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Double-layered Sr;Ru,O; has received phenomenal consideration because it exhibits a plethora of exotic
phases when perturbed. New phases emerge with the application of pressure, magnetic field, or doping. Here,
we show that creating a surface is an alternative and effective way to reveal hidden phases that are different from
those seen in the bulk by investigating the surface properties of Sr3(Ru;_,Mn, ),0;. Driven by the tilt distortion
of RuOg octahedra, the surface of Sr;Ru,0; is less metallic than the bulk. In contrast, because of the vanishing
of tilt and enhanced rotation with Mn doping, the surface of Sr3(Rugg4Mny 16),07 is metallic, while the bulk
is insulating. Our result demonstrates that the electronic and structural properties at the surface are intimately
coupled and consistent with quasitwo-dimensional character.
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The Ruddlesden-Popper (RP) series Sr,.1Ru, 03,41 has
attracted considerable attention because of its diverse and com-
plex phases, where the ground state can be tuned by changing
the number of RuOg octahedral layers (n) in the unit cell,
chemical doping, or external parameters such as magnetic field
and pressure [1-11]. For example, Ca;_,Sr,RuO4 (n = 1)isa
p-wave superconductor when x = 2 [5,12], and an antiferro-
magnetic (AFM) insulator when x = 0[13,14]. When uniaxial
pressure is applied to Sr,RuQy, the superconducting transition
temperature increases [15]. These physical properties are
closely coupled with the structure: rotation and tilt of the RuOg
octahedron [16-22]. The double-layered paramagnetic and
metallic Sr;Ru,07 (n = 2), shown in Fig. 1(a), also exhibits
physical properties sensitive to perturbation. Srz3Ru, 07 shows
metamagnetic quantum criticality under magnetic field [2,4,6],
and pressure-induced ferromagnetic (FM) order [23,24]. Dop-
ing Sr3Ru, 07 with Ca or Mn induces new phases [25,26]. With
Ca doping, the system goes from itinerant metamagnetic to
the AFM phase, accompanied by a transition from metallic to
Anderson localized state. These transitions are associated with
the increase of octahedral rotation and onset of tilt [26-29].
Partial replacement of Ru by Mn leads to a metal-insulator
transition (MIT) whose transition temperature Ty increases
with increasing Mn concentration [25]. This system undergoes
a transition from a paramagnetic metal at high temperatures
to a long-range ordered AFM phase at low temperatures for
x ~ 0.16 [30]. In the bulk, both the electronic and magnetic
properties are closely coupled to the evolution of the structural
distortion (octahedral rotation).

Creating a surface is an effective perturbation to tip
the subtle balance of competing interactions between the
structural, charge, orbital, and spin degrees of freedom, thus
offering an opportunity for revealing phases hidden in the
bulk. For instance, the previous studies of Ca;_,Sr,RuQ4
showed that cleaving this material enhances RuOg rotational
distortion and induces a buckling of the Ca/Sr-O surface plane,
which suppresses electronic phase transition temperatures, but
avoids simultaneous lattice distortion, thus producing a purely
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electronic Mott transition for x = 0.1 [31], as well as a much
different phase diagram than the bulk [32]. It is understood
from the previous work that RuOg rotation is enhanced and
tilt is induced at the surface of Sr3(Ru;_,Mn,),05 [33], which
leads to a different electronic behavior [34]. Here, we establish
the surface structure-property relationship.

The bulk tetragonal (tet) unit cell for the bilayer
Sr3(Ru;_,Mn,),07 is shown in Fig. 1(a). There is bilayer
octahedra stacking along the c-axis direction, with the Ru/Mn
atoms located at the center of the octahedron. For the parent
compound, there is octahedral rotation, shown in a planar
view in Fig. 1(b). In the bulk, the in-plane RuOg¢ rotation
in the second layer is opposite to the first layer, indicated
by the light gray octahedra in Fig. 1(b) [23,35]. The rotation
creates a new unit cell, shown by the black square in Fig. 1(b),
denoted as (v/2 x +/2)R45°, with respect to the tet-(1 x 1)
unit cell indicated by the red dashed square in Fig. 1(b).
The black arrows illustrate that there is left- and right-handed
chirality associated with the in-plane rotation of the octahedra.
This chirality has been imaged using the scanning tunneling
microscopy (STM) [34], as displayed in Fig. 1(c) for x = 0.06.
Samples cleave at the weak bonding between the two stacks
of the double-layered octahedra, indicated by the dashed line
in Fig. 1(a), thus exposing the SrO layer. The ability to see the
subsurface Mn atoms is a consequence of the tilt distortion of
(Ru/Mn)Og octahedra at the surface [33], which reduces the
symmetry from Cy, to Cy,, changing the electronic properties
of the surface with respect to the bulk [34]. Figure 1(d) depicts a
tilt distortion in a bilayer perovskite, where the octahedra rotate
out of the plane around the axis parallel to the octahedral edge,
and the top and bottom octahedra are forced to tilt in opposite
directions because they share one oxygen atom.

Here, we show that the surface phase diagram is dra-
matically different from the bulk due to enhanced rotation
of octahedra, coupled with a surface-induced octahedral tilt
which is a function of the Mn doping level. The presence
of tilt makes the surface less metallic, while the bulk is
conducting for low Mn doping. The removal of tilt with
remaining rotation at the surface for higher Mn doping makes
the surface more metallic, while the bulk is insulating with no
octahedral rotation. The structural and metallicity evolution
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FIG. 1. (a) Tetragonal unit cell of Sr3(Ru;_,Mn,),07. The cleav-
ing plane is indicated by the dashed line. (b) Planar view of the cleaved
surface with octahedral rotation, showing the (v/2 x +/2)R45° unit
cell (black), and the tet-(1 x 1) unit cell (red). (c) STM topographic
image of x = 0.06 compound (1.2 V bias and 100 K). The different
chirality of the Mn sites is indicated by blue and white arrows [34].
(d) Schematic view of octahedral tilt with the tilt angle (6) defined by
either the in-plane angle between the O3 plane and ab plane (6,), or
the c-axis angle between the Ru-O2 bond and ¢ axis (6,).

with Mn concentration at the surface exhibits linear behavior,
which is consistent with the behavior of an order parameter
of a surface second-order transition, in sharp contrast to the
structural transition in the bulk.

