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Epitaxial thin films of the n = 1 – 5 members of the layered Srn+1RunO3n+1 oxide series were
produced by reactive molecular-beam epitaxy. X-ray diffraction and high-resolution transmission
electron microscopy confirm that these films are epitaxially oriented and nearly phase pure
共⬎98% 兲. The Sr2RuO4 共n = 1兲 and Sr3Ru2O7 共n = 2兲 samples show no ferromagnetic transition in the
range from 5 to 300 K, while the Sr4Ru3O10 共n = 3兲, Sr5Ru4O13 共n = 4兲, and Sr6Ru5O16 共n = 5兲
samples show ferromagnetic transitions at 85, 95, and 130 K, respectively. © 2007 American
Institute of Physics. 关DOI: 10.1063/1.2430941兴
The discovery of superconductivity1 and the establishment of spin-triplet pairing2,3 in single-layer Sr2RuO4, quantum metamagnetism in double-layer Sr3Ru2O7,4,5 and the
possible presence of momentum-space magnetic monopoles
in ferromagnetic, pseudocubic SrRuO3 共Ref. 6兲 have led to
intensive research on the layered Srn+1RunO3n+1 perovskite
oxide series 共the positive integer n corresponds to the number of perovskite layers sandwiched between double-SrO
rocksalt layers兲. It was suggested that being in close proximity of the ferromagnetic phase SrRuO3 is key for the occurrence of spin-triplet superconductivity in Sr2RuO4.7 The
crossover from ferromagnetism in SrRuO3 to paramagnetism
and spin-triplet superconductivity in Sr2RuO4 appears to
originate from a structural crossover from a threedimensional perovskite network in SrRuO3 to a twodimensional perovskite sheet in Sr2RuO4. Therefore, a systematic study of the behavior of Srn+1RunO3n+1 as
dimensionality decreases may provide insight into the interplay between magnetism and superconductivity.
Attempts to explore the magnetic properties of intermediate Srn+1RunO3n+1 members 共1 ⬍ n ⬍ ⬁兲 have been
thwarted by the substantial challenges associated with the
synthesis of phase-pure samples. Conflicting results on the
magnetic properties of Sr3Ru2O7 and Sr4Ru3O10 have been
reported,4,8–14 even though “single crystals” 共as determined
by x-ray diffraction兲 of these phases have been
produced.4,8,10–14 Growing evidence in support of Sr3Ru2O7
being a paramagnetic metal in zero field4,8,13 has led to the
widely held belief that intergrowths of higher n members
were responsible for the ferromagnetic transition
共TC = 104 K兲 previously observed in some Sr3Ru2O7 single
crystals.9 Indeed, single crystals deemed phase pure by x-ray
diffraction 共XRD兲 were found to contain intergrowths when
examined by transmission electron microscopy 共TEM兲.15 The
challenge to the conventional synthesis of phase-pure
a兲
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Srn+1RunO3n+1 compounds considerably restricts access to
these materials and lies at the heart of the controversy in the
interpretation of existing experimental results.
Here we show that using reactive molecular-beam epitaxy 共MBE兲, i.e., monolayer-by-monolayer deposition with a
correct absolute dose of cations, ⬎98% phase-pure
Srn+1RunO3n+1 compounds can be made. The synthesis of
nearly phase-pure samples by MBE allows their properties to
be characterized.
The first five 共n = 1 – 5兲 members of the Srn+1RunO3n+1
series were synthesized by reactive MBE on 共001兲 SrTiO3
and 共001兲 共LaAlO3兲0.29共SrAl1/2Ta1/2O3兲0.71 共LSAT兲 substrates. Prior to growth, the 共001兲 SrTiO3 substrates were
etched with a buffered HF solution to achieve a
TiO2-terminated surface.16 During growth the substrates
were held at 620 ° C and immersed in a continuous flux of
molecular oxygen, yielding a background pressure of
1 ⫻ 10−6 Torr. Monolayer doses of Sr and Ru were deposited
alternately on the substrates to form the perovskite layers in
these structures. For the double-SrO rocksalt layers in these
structures, a Sr dose corresponding to twice the monolayer
dose was delivered. Shuttered reflection high-energy electron
diffraction intensity oscillations during growth were used to
monitor film stoichiometry.17 The duration of the Sr and Ru
doses from molecular beams was adjusted to ensure that a
complete monolayer of each cation was deposited during
each shuttered cycle. The growth of each Ruddlesden-Popper
film was begun with a SrRuO3 buffer layer to precisely calibrate the shuttering times.17 Once calibrated, the shuttering
sequence was altered to grow the desired Srn+1RunO3n+1 film.
In this letter we focus on five Srn+1RunO3n+1 films with thicknesses of 877, 523, 648, 614, and 670 Å for the n = 1 – 5
films, respectively.
Four-circle x-ray diffraction 共XRD兲 studies on these thin
films revealed the formation of single-phase and high quality
samples with the desired n = 1 – 5 Ruddlesden-Popper structures. Figure 1 shows the XRD -2 scans of a Sr2RuO4 film

