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Abstract. We have grown epitaxial (Sr, Ba)p+1RU,O3p+1 films, n =1, 2 and oo, by
pulsed laser deposition (PLD) and controlled their orientation by choosing
appropriate substrates. The growth conditions yielding phase-pure films have been
mapped out. Resistivity versus temperature measurements show that both a-axis
and c-axis films of Sr,RuQ, are metallic, but not superconducting. The latter is
probably due to the presence of low-level impurities that are difficult to avoid given
the target preparation process involved in growing these films by PLD.

1. Introduction St.Ru,0,
The electronic and magnetic properties of the,8Ru,- SFARUROHI
O3,+1 Ruddlesden—Popper homologous series are unusual Sr.Ru.0O

The crystal structures of these compounds are shown in 32T
figure 1. Then = 1 member of this series, SRuQ;, SrRuO,
is the only known superconductintayered perovskite
that is free of copperTt = 1.35 K in bulk single N
crystals) [1-3]. This compound is believed to exhibit an
unconventional p-wave pairing symmetry [4]. Among all
known perovskites, layered or not,,BuQ, is the only one
which exhibits superconductivity without any intentional
doping. Superconductivity is only seen in very pure single n =1
crystals and not in polycrystalline samples. Even in single
crystals, impurity levels of 400 ppm are sufficient to destroy
superconductivity in this compound [3]. The neighbouring
(n = 2) compound, SRwO7, is ferromagnetic . =
104 K) [5]. At the other end of the series & o0) lies

the ferromagnetic perovskite SrRy@7, = 160 K) [6].
SrRuQ and SgRu,O; are the only known ferromagnetic

conductors among the 4d transition metal oxides [5,6].  ON (100) LaAIG [7], (110) NdGaQ and (100) SrTiQ
substrates.a-axis oriented(Sr, Ba),RuQ; (n = 1) films

were grown on (100) LaSrGgOand (100) LaSrAlQ
2. Experimental details substrates. The (100) LaSrGa@nd (100) LaSrAlIQ
substrates were grown by the Czochralski method as
(Sr, Ba),11RU, 03,41 films, n = 1,2 and oo, were grown described elsewhere [8, 9-axis oriented SRWO; (n =
by on-axis pulsed laser deposition (PLD) from targets 2) films were grown on (100) SrTiDsubstrates. SrRuQ
with composition S\IRuQ; (for n = 1 andn = 2), (n = o0) films were grown on (100) SrTi9and (100)
SneBap4RUO, (for n = 1) and SrRu@ (for n = o0). LaAlOs3 [7] substrates. Optimal substrate temperatures and
c-axis oriented(Sr, Ba);RuQ; (n = 1) films were grown oxygen growth pressures depend on thef the desired

Figure 1. Crystal structures of the Srp.;RU,O3p+1
Ruddlesden—Popper homologous series.

0953-2048/97/120891+05$19.50 (© 1997 IOP Publishing Ltd 891



D G Schlom et al

13001200 1100 1000 900 800 °C tunnelling microscope (STM), and four-point resistance

— . — versus temperature measurements.

;: 10°F o & & Target Composition ]

=) SrzRuO4

H r 3 . .

~ 10k ; 3. Results and discussion

@ b ] "

’_;: . 3.1. Growth conditions for n = 1,2 and co

@ 1001 1 (ST, Ba),+1RU, 0341 films

] r 1

s 10% b STRuO, Structure ] A wide range of growth conditions were investigated for
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> SrRUO. Structre S '-'--~--__, 3 phase present in the samples, as identified by four-circle

5 e o _ . = ] x-ray diffraction, is shown in figure 2 as a function of
10 0.6 0.7 0.8 0.9 10 the background oxygen pressure and substrate temperature

i during growth. Experimentally, it is observed that the
1000/T (I/K) n = 1 phase, SRuQ,, forms at low oxygen pressure
and high temperature. SrRy@ observed at high oxygen