In this paper, we use a combination of surface-sensitive
techniques in order to determine the surface phases. These
include low-energy electron diffraction (LEED) intensity-
voltage (I-V) analysis to probe the symmetry and the surface
octahedral distortion, and high-resolution electron energy loss
spectroscopy (HREELS) to explore surface metallicity by
examining the electron-phonon coupling. The single crystals
used here were grown by the floating-zone technique in an
image furnace, with details described elsewhere [25]. The
samples for each doping level were from the same growth
batch for all measurements. All the samples were cleaved at
86 K in an ultrahigh vacuum (UHV) environment with base
pressure <1 x 107'° Torr and immediately transferred in situ
to the characterization chamber. Both LEED and HREELS
data were collected within 30 min after cleaving. Low-energy
electron diffraction experiments were conducted in a pu-
metal shielded chamber. Diffracted patterns from elastically
scattered electrons were collected within an energy range
of 50-360 eV using a home-built video-LEED camera data
collecting system. Both I-V curves and line-profile curves were
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extracted from digitalized diffraction patterns. The HREELS
data were collected in the same vacuum chamber as the
LEED using a LK-5000, with double magnetic shielding. A
focused-monochromized low-energy electron beam impinges
upon the sample, and the scattered electrons are resolved in
energy and momentum. The measurements here were taken in
the specularly reflected direction (70° incident angle), where
the 7 eV incoming electrons interact with the long-range dipole
field in the vacuum. This makes the HREELS measurement
very surface sensitive.

Figure 2(a) shows a schematic LEED pattern for a surface
with octahedral rotation, but no tilt, which is the case
for both SroRuQOy4 [36] and Sr3(Ru;_,Mn,),0; (x > 0.16)
surface. Using the tet-(1 x 1) as the basis [Fig. 1(a)], the
(/2 x /2)R45° spots are labeled fractional, e.g. (3/2,3/2)
spot indicated by the black dashed circle in Fig. 2(a). With
the symmetry (Cy4,) shown in Fig. 1(b), the LEED pattern
has two glide lines [dotted in Fig. 2(a)], where the fractional
ordered spots are missing [dotted circles for (3/2,3/2) and
equivalent spots] [32,36]. Figure 2(b) shows the LEED pattern
taken at 86 K and 225 eV for the parent Sr;Ru,07, where the
existence of tilt has broken the C,4, symmetry seen in Fig. 2(a)
for only rotation. Tilt breaks the glide line symmetry along
one direction; thus, the LEED pattern symmetry is lower (Cy,)
than fourfold Cy,. The green circles show the locations of the
two diffracted spots along the broken glide line (forbidden for
the rotation-only case), and the red circles show the locations
of the two extinguished spots along the existing glide line. The
purple and orange circles mark fractional ordered spots which
have different intensities because of the broken symmetry.

Low-energy electron diffraction /-V structural analysis was
performed using only the fractional order spots, exploiting
a procedure used previously [33]. Fractional ordered spots
are more sensitive to rotation and tilt than the integer spots.
Because of the low surface Debye temperature, the factional
beam intensity cannot be clearly resolved beyond 360 eV [37].
The Debye temperatures used here are 550 K for O, 600 K
for Ru, and 145 K for Sr. Prior to analysis, the LEED [-
V data is smoothed using the Savitzky-Golay method with
the third-order polynomial. Each I-V curve is a sum of at
most four equivalent spots. For example, (1/2,3/2) is obtained
from the sum of the (1/2,3/2), (1/2,—3/2), (—1/2,3/2), and
(—1/2,-3/2) spots.

Agreement between the calculated and experimental /-V
profiles as a function of the assumed structure is quantified
by using the Pendry reliability factor (Rp) [38]. The fitting
procedure adapts a simulated annealing global searching
algorithm. The unit cell was relaxed following the atomic
movements that maintain the glide plane symmetry of the
lattice. Then the rotation and tilt angles are determined by
optimizing the Rp value. The experimental and optimized
LEED [-V curves are presented in Fig. 3(a). The associated
error in the structural parameters is estimated with the equation

o= (R;O‘al)min,/% proposed by Pendry [38]. The total
energy range AFE is 759 eV, and V,; the imaginary part of
the inner potential is ~6 eV. With the total (RI,"“‘l)min factor of
0.28, the estimated error is o = 0.07. Figure 3(b) shows the
rotation and tilt angle dependence of Rp values with respect
to the optimal values (10.5° for rotation and 2.6° for tilt). The
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FIG. 2. (a) Schematic LEED pattern for a surface with octahedral rotation only. The reciprocal lattices from the tet-(1 x 1) and
(V2 x +/2)R45° unit cells are indicated by the red dashed square and black solid square, respectively. The two dashed lines are the glide lines
where the missing fractional spots (black dashed circles) locate. (b) LEED pattern of Sr;Ru,0; at 86 K and 225 eV. The different colored circles
show the spots with different intensities. (c) Comparison of averaged LEED I-V curves from the purple and orange spots in (b). (Inset) (R p)aisr
values from simulated /-Vs with various tilt angles, based on 10.5° octahedral rotation. The red cross shows the (Rp)qr = 0.68 calculated
from experimental /-V curves. (d) Normalized line profiles along the dashed lines in Fig. 4. The red and blue shaded areas are the intensities of

Gaussian fittings, which are used to estimate the tilt angles, shown by the inset table.
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FIG. 3. (a) Experimental data (black) and calculated LEED 7-V curves (red) for fractional spots with various energy ranges. The calculated
curves are obtained for the optimized structure with global minimum Rp factor. (b) The Rp factor at angles deviating from the optimum
solution, blue for rotation and red for tilt, respectively. The dashed lines are used to estimate the error bars.
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error bars for the two angles are estimated by the black dashed
line in Fig. 3(b) which is (Rp)error = (RF™)min + 0 = 0.35
[38]. The crossings between the black dashed line and the
two curves determine maximum allowed deviations from the
optimum solution, yielding (10.5 & 3.0)° for rotation angle
and (2.6 £ 0.8)° for tilt angle. These results are consistent with
our previous work [33] [(12 £ 3)° for rotation and (2.5 £ 1.7)°
for tilt]. The smaller uncertainty in tilt results from using the
fractional beams only.