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
0003-6951/2007/90共2兲/022507/3/$23.00
90, 022507-1
© 2007 American Institute of Physics
128.84.143.26 On: Mon, 11 May 2015 14:27:14

022507-2

Appl. Phys. Lett. 90, 022507 共2007兲

Tian et al.

FIG. 2. Cross-sectional HRTEM images 共from left to right兲 of the same n
= 1 – 5 Srn+1RunO3n+1 films shown in Fig. 1. The two adjacent white rows in
the images correspond to the 关100兴 projections of the rocksalt SrO layers.
Between the double SrO layers lies the 关100兴 projection of the SrRuO3
perovskite sheet.

layers. Between double-SrO layers lies the 关100兴 projection
of the SrRuO3 perovskite sheet. The alternate stacking of the
rocksalt SrO layers and the perovskite sheets observed in the
image confirms the formation of the desired RuddlesdenPopper structures. Selected area electron diffraction studies
of these films corroborate the epitaxial orientations established by XRD. All of the imaged areas of the n = 1 film
display the identical contrast characteristic of the region
shown in Fig. 2, with no intergrowths observed. Intergrowths
of Ruddlesden-Popper layers with other n values 共a half-unitFIG. 1. 共Color online兲 -2 XRD scans of a Sr2RuO4 共n = 1兲 film grown on
cell in thickness along the c direction兲 were, however, infrea 共001兲 LSAT substrate and n = 2, 3, 4, and 5 Srn+1RunO3n+1 phases grown on
共001兲 SrTiO3 substrates. Substrate peaks are labeled with an 共 *兲, and the
quently observed in the n = 2 – 5 films. Such intergrowths explots are offset for clarity.
ist in very localized regions and have insufficiently ordered
volume to give rise to discernable diffraction spots in either
XRD or electron diffraction. Although observable, the popugrown on a 共001兲 LSAT substrate and Sr3Ru2O7, Sr4Ru3O10,
lations of the intergrowths are very small. Several represenSr5Ru4O13, and Sr6Ru5O16 films grown on 共001兲 SrTiO3 subtative regions imaged by HRTEM, which are typically
strates. All of the XRD peaks occur at 2 positions consistent
200– 300 nm wide and span the entire film thickness, of each
with the c axis of the films normal to the surface of the
sample were analyzed to determine the volume fractions of
substrates. The c-axis lattice constants of these films as dethe intergrowths. The statistics showed that the total volume
termined by a Nelson-Riley analysis18 of the diffraction peak
fraction of the intergrowths is less than 2% of the imaged
positions are 12.82± 0.02, 20.85± 0.05, 28.8± 0.2, 37.2± 0.4,
volume in all samples and none of the volume fractions of
and 44.7± 1.0 Å for the n = 1 – 5 phases, respectively. These
the individual intergrowths exceeds 0.6%.23 In addition, the
values are slightly larger than the previously reported bulk
majority of the intergrowths are those with n values less than
values of Srn+1RunO3n+1 phases11,19,20 with low n and
that of the film phase. In the n = 5 film, all of the intergrowths
lengthen by the amount expected 共two SrRuO3 sheets per
have n values less than 5. We believe that the intergrowths in
unit cell兲 as n goes from n to n + 1, consistent with an inthese samples are most likely the result of slight errors and
