure materials are grown unddile or quite volatile. The presence of Cu is also strongly
about 5—7 GPa, and since most oxides have an elastic modipfluenced by the substrate temperature, on both Srait@l
lus between 30 and 70 GPa, it is necessary to choose a subaAlO3 substrates. We believe the failure to stabilize the
strate with an identical space group and a 10% smaller latticerthorhombic, high pressure bulk structure of SjQyiis not
in order to induce a 3—7 GPa compressive-type stress in th@ue to an inability to fully oxidize the materials during
film. The listed successes above grew on substrates with r@owth, but rather the failure of epitaxy to stabilize the re-
lated space groups that have a range of mismatch from 6%uired long range order of the desired structure.
larger to 2% smaller than the desired film. Unfortunately,  The current literature shows only a handful of successes
data do not yet exist for all these materials with which oneand several failures when trying to use epitaxy to stabilize
could compare the minimum pressure needed for bulligh pressure structures. All of the successes have been with
growth and the permissible lattice mismatch for thin film compounds that are part of the series described by
growth. Also, the complied data are not big enough yet to tell(ABO3) (AO), and which have the layered perovskite type
much about what is needed from the symmetry of the substructure. No clear picture emerges from these results as to
strate. Is an identical space group match needed, or is thhether the use of epitaxial influence is a robust means of
stacking sequence of the largest element in the substrate agtabilizing high pressure structures, or whether it only works
film (normally oxygen the most important to match? for a few very select cases. Further systematic work on the

SrCuG, SrCuO; and CrQ (another notable high bulk growth as a function of pressure, and on thin film
pressure material for which MBE-like thin film growth growth as a function of substrate symmetry and unit cell size
would be advantageousio not fit into the(ABO)3(AO), IS needed.
formula. SrCyO; and CrQ are cases ofombination high Note added in proofAfter submission of this paper, an
pressure materialswhile SrCuQ is a structural high pres- article by Schoeret al® claimed field effect-induced modu-
sure material(although the low pressure structure has notlation of transport properties in thin films of the spin ladder
been grown as a thin film The high pressure structure of compound[CaCyOs],, which they claim has an identical
SrCwO; cannot be grown, as is shown in this work, evenstructure to SrCy0;. The work of Cavelliret al> regarding
when the stoichiometry of Cu to Sr is set to 2:1 and oxidathe structure and chemical nature of f@aCyQOs], films
tion of the Cu is maintained at2. Instead, an alternative, referenced by Schoeet al. does not show an unambiguous
metastable structure is grown, consistent with that of SgCuOanalysis of the films structure or chemistry. A technical com-
but with 50% of the Sr missing. The lattice mismatch isment by Ingleet al*® was recently published on this point.
basically zero for SrCD; and SrCu@ on SrTiG;.

The growth of CrQ thin films is a special case, as there
is currently one method to grow thin film without high pres- *z. Hiroi, M. Azuma, M. Takano, and Y. Bando, J. Solid State Ch&;.
sure. This method makes use of an intermediate chemica|230(1991.
reaction to facilitate the growth?® and so should not be g'lgzkgr;‘;'(}gggkec’a' H. Okada, M. Miyamoto, and K. Kusaka, Physica
considered within the framework of this discussion. The at-2py Takano, M. Azuma, Z. Hiroi, Y. Bando, and Y. Takeda, PhysicaTG,
tempted growth of Cr@ films without high pressure and  441(199).
without the intermediate chemical reaction has not been:H- Okada, M. Takano, and Y. Takeda, Physicd 5 111(1990.
successfut. In this case, the substrate mismatch was very Z'ié]é(%gge’ R. H. Hammond, and M. R. Beasley, Appl. Phys. L&t
large because the substrate (J)iQnit cell is almost 10%  sy. . c. Inéle, R. H. Hammond, and M. R. Beasley, J. Appl. Plgs.
larger than the Cr@unit cell. It is worth pointing out that the ~ 4631(2001.
level of oxidation was not an issue with the attempted ;E pagotio a,gd o Ri;‘av 3;‘?’;‘?;7%1833(1996-
growth of CrQ as CrQ, which has the highest oxidation oy Graven g 3 BE?g?énea)f and U. J. Wiese, Phys. Rev. Z@t1865
state available for Cr, was successfully grown. (1996.
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