To facilitate the LEED I-V structural determination, a few
assumptions about the structure were made. First, we assumed
that octahedra at the surface were not deformed, that means
the 8; = 6, in Fig. 1(d). Second, we assumed that the second
layer rotation has the same magnitude and direction as the first
layer [26,39]. Low-energy electron diffraction is not sensitive
to activity beyond the first layer, so it is impossible to determine
either the direction or magnitude of the rotational distortion
in the second layer. In contrast, distortion of octahedra is
observed in bulk structural determinations [26,39] and surely
will be present at the surface. If we start with the optimal
structure and release our constraints on the surface octahedra,
we find that, with a distorted octahedral, R p is slightly reduced,
and 9, # 0,. We will discuss this in more detail after examining
the tilt-induced broken symmetry on the LEED spots.

As mentioned earlier, the tilt-induced broken symmetry
makes the intensity of the fractional ordered LEED spots
different. For example, the (1/2,5/2) (purple) spot is brighter
than the (5/2,1/2) (orange) spot in Fig. 2(b). Figure 2(c) shows
the experimental /-V for these beams as a function of incident
electron energy at 86 K. The difference between these two
beams is (Rp)qir = 0.68. The sensitivity of LEED intensity
difference as a function of tilt has been explored by conducting
a theoretical simulation. Here, I-V curves are simulated for the
lattice with 10.5° octahedral rotation and various tilt angles.
By comparing the simulated /-V curves from the purple to
the orange fractional spots, the (Rp)g is calculated. The
simulated (R p )qifr as a function of tilt angle is shown in the inset
of Fig. 2(c). The experimental difference of 0.68 translates
into a tilt angle of 4.4°, shown by the red cross, which is
appreciably larger than the value of 2.6° determined by the
LEED [-V calculation. This is because of our first assumption
that the octahedron is rigid, i.e. 6; = 6,. It underestimates the
change in (Rp)gr as the tilt angle increases because it does
not allow for the deformation of the octahedra.

As shown in Fig. 1(d), the tilt distortion is described by two
angles [Fig. 1(d)], the angle between the O3 plane and the ab
plane (6)) is not necessarily identical to the one between the
Ru-02 bond and the ¢ axis (6,). This unrestricted relaxation
gives a slight improvement in (R}f’tal)min of 0.01, with 6, =
2.7° and 6, = 2.3°. Because of the large error bars, difference
between the two angles is not significant.

As the Mn concentration increases, the tilt angle may
vary. The change in tilt can be quantitatively determined by
measuring the intensity of fractional spots such as (3/2,3/2)
because their appearance is due to tilt. The LEED pattern
of undoped Sr3Ru,07 is shown in Fig. 2(b) and replotted in
Fig. 4(a). The patterns for the same energy and temperature
conditions of x = 0.01, 0.06, and 0.16 samples are shown in
Figs. 4(b)-4(d). The line-profile data obtained by tracking the
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FIG. 4. LEED patterns taken at the same temperature and beam
energy (86 K and 225 eV) for four Mn doped samples with doping
levels of (a) x = 0.00, (b) 0.01, (c) 0.06, and (d) 0.16, respectively.

intensity along the white dashed lines in Figs. 4(a)—4(d) is
shown in Fig. 2(d) for the four different doping levels. All
peaks are fit by Gaussian functions, presented by the red
and blue shaded regions. The intensity of the fractional spot
(3/2,3/2) is normalized based on the averaged intensity of the
two integer spots [(1,2) and (2,1)], and the estimated tilt angle
is displayed as an inset in Fig. 2(d). The tilt decreases with
increasing Mn concentration, and to first order, this intensity
should be proportional to the tilt angle.

The dynamical behavior of the surface is probed using
HREELS. The spectra for x = 0 and x = 0.16 samples at 86
K are shown in Fig. 5(a) for specular scattering (for dipole-
active excitations). Three phonon modes are observed at w; ~
30meV, w, ~ 50meV, and w3 ~ 69.2meV, consistent with
previous measurements on Sr,RuQy [40]. These modes can be
identified as external cage (w;), bending (w;), and stretching
modes (w3). By comparing to the bulk Srz;Ru,O; [41]
and surface Sr,RuO4 [40] measurements, the w3 phonon is
assigned to the A, stretching mode of apical oxygen atoms.
The movement of atoms in this mode is presented in the inset
of Fig. 5(a). For comparison, the corresponding bulk phonon
has the energy of 71.5 meV [41], which is slightly higher than
the 69.2 meV surface phonon measured by HREELS. Note
that, in the bulk, this is a Raman mode which has symmetric
movements of the two apical oxygen atoms. At the surface,
the dipole moment emerges from the environment of broken
inversion symmetry.

Here, we focus on the Mn doping dependence of the w3
mode. The w3 phonon mode at different Mn doping levels
is shown in Fig. 5(b). It is conspicuous that the line-shape
changes, especially for x = 0.16 after removing the elastic
peak background and the other two phonon peaks. This
asymmetric line-shape is typical for a Fano process, resulting
from the interference between a discrete resonance scattering
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FIG. 5. (a) HREELS phonon spectra for the surface of x = 0 and 0.16 samples at 86 K. Inset shows the atomic displacements of the optical
phonon mode associated with ws. Itis an A, stretching mode of the apical oxygen atoms. (b) The 86 K HREELS data for four different doping
levels, with its Fano line-shape fitting after removing the background and other phonons. The line profile becomes more asymmetric when the

doping level increases.

process (w3) and a continuum of background [42]. This Fano
line-shape is seen in previous Raman spectroscopy studies
on Caz;Ru,05 [41,43,44]. In this case, the “resonance” is the
phonon excitation, and the “continuum” is the electron-hole
pairing excitations. Therefore, larger density of states (DOS)
near the Fermi level has more excitations, associated with
the electron-phonon coupling mechanism which produces an
asymmetric line-shape.

The Fano line-shape can be fit with the equation /(w) =
Io(e + ¢)*/(1 + €2), where & = (w — wy)/ T, wy is the bare
phonon energy, and I' is the intrinsic linewidth. The parameter
q is the Fano parameter which measures the line-profile’s
asymmetry. The smaller the g, the more asymmetric the peak
line-shape is. The values of ¢ at different doping levels are
shown in Fig. 5(b). With increasing Mn concentration, the
peak becomes more asymmetric, corresponding to smaller g.
This indicates the surface has higher DOS with larger x, i.e.
more metallic with less tilt (for higher Mn concentration).