Figure 2. Pressure—temperature growth conditions yieldin
g P g y g pressure and low temperature. The= 2 compound,

n =1 (circles), n = 2 (squares) and n = co (triangles) as the

major phase from a target of composition Sr,RuO, and SrRW,Oy, is observed in a very narrow intermediate range
PLD growth on an LaAlO3(100) substrate. between then = 1 andn = oo regions. Subsequent
experiments in which argon was introduced in addition
1 ‘ ' . ' ‘ to oxygen to vary the total pressure confirm that it is the
i ] oxygen partial pressure that determines the phase stability.
08l ] Note that the oxygen background pressure shown in figure 2
g 1 ] is a processing parameter, not the true oxygen pressure
S 061 at the substrate. Due to the PLD process, the oxygen
% i / pressure is not constant and is not solely molecular oxygen.
=, 041 - ] Also shown in figure 2 are conditions reported in the
o [ Sample #53 - M literature for the preparation of bulk = 1, » = 2 and
0.2 WMWW : n = oo Sr,;1RU,03,,1 phases in air [11,12]. These bulk
L Sample #52 1 preparation conditions follow the same trend seen for the
0 0 . 1(‘)0 : 2(‘)0 : 300 thin films. Further, when bulk SrRu@nr = oo) is heated to

high temperatures (800—900) in nitrogen, it decomposes
Temperature (K) into SLRUO, (n = 1) plus ruthenium metal [13].

All of these phase stability data for the,$tRu, O3, 1
30 FSample #53 oesn oo oo ] phases, both those presented in figure 2 and those observed
Q@OOW in bulk, are in accord with the crystal chemistry principle
£ u that the presence of more electropositive species in a
é 20 ¢ ] compound favours a higher oxidation state of a transition
= b ¢ metal [13]. SgRuO, has more electropositive strontium
~ 'S';:plc 452 than SrRu@, and thus offers a stable environment for
a 10¢ ] RU™ to lower oxygen partial pressures. The deviation
b ] of the extrapolated boundary dividing the = 1 and
0 ) , . ) . n = oo phases in air versus by PLD is likely due in
0 100 200 300 part to the presence of excited oxygen species in the PLD
Temperature (K) process. A similar study of the phases formed from targets
with composition S{Rw,O; and SrRu@ as a function of
Figure 3. In-plane resistivity (top) and c-axis resistivity pressure and temperature reveals regions of phase formation
(LbOSttOATO) of two n =1 (Sr,Ru0Q,) films grown on (100) following the same trend as the data shown in figure 2,
aSl. 4.

although the boundary lines are slightly shifted [14]. At
sufficiently low background oxygen pressures, it is no
phase, as described below. A radiative heater allowedlonger possible to form the gRuOs (» = 1) phase by
the substrates to be heated to temperatures as high a®LD. This boundary is not shown in figure 2.

1090°C [10]. PLD was performed using a KrF excimer

laser ¢ = 248 nm), a laser fluence of 2-3 J gmand 3.2. Growth of c-axis and a-axis oriented SLRUO,4

a pulse rate of 2-40 Hz. The = 1 andn = 2 (n = 1) films

samples were cooled in vacuum after deposition, while

the n = oo films were cooled in 0.5-1 atmosphere of Single-phase epitaxial SRu0, films have been grown
oxygen. The films were characterized using a Picker on the {100} plane of the perovskite subcell of common
four-circle x-ray diffractometer, a Nanoscope lll scanning perovskite substrates: LaA¥O NdGaQ and SrTiQ.
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Figure 4. 6-26 x-ray diffraction scans for films grown from a stoichiometric Sr,RuO, target on (100) SrTiO; substrates at
substrate temperature of 1000 °C at oxygen background pressures ranging from 3 x 10~° Torr to 5 x 10~ Torr. The

Sr3Ru,0; (n = 2) peaks are indexed.

,a\ ' a"aon| T ‘
s el
o> 10° [, 4
i !
£ 10 11 & t & i
= | | | }
R0 N R
z 10 | | | |
= ] ! i VJ
4 1
= L i " ]
g 10 VWWWﬂ Nmmm
= 10° L — ' ~
0 90 180 270 360

¢ (degrees)

Figure 5. X-ray diffraction ¢-scan of the 105 peak of a
c-axis Srz3Ru,07 (n = 2) film grown from a stoichiometric
Sr,RuQ, target on (100) SrTiO3 at a substrate temperature
of 1000°C and an oxygen background pressure of

4 x 107° Torr.