plane biaxial compressive strain being imparted on the films
variations in the monolayer doses supplied during the MBE
by the epitaxial growth on the 共001兲 LSAT and SrTiO3 subgrowth. A comprehensive description of the microstructure
strates. The full width at half maxima of the rocking curves
of the films will be published elsewhere.23
of the 006, 0010
គ , 0014
គ , 0018
គ , and 0022
គ peaks of the n
The magnetization versus temperature of the same films
= 1 – 5 samples are 0.091°, 0.049°, 0.056°, 0.042°, and
studied by XRD and TEM was measured using a commercial
0.045°, respectively, indicating a high degree of structural
superconducting quantum interference device magnetometer
perfection. XRD  scans of off-axis 共asymmetric兲 peaks
in a 0.005 T magnetic field aligned perpendicular to the
were used to establish the in-plane orientations of the films.
sample plane after precooling in a 1 T field. The
 scans of the 103, 105, 107, 109, and 1011
គ peaks of the
temperature-dependent magnetization of bare LSAT and
n = 1 – 5 films, respectively, indicate an epitaxial in-plane oriSrTiO3 substrates was measured to subtract the magnetic
entation relationship of 关100兴 Srn+1RunO3n+1 储 关100兴 SrTiO3
contribution of the magnetic impurities present in the sub共LSAT兲.23 Although the epitaxial films appear to be single
strates. The contribution of the thin SrRuO3 共ferromagnetic
phase by XRD, we used TEM to check for thin aperiodic
with a TC ⬇ 160 K in bulk24兲 buffer layer to the out-of-plane
intergrowths that are difficult to discern by XRD.21,22
magnetization was also subtracted by assuming that the magHigh-resolution TEM 共HRTEM兲 within a JEOL 4000EX
netic moment per Ru atom in the SrRuO3 buffer layer and its
operated at 400 kV was used to characterize the microstructemperature dependence are identical to those obtained from
ture and atomic structure of the films. Figure 2 shows crossan 847 Å thick SrRuO3 film grown by MBE using the same
sectional HRTEM images of the n = 1 – 5 films with the incigrowth conditions as the Srn+1RunO3n+1 films. This assumpdent electron beam along the 关100兴 zone axis of the sample
tion should be valid since all of the SrRuO3 buffer layers
共film and substrate兲. The two adjacent white rows in the imhave a thickness 共艌6 pseudocubic SrRuO3 unit cells兲 that in
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are surrounded by RuO2 sheets, resulting in the loss of
ferromagnetism.

FIG. 3. 共Color online兲 Magnetization as a function of temperature of the
same n = 1 – 5 Srn+1RunO3n+1 films shown in Figs. 1 and 2 and n = ⬁
Srn+1RunO3n+1 film. Note that the n = 3, 4, 5, and ⬁ samples show ferromagnetism, while no sign of ferromagnetism is observed for the n = 1 and n = 2
samples. The inset shows a plot of the ferromagnetic transition temperatures
of the n = 3, 4, 5, and ⬁ Srn+1RunO3n+1 samples vs n. For the sake of comparison, the metamagnetic phase transition temperature 共⬃1.1 K兲 of the n
= 2 共Sr3Ru2O7兲 single crystal in a magnetic field of 7.9 T 共data from Ref. 5兲
is also shown.