Rotation/Tilt angle (°)

0.0 0.1 0.2
X

0 0.05 0.1 0.15 0.2 0.25

The surface structure-property relationship is summarized
in Fig. 6(a) and compared to the bulk in Fig. 6(b), with the
color bar indicating the degree of metallicity. In the bulk,
the physical properties are tied to the octahedral rotational
angle. The rotational angle as a function of x looks like what
one would expect for a three-dimensional second-order phase
transition, but for the surface, both the tilt angle and Fano
q (the measure of metallicity) display linear behavior as a
function of x [Fig. 6(a)]. This linear relationship mimics the
quasitwo-dimensional phase transition reported for surface
magnetism [45,46].

The surface-induced tilt decreases, but rotation remains
large and constant with increasing Mn doping, while in
the bulk, there is no tilt, and the rotation decreases with
increasing Mn doping. With such structural difference between
the surface and bulk, the physical properties are almost
opposite in response to Mn doping. The bulk becomes
more insulating when the doping level increases (rotation is
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X

FIG. 6. (a) Surface phase diagram, comparing the Fano parameter ¢, the tilt angle, and the rotational angle as a function of Mn doping
x. (b) A portion of the bulk phase diagram. There is a MIT during the cooling process. The insulating phase becomes more dominant as the
doping percentage increases and the octahedral rotation decreases at the same time. The color bar on the right indicates the different degree of
metallicity. The surface has an opposite trend in the metallicity compared to the bulk.
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removed), but the surface shows an opposite tendency, i.e.
becoming more metallic. The tilt distortion at the surface
of Sr3(Ru;_,Mn,),0; forces the surface into a less metallic
state, in the same way as single-layer Ca,_,Sr,RuOy4 [16].
The removal of tilt on the surface of x = 0.16 results in good
metallicity similar to that seen in the bulk Sr;Ru, 07 (x = 0):
both have octahedral rotation only.

The Sr3(Ru;_,Mn,),0; surface enhances rotation and
further induces tilt, which are more dramatic than that seen
at the surface of Ca;_,Sr,RuQ4. There are two possible
reasons. First is the number of layers (r) difference between
the two compounds. The undoped n = 1 compound Sr,RuO4
does not have any rotation or tilt in the bulk, while the
undoped n = 2 compound Sr3;Ru,O5 already has an octahedral
rotational distortion. This indicates that structural instability is
enhanced as n increases, so there is more significant distortion
for Sr4Ru301¢ (n = 3) where the octahedral rotation is large
enough to induce ferromagnetism without hydrostatic pressure
or magnetic field in the bulk [47]. The octahedra in the outer
two layers in the n = 3 compound are rotated by 5.25° with
the central plane having a larger rotation (10.6°) [47]. It is
easy to imagine that the presence of the surface could enhance
the rotation and may induce a small tilt. The SrRuO3 (n = oc0)
compound, on the other hand, has intrinsic rotation and tilt up
to 820 K and band ferromagnetism [48-51]. As n becomes
larger, the overall structure is more distorted. The second
reason is undoubtedly related to the different doping sites.
For Ca,_,Sr,RuQy, the Ca cation is doped at the alkaline
earth metal Sr site (A site), and it is an isovalent doping, but
in Sr3(Ru;_,Mn,),07, the Mn cation replaces the transition
metal Ru site (B site), and a Mn atom has one less valence
electron than a Ru atom with smaller atomic size. In general, in
the RP series A, 1B, 03,41, it is considered that A-site doping
affects the structure due to different ionic size, especially on
the cage surrounding the octahedra and the c-axis parameter.
In contrast, B-site doping affects the BOg octahedra directly,
and the overall structure changes more dramatically. The
smaller ionic size of Mn causes the lattice distortion directly
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associated with the octahedral rotation and tilt. Previous
studies on Sr,RuQy4 by replacing Ru atoms with 3d transition
metal atoms show that the electronic, magnetic, and structural
properties change drastically with even minimum amount of
doping [52-55].

The fact that the surface of Sr;Ru,O; is less metallic
than the bulk is not surprising. It has been known for
almost half a century that creating a surface in any simple
three-dimensional material will drive a band narrowing at
the surface [45,56,57]. On the other hand, the surface of a
semiconductor can be metallic due to the presentence of a
surface state. One example known for decades is the metallic
7 x 7 reconstructed Si(111) surface [58-60]. In contrast, the
origin of the structure/property relationship for the surface
of Sr3(Ru;_,Mn,),05 is quite different than these classical
systems: it is the increased rotation angle and induced tilt at
the surface that decreases the band width and drives the surface
of the parent compound to a more correlated state. The surface
rotation for Sr3(Rug g4Mnyg 16),07 will create a new symmetry
and a new two-dimensional band structure, like rotation did
for Srz;Ru, 07 [25].

In summary, we have used the combination of LEED [-V
and HREELS analysis to investigate the surface phase of
Sr3(Ru;_,Mn, ),07. There is octahedral tilt at the surface for
0 < x < 0.16 which does not exist in the bulk, and HREELS
measurements indicate that the surface metallicity is strongly
coupled to the tilt. The system becomes more conducting
with decreasing tilt and enhanced rotation compared to the
bulk. The behavior of the surface order parameter versus
doping is more or less linear, resembling a second-order phase
transition at the two-dimensional surface, which is fundamen-
tally different from the three-dimensionallike behavior in the
bulk.

We thank Wei Chen, Pablo Rivero, and William Shelton for
very useful discussions. This paper is supported by National
Science Foundation Grant No. DMR-1504226.

[1] A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657
(2003).

[2] R. A. Borzi, S. A. Grigera, J. Farrell, R. S. Perry, S. J. Lister, S.
L. Lee, D. A. Tennant, Y. Maeno, and A. P. Mackenzie, Science
315, 214 (2007).

[3] S. A. Grigera, P. Gegenwart, R. A. Borzi, F. Weickert, A.
J. Schofield, R. S. Perry, T. Tayama, T. Sakakibara, Y.
Maeno, A. G. Green, and A. P. Mackenzie, Science 306, 1154
(2004).