As expected from lattice matching considerations, the
SKLRUQ, grows with its c-axis oriented normal to the

differ by about a factor of two in resistivity. The resistivity
values at room temperature are comparable to those
observed in single crystals [1, 2, 18]. However, although the
films show a drop in resistivity with temperature (metallic
behaviour), the magnitude of the drop is much less than in
single crystals. Resistivity measurements down to 0.3 K
show no evidence of superconductivity [19]. This is
probably due to the presence of low-level impurities that
are difficult to avoid with the ball-milling process used to
make the PLD targets.

3.3. Growth of c-axis oriented SERu,07 (n = 2) films

Then = 2 Sr,,1Ru,03,,1 phase, SRWO;, was grown by
controlling the background pressure during growth to be
between the: = 1 andn = oo regions (see figure 2). As

is evident from the overlaid x-ray diffraction plots shown
in figure 4, the structure forms in a very narrow region of
background pressure. As the pressure is varied, the x-ray
diffraction peaks shift and broaden, indicating the presence
of syntactic intergrowths with other SrnRu,Os,+1 phases.
Even under the optimal conditions that we have found to

{100 plane of the perovskite subcell of these substrates date, the peak widths of the = 2 phase are significantly

(c-axis oriented SIRuQ, films) [15,16]. Single-domain
a-axis SpRuQy films have been grown on (100) LaSrGaO
and (100) LaSrAlQ substrates [17]. These substrate
materials are isostructural with JRuQ, and the growth
of a-axis SpRuQ, films is expected from lattice matching
considerations.

Single-domaina-axis SpRuQ, films allow the film
resistivity in the in-plane 4, ,) versus out-of-plane o)
directions to be measured. This is shown in figure 3 for
two different SgRuQ, films grown on (100) LaSrAlQ

more broad than those observed for the- 1 andn = oo
phases. The difficulty in synthesizing bulk samples of
the n = 2 phase free of intergrowths has been noted in
the literature [20,21]. Thep-scan of the 105 peak of a
c-axis oriented SRW,O0; (n = 2) film, see figure 5, clearly
shows that the 3Ru,O7 film is epitaxial. The orientation
relationship is (001) SRwO; || (100) SrTiG and [100]
SRWO; || [001] SrTIG;.

The surface of a 3RwO; (n = 2) film grown on a
(100) SrTiQ substrate is shown in figure 6. The surface

substrates. Both films show similar features although they steps are integral multiples of a half-unit cell (one formula
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Figure 6. STM image of the surface of a c-axis oriented Sr3Ru,0O; (n = 2) film grown on (100) SrTiO3. The image edges are
parallel to the (100) directions of the SrTiO3; substrate and the SrzRu,0O- film.

unit). The surface morphology revealed by STM is highly References

dependent on the misorientation of the substrate.

image shown is for a film grown on a substrate misoriented
by 0.5°. The surface is stepped in the direction of the
misorientation, indicating that the growth occurs by step-

propagation. The SRw0Oy is faceted in plane alon@.10)-
type directions.

4., Conclusions

Epitaxial (Sr, Ba),+1RU, 03,41 films, n = 1, 2 andoo, have

been grown by pulsed laser deposition (PLD). The growth

conditions yielding phase-pure films have been mapped
out. The oxygen pressure/substrate temperature region in
which each of these phases form is consistent with the [8]
crystal-chemical principle that structures containing more
electropositive species (lowarphases) are stable to lower

pressures. The film orientation was controlled by choosing

appropriate substrates. Single-domaiaxis SpRuQ, films
(n = 1) were grown on (100) LaAl§) (110) NdGaQ and
(100) SrTiQ substrates. Single-domainraxis SpRUO,
epitaxial films were grown on (100) LaSrGaCand

(100) LaSrAlQ substrates. Resistivity versus temperature

measurements show metallic conductivity for battaxis

and c-axis SpRuQ, films, but no superconductivity. The
absence of superconductivity is probably due to the [19]
presence of low-level impurities that are difficult to avoid
given the target preparation process involved in growing

these films by PLD.
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