The authors acknowledge the financial support of the
U.S. Department of Energy through Grant No. DE-FG0203ER46063 for the three authors 共W.T., J.H.H., and D.G.S兲
and DE-FG02-04ER46159 for the three authors 共E.H.,
M.M.R., and Y.L.兲 and the National Science Foundation
through Grant No. DMR-0401486 for the two authors
共B.L.S. and P.S.兲. The TEM analysis was performed in the
Electron Microscopy Center, Materials Science Division, Argonne National Laboratory, Argonne, IL. The authors also
acknowledge the help of R. E. Cook, J. M. Hiller, and S. K.
Streiffer during the course of the TEM work.
1

Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J. G.
Bednorz, and F. Lichtenberg, Nature 共London兲 372, 532 共1994兲.
2
A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657 共2003兲.
3
K. D. Nelson, Z. Q. Mao, Y. Maeno, and Y. Liu, Science 306, 1151
共2004兲.
4
S. A. Grigera, R. S. Perry, A. J. Schofield, M. Chiao, S. R. Julian, G. G.
Lonzarich, S. I. Ikeda, Y. Maeno, A. J. Millis, and A. P. Mackenzie,
Science 294, 329 共2001兲.
netization of bulk SrRuO3.25,26 Figure 3 shows the magnetic
5
S. A. Grigera, P. Gegenwart, R. A. Borzi, F. Weickert, A. J. Schofield, R.
moment per Ru atom as a function of temperature in the
S. Perry, T. Tayama, T. Sakakibara, Y. Maeno, A. G. Green, and A. P.
Mackenzie, Science 306, 1154 共2004兲.
range from 5 to 300 K for the n = 1 – 5 and ⬁ samples, after
6
Z. Fang, N. Nagaosa, K. S. Takahashi, A. Asamitsu, R. Mathieu, T.
the corresponding substrate and buffer layer subtraction. The
Ogasawara, H. Yamada, M. Kawasaki, Y. Tokura, and K. Terakura,
curves reveal that the n = 3, 4, and 5 samples are ferromagScience 302, 92 共2003兲.
7
netic, while no sign of ferromagnetism is observed in the n
T. M. Rice and M. Sigrist, J. Phys.: Condens. Matter 7, L643 共1995兲.
8
R. J. Cava, H. W. Zandbergen, J. J. Krajewski, W. F. Peck, B. Batlogg, S.
= 1 and 2 samples. The transition temperatures 共TC兲 of the
Carter, R. M. Fleming, O. Zhou, and L. W. Rupp, J. Solid State Chem.
ferromagnetic phases were determined by the onset of the
116, 141 共1995兲.
9
magnetization in the M共T兲 curves. The obtained TC values
G. Cao, S. McCall, and J. E. Crow, Phys. Rev. B 55, R672 共1997兲.
10
are 85, 95, 130, and 150 K for the n = 3, 4, 5, and ⬁ samples,
G. Cao, S. K. McCall, J. E. Crow, and R. P. Guertin, Phys. Rev. B 56,
R5740 共1997兲.
respectively. The n-dependent magnetic behavior is evident
11
M. K. Crawford, R. L. Harlow, W. Marshall, Z. Li, G. Cao, R. L.
共inset in Fig. 3兲. For the sake of comparison, the metamagLindstrom, Q. Huang, and J. W. Lynn, Phys. Rev. B 65, 214412 共2002兲.
12
netic phase transition temperature 共⬃1.1 K兲 of the n = 2
G. Cao, L. Balicas, W. H. Song, Y. P. Sun, Y. Xin, V. A. Bondarenko, J. W.
5
Brill, S. Parkin, and X. N. Lin, Phys. Rev. B 68, 174409 共2003兲.
共Sr3Ru2O7兲 single crystals in a magnetic field of 7.9 T is
13
R. S. Perry, L. M. Galvin, S. A. Grigera, L. Capogna, A. J. Schofield, A.
also shown in the inset.
P. Mackenzie, M. Chiao, S. R. Julian, S. I. Ikeda, S. Nakatsuji, Y. Maeno,
The deviation of TC for the SrRuO3 thin film 共150 K兲
and C. Pfleiderer, Phys. Rev. Lett. 86, 2661 共2001兲.
14
from the bulk value 关160± 10 K 共Ref. 24兲兴 is consistent with