[4] S. A.Grigera, R. S. Perry, A.J. Schofield, M. Chiao, S. R. Julian,
G. G. Lonzarich, S. L. Ikeda, Y. Maeno, A. J. Millis, and A. P.
Mackenzie, Science 294, 329 (2001).

[5] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J.
Bednorz, and F. Lichtenberg, Nature 372, 532 (1994).

[6] R. S. Perry, L. M. Galvin, S. A. Grigera, L. Capogna, A. J.
Schofield, A. P. Mackenzie, M. Chiao, S. R. Julian, S. I. Ikeda,
S. Nakatsuji, Y. Maeno, and C. Pfleiderer, Phys. Rev. Lett. 86,
2661 (2001).

[7]1 R. S. Perry, K. Kitagawa, S. A. Grigera, R. A. Borzi, A. P.
Mackenzie, K. Ishida, and Y. Maeno, Phys. Rev. Lett. 92, 166602
(2004).

[8] C. Dhital, T. Hogan, W. Zhou, X. Chen, Z. Ren, M. Pokharel,
Y. Okada, M. Heine, W. Tian, Z. Yamani, C. Opeil, J. S. Helton,
J. W. Lynn, Z. Wang, V. Madhavan, and S. D. Wilson, Nat.
Commun. 5, 3377 (2014).

[9] J. Lee, M. P. Allan, M. A. Wang, J. Farrell, S. A. Grigera, F.
Baumberger, J. C. Davis, and A. P. Mackenzie, Nat. Phys. 5,
800 (2009).

[10] M. Braden, W. Reichardt, S. Nishizaki, Y. Mori, and Y. Maeno,
Phys. Rev. B 57, 1236 (1998).

[11] B. Stoger, M. Hieckel, F. Mittendorfer, Z. Wang, D. Fobes, J.
Peng, Z. Mao, M. Schmid, J. Redinger, and U. Diebold, Phys.
Rev. Lett. 113, 116101 (2014).

[12] M. Braden, Y. Sidis, P. Bourges, P. Pfeuty, J. Kulda,
Z. Mao, and Y. Maeno, Phys. Rev. B 66, 064522
(2002).

085420-6


http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1103/RevModPhys.75.657
http://dx.doi.org/10.1126/science.1134796
http://dx.doi.org/10.1126/science.1134796
http://dx.doi.org/10.1126/science.1134796
http://dx.doi.org/10.1126/science.1134796
http://dx.doi.org/10.1126/science.1104306
http://dx.doi.org/10.1126/science.1104306
http://dx.doi.org/10.1126/science.1104306
http://dx.doi.org/10.1126/science.1104306
http://dx.doi.org/10.1126/science.1063539
http://dx.doi.org/10.1126/science.1063539
http://dx.doi.org/10.1126/science.1063539
http://dx.doi.org/10.1126/science.1063539
http://dx.doi.org/10.1038/372532a0
http://dx.doi.org/10.1038/372532a0
http://dx.doi.org/10.1038/372532a0
http://dx.doi.org/10.1038/372532a0
http://dx.doi.org/10.1103/PhysRevLett.86.2661
http://dx.doi.org/10.1103/PhysRevLett.86.2661
http://dx.doi.org/10.1103/PhysRevLett.86.2661
http://dx.doi.org/10.1103/PhysRevLett.86.2661
http://dx.doi.org/10.1103/PhysRevLett.92.166602
http://dx.doi.org/10.1103/PhysRevLett.92.166602
http://dx.doi.org/10.1103/PhysRevLett.92.166602
http://dx.doi.org/10.1103/PhysRevLett.92.166602
http://dx.doi.org/10.1038/ncomms4377
http://dx.doi.org/10.1038/ncomms4377
http://dx.doi.org/10.1038/ncomms4377
http://dx.doi.org/10.1038/ncomms4377
http://dx.doi.org/10.1038/nphys1397
http://dx.doi.org/10.1038/nphys1397
http://dx.doi.org/10.1038/nphys1397
http://dx.doi.org/10.1038/nphys1397
http://dx.doi.org/10.1103/PhysRevB.57.1236
http://dx.doi.org/10.1103/PhysRevB.57.1236
http://dx.doi.org/10.1103/PhysRevB.57.1236
http://dx.doi.org/10.1103/PhysRevB.57.1236
http://dx.doi.org/10.1103/PhysRevLett.113.116101
http://dx.doi.org/10.1103/PhysRevLett.113.116101
http://dx.doi.org/10.1103/PhysRevLett.113.116101
http://dx.doi.org/10.1103/PhysRevLett.113.116101
http://dx.doi.org/10.1103/PhysRevB.66.064522
http://dx.doi.org/10.1103/PhysRevB.66.064522
http://dx.doi.org/10.1103/PhysRevB.66.064522
http://dx.doi.org/10.1103/PhysRevB.66.064522

HIDDEN PHASES REVEALED AT THE SURFACE OF ...

[13] O. Friedt, M. Braden, G. André, P. Adelmann, S. Nakatsuji, and
Y. Maeno, Phys. Rev. B 63, 174432 (2001).

[14] J. P. Carlo, T. Goko, I. M. Gat-Malureanu, P. L. Russo, A. T.
Savici, A. A. Aczel, G. J. MacDougall, J. A. Rodriguez, T. J.
Williams, G. M. Luke, C. R. Wiebe, Y. Yoshida, S. Nakatsuji,
Y. Maeno, T. Taniguchi, and Y. J. Uemura, Nat. Mater. 11, 323
(2012).

[15] C. W. Hicks, D. O. Brodsky, E. A. Yelland, A. S. Gibbs, J. A.
Bruin, M. E. Barber, S. D. Edkins, K. Nishimura, S. Yonezawa,
and Y. Maeno, Science 344, 283 (2014).

[16] Z. Fang and K. Terakura, Phys. Rev. B 64, 020509 (2001).

[17] Z. Fang, N. Nagaosa, and K. Terakura, Phys. Rev. B 69, 045116
(2004).

[18] S. Nakatsuji and Y. Maeno, Phys. Rev. Lett. 84, 2666 (2000).

[19] J. H. Jung, Z. Fang, J. P. He, Y. Kaneko, Y. Okimoto, and Y.
Tokura, Phys. Rev. Lett. 91, 056403 (2003).

[20] J. S. Lee, Y. S. Lee, T. W. Noh, S. J. Oh, J. Yu, S. Nakatsuji, H.
Fukazawa, and Y. Maeno, Phys. Rev. Lett. 89, 257402 (2002).

[21] 1. Zegkinoglou, J. Strempfer, C. S. Nelson, J. P. Hill, J.
Chakhalian, C. Bernhard, J. C. Lang, G. Srajer, H. Fukazawa,
S. Nakatsuji, Y. Maeno, and B. Keimer, Phys. Rev. Lett. 95,
136401 (2005).

[22] T. Hotta and E. Dagotto, Phys. Rev. Lett. 88, 017201 (2001).

[23] H. Shaked, J. D. Jorgensen, S. Short, O. Chmaissem, S. I. Ikeda,
and Y. Maeno, Phys. Rev. B 62, 8725 (2000).

[24] S.-1. Ikeda, Y. Maeno, S. Nakatsuji, M. Kosaka, and Y. Uwatoko,
Phys. Rev. B 62, R6089 (2000).

[25] B. Hu, G. T. McCandless, V. O. Garlea, S. Stadler, Y. Xiong, J.
Y. Chan, E. W. Plummer, and R. Jin, Phys. Rev. B 84, 174411
(2011).

[26] J. Peng, Z. Qu, B. Qian, D. Fobes, T. Liu, X. Wu, H. M. Pham,
L. Spinu, and Z. Q. Mao, Phys. Rev. B 82, 024417 (2010).

[27] Z. Qu, L. Spinu, H. Yuan, V. Dobrosavljevi¢, W. Bao, J. W.
Lynn, M. Nicklas, J. Peng, T. Liu, D. Fobes, E. Flesch, and Z.
Q. Mao, Phys. Rev. B 78, 180407 (2008).

[28] Z. Qu, J. Peng, T. Liu, D. Fobes, L. Spinu, and Z. Mao, Phys.
Rev. B 80, 115130 (2009).

[29] Z. Qu, J. Peng, T. Liu, D. Fobes, V. Dobrosavljevié, L. Spinu,
and Z. Q. Mao, Phys. Rev. B 86, 014434 (2012).

[30] D. Mesa, F. Ye, S. Chi, J. A. Fernandez-Baca, W. Tian, B. Hu,
R. Jin, E. W. Plummer, and J. Zhang, Phys. Rev. B 85, 180410
(2012).

[31] R. G. Moore, J. Zhang, V. B. Nascimento, R. Jin, J. Guo, G. T.
Wang, Z. Fang, D. Mandrus, and E. W. Plummer, Science 318,
615 (2007).

[32] R. G. Moore, V. B. Nascimento, J. Zhang, J. Rundgren, R. Jin,
D. Mandrus, and E. W. Plummer, Phys. Rev. Lett. 100, 066102
(2008).

[33] B. Hu, G. T. McCandless, M. Menard, V. B. Nascimento, J. Y.
Chan, E. W. Plummer, and R. Jin, Phys. Rev. B 81, 184104
(2010).

PHYSICAL REVIEW B 94, 085420 (2016)

[34] G.Li, Q. Li, M. Pan, B. Hu, C. Chen, J. Teng, Z. Diao, J. Zhang,
R. Jin, and E. W. Plummer, Sci. Rep. 3, 2882 (2013).

[35] Q. Huang, J. W. Lynn, R. W. Erwin, J. Jarupatrakorn, and R. J.
Cava, Phys. Rev. B 58, 8515 (1998).

[36] R. Matzdorf, Z. Fang, Ismail, J. Zhang, T. Kimura, Y. Tokura,
K. Terakura, and E. W. Plummer, Science 289, 746 (2000).

[37] J. T. Yates Jr., in Experimental Innovations in Surface Science
(Springer, New York, 2015), p. 337.

[38] J. B. Pendry, J. Phys. C 13, 937 (1980).

[39] Y. Yoshida, S. I. Ikeda, H. Matsuhata, N. Shirakawa, C. H. Lee,
and S. Katano, Phys. Rev. B 72, 054412 (2005).

[40] Ismail, J. D. Zhang, R. Matzdorf, T. Kimura, Y. Tokura, and E.
W. Plummer, Phys. Rev. B 67, 035407 (2003).

[41] M. N. Iliev, V. N. Popov, A. P. Litvinchuk, M. V. Abrasheyv, J.
Backstrom, Y. Y. Sun, R. L. Meng, and C. W. Chu, Physica B
358, 138 (2005).

[42] U. Fano, Phys. Rev. 124, 1866 (1961).

[43] M.N.Iliev, S.Jandl, V.N. Popov, A.P. Litvinchuk, J. Cmaidalka,
R. L. Meng, and J. Meen, Phys. Rev. B 71, 214305 (2005).

[44] H. L. Liu, S. Yoon, S. L. Cooper, G. Cao, and J. E. Crow, Phys.
Rev. B 60, R6980 (1999).

[45] A. Zangwill, Physics at surfaces (Cambridge University Press,
Cambridge, 1988).

[46] E. Kisker, K. Schroder, W. Gudat, and M. Campagna, Phys. Rev.
B 31, 329 (1985).

[47] M. K. Crawford, R. L. Harlow, W. Marshall, Z. Li, G. Cao, R. L.
Lindstrom, Q. Huang, and J. W. Lynn, Phys. Rev. B 65, 214412
(2002).

[48] Q. Gan, R. A. Rao, C. B. Eom, L. Wu, and F. Tsui, J. Appl.
Phys. 85, 5297 (1999).

[49] B.J. Kennedy and B. A. Hunter, Phys. Rev. B 58, 653 (1998).

[50] S. Bushmeleva, V. Y. Pomjakushin, E. Pomjakushina, D.
Sheptyakov, and A. Balagurov, J. Magn. Magn. Mater. 305,
491 (20006).

[51] M. Kim and B. I. Min, Phys. Rev. B 91, 205116 (2015).

[52] M. Braden, O. Friedt, Y. Sidis, P. Bourges, M. Minakata, and Y.
Maeno, Phys. Rev. Lett. 88, 197002 (2002).

[53] M. Minakata and Y. Maeno, Phys. Rev. B 63, 180504 (2001).