R. S. Perry, K. Kitagawa, S. A. Grigera, R. A. Borzi, A. P. Mackenzie, K.
Ishida, and Y. Maeno, Phys. Rev. Lett. 92, 166602 共2004兲.
previous reports that found such a TC reduction to be due to
15
Y. Xin, G. Cao, and J. E. Crow, J. Cryst. Growth 252, 372 共2003兲.
the strain imparted by commensurate growth on a SrTiO3
16
M. Kawasaki, K. Takahashi, T. Maeda, R. Tsuchiya, M. Shinohara, O.
substrate.27,28 Similarly, the deviation of TC for the
Ishiyama, T. Yonezawa, M. Yoshimoto, and H. Koinuma, Science 266,
Sr4Ru3O10 thin film from the reported value 关⬃100 K 共Ref.
1540 共1994兲.
17
J. H. Haeni, C. D. Theis, and D. G. Schlom, J. Electroceram. 4, 385
29兲兴 of single crystals is believed to be due to epitaxial
共2000兲.
strain. The saturation moment of the SrRuO3 film
18
J. B. Nelson and D. P. Riley, Proc. Phys. Soc. London 57, 160 共1945兲.
19
共⬃1.3B / Ru兲 is comparable to the values previously reL. Walz and F. Lichtenberg, Acta Crystallogr., Sect. C: Cryst. Struct.
ported for epitaxial SrRuO3 thin films grown on 共001兲
Commun. C49, 1268 共1993兲.
20
H. K. Müller-Buschbaum and J. Z. Wilkens, Z. Anorg. Allg. Chem. 591,
SrTiO3 substrates.27,28 In contrast, the saturation moment
161 共1990兲.
共⬃0.2B / Ru兲 of the Sr4Ru3O10 thin film is significantly
21
J. H. Haeni, C. D. Theis, D. G. Schlom, W. Tian, X. Q. Pan, H. Chang, I.
smaller than the values 共⬃1.5B / Ru兲 reported for single
Takeuchi, and X. D. Xiang, Appl. Phys. Lett. 78, 3292 共2001兲.
29
22
W. Tian, X. Q. Pan, J. H. Haeni, and D. G. Schlom, J. Mater. Res. 16,
crystals. The origin of the reduced moment for the thin film
2013 共2001兲.
samples is unclear, although magnetism in the ruthenates is
23
W. Tian, J. H. Haeni, M. A. Zurbuchen, X. Q. Pan, and D. G. Schlom
extraordinarily complicated and it is quite possible that the
共unpublished兲.
24
strain from the substrate is responsible for the difference.
A. Callaghan, C. W. Moeller, and R. Ward, Inorg. Chem. 5, 1572 共1966兲.
25
M. Izumi, K. Nakazawa, Y. Bando, Y. Yoneda, and H. Terauchi, Solid
Further study, perhaps with neutron scattering, would be necState Ionics 108, 227 共1998兲.
essary to explore the details of the magnetic structure.
26
M. Izumi, K. Nakazawa, and Y. Bando, J. Phys. Soc. Jpn. 67, 651 共1998兲.
27
In closing, our data suggest that reduced dimensionality
C. B. Eom, R. J. Cava, R. M. Fleming, J. M. Philips, R. B. van Dover, J.
in the Srn+1RunO3n+1 series leads to a systematic reduction in
H. Marshall, J. W. P. Hsu, J. J. Krajewski, and W. F. Peck, Jr., Science
258, 1766 共1992兲.
ferromagnetism. The minimum value of ferromagnetism 共n
28
Q. Gan, R. A. Rao, C. B. Eom, J. L. Garrett, and M. Lee, Appl. Phys. Lett.
= 3兲 corresponds to the case where at least one RuO2 sheet in
72, 978 共1998兲.
29
the structure is surrounded by RuO2 sheets from above and
W. Bao, Z. Q. Mao, M. Zhou, J. Hooper, J. W. Lynn, R. S. Freitas, P.
O3n+1
phases,
below.
For n = 1 and
2 Srn+1Ru
Y. Liu,at:
H.http://scitation.aip.org/termsconditions.
Q. Yuan, and F. Salamon, e-print cond-mat/0607428.
This article
is copyrighted
as indicated
in nthe
article.
Reuseno
of RuO
AIP content
is subjectSchiffer,
to the terms
Downloaded to IP:
2 sheets

128.84.143.26 On: Mon, 11 May 2015 14:27:14