[54] J. E. Ortmann, J. Y. Liu, J. Hu, M. Zhu, J. Peng, M. Matsuda, X.
Ke, and Z. Q. Mao, Sci. Rep. 3, 2950 (2013).

[55] B. Stoger, M. Hieckel, F. Mittendorfer, Z. Wang, M. Schmid,
G. S. Parkinson, D. Fobes, J. Peng, J. E. Ortmann, A. Limbeck,
Z. Mao, J. Redinger, and U. Diebold, Phys. Rev. B 90, 165438
(2014).

[56] D. Kalkstein and P. Soven, Surf. Sci. 26, 85 (1971).

[57] R. Haydock and M. Kelly, Surf. Sci. 38, 139 (1973).

[58] R.J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Rev. Lett.
56, 1972 (1986).

[59] J. E. Northrup, Phys. Rev. Lett. 57, 154 (1986).

[60] J. E. Demuth, B. N. J. Persson, and A. J. Schell-Sorokin, Phys.
Rev. Lett. 51, 2214 (1983).

085420-7


http://dx.doi.org/10.1103/PhysRevB.63.174432
http://dx.doi.org/10.1103/PhysRevB.63.174432
http://dx.doi.org/10.1103/PhysRevB.63.174432
http://dx.doi.org/10.1103/PhysRevB.63.174432
http://dx.doi.org/10.1038/nmat3236
http://dx.doi.org/10.1038/nmat3236
http://dx.doi.org/10.1038/nmat3236
http://dx.doi.org/10.1038/nmat3236
http://dx.doi.org/10.1126/science.1248292
http://dx.doi.org/10.1126/science.1248292
http://dx.doi.org/10.1126/science.1248292
http://dx.doi.org/10.1126/science.1248292
http://dx.doi.org/10.1103/PhysRevB.64.020509
http://dx.doi.org/10.1103/PhysRevB.64.020509
http://dx.doi.org/10.1103/PhysRevB.64.020509
http://dx.doi.org/10.1103/PhysRevB.64.020509
http://dx.doi.org/10.1103/PhysRevB.69.045116
http://dx.doi.org/10.1103/PhysRevB.69.045116
http://dx.doi.org/10.1103/PhysRevB.69.045116
http://dx.doi.org/10.1103/PhysRevB.69.045116
http://dx.doi.org/10.1103/PhysRevLett.84.2666
http://dx.doi.org/10.1103/PhysRevLett.84.2666
http://dx.doi.org/10.1103/PhysRevLett.84.2666
http://dx.doi.org/10.1103/PhysRevLett.84.2666
http://dx.doi.org/10.1103/PhysRevLett.91.056403
http://dx.doi.org/10.1103/PhysRevLett.91.056403
http://dx.doi.org/10.1103/PhysRevLett.91.056403
http://dx.doi.org/10.1103/PhysRevLett.91.056403
http://dx.doi.org/10.1103/PhysRevLett.89.257402
http://dx.doi.org/10.1103/PhysRevLett.89.257402
http://dx.doi.org/10.1103/PhysRevLett.89.257402
http://dx.doi.org/10.1103/PhysRevLett.89.257402
http://dx.doi.org/10.1103/PhysRevLett.95.136401
http://dx.doi.org/10.1103/PhysRevLett.95.136401
http://dx.doi.org/10.1103/PhysRevLett.95.136401
http://dx.doi.org/10.1103/PhysRevLett.95.136401
http://dx.doi.org/10.1103/PhysRevLett.88.017201
http://dx.doi.org/10.1103/PhysRevLett.88.017201
http://dx.doi.org/10.1103/PhysRevLett.88.017201
http://dx.doi.org/10.1103/PhysRevLett.88.017201
http://dx.doi.org/10.1103/PhysRevB.62.8725
http://dx.doi.org/10.1103/PhysRevB.62.8725
http://dx.doi.org/10.1103/PhysRevB.62.8725
http://dx.doi.org/10.1103/PhysRevB.62.8725
http://dx.doi.org/10.1103/PhysRevB.62.R6089
http://dx.doi.org/10.1103/PhysRevB.62.R6089
http://dx.doi.org/10.1103/PhysRevB.62.R6089
http://dx.doi.org/10.1103/PhysRevB.62.R6089
http://dx.doi.org/10.1103/PhysRevB.84.174411
http://dx.doi.org/10.1103/PhysRevB.84.174411
http://dx.doi.org/10.1103/PhysRevB.84.174411
http://dx.doi.org/10.1103/PhysRevB.84.174411
http://dx.doi.org/10.1103/PhysRevB.82.024417
http://dx.doi.org/10.1103/PhysRevB.82.024417
http://dx.doi.org/10.1103/PhysRevB.82.024417
http://dx.doi.org/10.1103/PhysRevB.82.024417
http://dx.doi.org/10.1103/PhysRevB.78.180407
http://dx.doi.org/10.1103/PhysRevB.78.180407
http://dx.doi.org/10.1103/PhysRevB.78.180407
http://dx.doi.org/10.1103/PhysRevB.78.180407
http://dx.doi.org/10.1103/PhysRevB.80.115130
http://dx.doi.org/10.1103/PhysRevB.80.115130
http://dx.doi.org/10.1103/PhysRevB.80.115130
http://dx.doi.org/10.1103/PhysRevB.80.115130
http://dx.doi.org/10.1103/PhysRevB.86.014434
http://dx.doi.org/10.1103/PhysRevB.86.014434
http://dx.doi.org/10.1103/PhysRevB.86.014434
http://dx.doi.org/10.1103/PhysRevB.86.014434
http://dx.doi.org/10.1103/PhysRevB.85.180410
http://dx.doi.org/10.1103/PhysRevB.85.180410
http://dx.doi.org/10.1103/PhysRevB.85.180410
http://dx.doi.org/10.1103/PhysRevB.85.180410
http://dx.doi.org/10.1126/science.1145374
http://dx.doi.org/10.1126/science.1145374
http://dx.doi.org/10.1126/science.1145374
http://dx.doi.org/10.1126/science.1145374
http://dx.doi.org/10.1103/PhysRevLett.100.066102
http://dx.doi.org/10.1103/PhysRevLett.100.066102
http://dx.doi.org/10.1103/PhysRevLett.100.066102
http://dx.doi.org/10.1103/PhysRevLett.100.066102
http://dx.doi.org/10.1103/PhysRevB.81.184104
http://dx.doi.org/10.1103/PhysRevB.81.184104
http://dx.doi.org/10.1103/PhysRevB.81.184104
http://dx.doi.org/10.1103/PhysRevB.81.184104
http://dx.doi.org/10.1038/srep02882
http://dx.doi.org/10.1038/srep02882
http://dx.doi.org/10.1038/srep02882
http://dx.doi.org/10.1038/srep02882
http://dx.doi.org/10.1103/PhysRevB.58.8515
http://dx.doi.org/10.1103/PhysRevB.58.8515
http://dx.doi.org/10.1103/PhysRevB.58.8515
http://dx.doi.org/10.1103/PhysRevB.58.8515
http://dx.doi.org/10.1126/science.289.5480.746
http://dx.doi.org/10.1126/science.289.5480.746
http://dx.doi.org/10.1126/science.289.5480.746
http://dx.doi.org/10.1126/science.289.5480.746
http://dx.doi.org/10.1088/0022-3719/13/5/024
http://dx.doi.org/10.1088/0022-3719/13/5/024
http://dx.doi.org/10.1088/0022-3719/13/5/024
http://dx.doi.org/10.1088/0022-3719/13/5/024
http://dx.doi.org/10.1103/PhysRevB.72.054412
http://dx.doi.org/10.1103/PhysRevB.72.054412
http://dx.doi.org/10.1103/PhysRevB.72.054412
http://dx.doi.org/10.1103/PhysRevB.72.054412
http://dx.doi.org/10.1103/PhysRevB.67.035407
http://dx.doi.org/10.1103/PhysRevB.67.035407
http://dx.doi.org/10.1103/PhysRevB.67.035407
http://dx.doi.org/10.1103/PhysRevB.67.035407
http://dx.doi.org/10.1016/j.physb.2004.12.069
http://dx.doi.org/10.1016/j.physb.2004.12.069
http://dx.doi.org/10.1016/j.physb.2004.12.069
http://dx.doi.org/10.1016/j.physb.2004.12.069
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/PhysRevB.71.214305
http://dx.doi.org/10.1103/PhysRevB.71.214305
http://dx.doi.org/10.1103/PhysRevB.71.214305
http://dx.doi.org/10.1103/PhysRevB.71.214305
http://dx.doi.org/10.1103/PhysRevB.60.R6980
http://dx.doi.org/10.1103/PhysRevB.60.R6980
http://dx.doi.org/10.1103/PhysRevB.60.R6980
http://dx.doi.org/10.1103/PhysRevB.60.R6980
http://dx.doi.org/10.1103/PhysRevB.31.329
http://dx.doi.org/10.1103/PhysRevB.31.329
http://dx.doi.org/10.1103/PhysRevB.31.329
http://dx.doi.org/10.1103/PhysRevB.31.329
http://dx.doi.org/10.1103/PhysRevB.65.214412
http://dx.doi.org/10.1103/PhysRevB.65.214412
http://dx.doi.org/10.1103/PhysRevB.65.214412
http://dx.doi.org/10.1103/PhysRevB.65.214412
http://dx.doi.org/10.1063/1.369859
http://dx.doi.org/10.1063/1.369859
http://dx.doi.org/10.1063/1.369859
http://dx.doi.org/10.1063/1.369859
http://dx.doi.org/10.1103/PhysRevB.58.653
http://dx.doi.org/10.1103/PhysRevB.58.653
http://dx.doi.org/10.1103/PhysRevB.58.653
http://dx.doi.org/10.1103/PhysRevB.58.653
http://dx.doi.org/10.1016/j.jmmm.2006.02.089
http://dx.doi.org/10.1016/j.jmmm.2006.02.089
http://dx.doi.org/10.1016/j.jmmm.2006.02.089
http://dx.doi.org/10.1016/j.jmmm.2006.02.089
http://dx.doi.org/10.1103/PhysRevB.91.205116
http://dx.doi.org/10.1103/PhysRevB.91.205116
http://dx.doi.org/10.1103/PhysRevB.91.205116
http://dx.doi.org/10.1103/PhysRevB.91.205116
http://dx.doi.org/10.1103/PhysRevLett.88.197002
http://dx.doi.org/10.1103/PhysRevLett.88.197002
http://dx.doi.org/10.1103/PhysRevLett.88.197002
http://dx.doi.org/10.1103/PhysRevLett.88.197002
http://dx.doi.org/10.1103/PhysRevB.63.180504
http://dx.doi.org/10.1103/PhysRevB.63.180504
http://dx.doi.org/10.1103/PhysRevB.63.180504
http://dx.doi.org/10.1103/PhysRevB.63.180504
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1103/PhysRevB.90.165438
http://dx.doi.org/10.1103/PhysRevB.90.165438
http://dx.doi.org/10.1103/PhysRevB.90.165438
http://dx.doi.org/10.1103/PhysRevB.90.165438
http://dx.doi.org/10.1016/0039-6028(71)90115-4
http://dx.doi.org/10.1016/0039-6028(71)90115-4
http://dx.doi.org/10.1016/0039-6028(71)90115-4
http://dx.doi.org/10.1016/0039-6028(71)90115-4
http://dx.doi.org/10.1016/0039-6028(73)90279-3
http://dx.doi.org/10.1016/0039-6028(73)90279-3
http://dx.doi.org/10.1016/0039-6028(73)90279-3
http://dx.doi.org/10.1016/0039-6028(73)90279-3
http://dx.doi.org/10.1103/PhysRevLett.56.1972
http://dx.doi.org/10.1103/PhysRevLett.56.1972
http://dx.doi.org/10.1103/PhysRevLett.56.1972
http://dx.doi.org/10.1103/PhysRevLett.56.1972
http://dx.doi.org/10.1103/PhysRevLett.57.154
http://dx.doi.org/10.1103/PhysRevLett.57.154
http://dx.doi.org/10.1103/PhysRevLett.57.154
http://dx.doi.org/10.1103/PhysRevLett.57.154
http://dx.doi.org/10.1103/PhysRevLett.51.2214
http://dx.doi.org/10.1103/PhysRevLett.51.2214
http://dx.doi.org/10.1103/PhysRevLett.51.2214
http://dx.doi.org/10.1103/PhysRevLett.51.2214



