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An outstanding question regarding the probing or possible device applications of correlated electronic

materials (CEMs) with layered structure is the extent to which their bulk and surface properties differ or

not. The broken translational symmetry at the surface can lead to distinct functionality due to the charge,

lattice, orbital, and spin coupling. Here we report on the case of bilayered manganites with hole doping

levels corresponding to bulk ferromagnetic order. We find that, although the hole doping level is measured

to be the same as in the bulk, the surface layer is not ferromagnetic. Further, our low-energy electron

diffraction and x-ray measurements show that there is a c-axis collapse in the outermost layer. Bulk

theoretical calculations reveal that, even at fixed doping level, the relaxation of the Jahn-Teller distortion

at the surface is consistent with the stabilization of an A-type antiferromagnetic state.

DOI: 10.1103/PhysRevLett.103.227201 PACS numbers: 75.70.�i, 61.05.jh, 68.47.Gh

Because of the strong coupling between the lattice,
electron, and spin in a strongly correlated material, it is
not surprising that breaking the translational symmetry by
creating a surface in a material can result in a new ground
state at the surface. The more two-dimensional the tran-
sition metal oxide (TMO) is, the smaller the effect of
creating a surface should be. Therefore, it is surprising
that the (001) surface of the single-layered ruthenate,
Ca2�xSrxRuO4, exhibits quite different properties com-
pared with the bulk [1,2], including a purely electronic
metal-insulator Mott transition for x ¼ 0:1 [1] and a sig-
nificant modification of the quantum critical point near
xc � 0:5 [2]. Another example is the Fe3O4ð001Þ surface,
where a wavelike reconstruction stabilizes a polar-
terminated surface and induces a half-metal to metal tran-
sition [3].

In the bulk, the bilayered TMO, La2�2xSr1þ2xMn2O7,
displays a variety of both magnetic and electronic states
[4,5]. Changing the Sr=La concentration ratio results in a
mixed valence state of Mn and gives rise to different
ferromagnetic (FM), paramagnetic, and antiferromagnetic
(AFM) phases. One could expect that the surface proper-
ties of a bilayered TMO might deviate from the bulk even
more than in a single-layer TMO, e.g., Ca2�xSrxRuO4.
Recently, there have been several studies of the electronic
and magnetic properties, some of which support this hy-
pothesis. Studies of the surface magnetic properties over
the range of x from 0.36 to 0.40, for which the bulk is a FM
metal, show the presence of a non-FM insulating behavior
of the surface bilayer [6,7]. Angle-resolved photoemission

(ARPES) and tunneling studies have provided a direct look
at the surface electronic structure at the Fermi level, EF, to
a depth of �1 nm, but the published results vary. For
ARPES at x ¼ 0:40, one group reports evidence for a
pseudogap [8], while another group sees clear evidence
for a strong quasiparticle peak [9], which tracks the elec-
trical conductivity [10]. At slightly lower doping (x ¼
0:36–0:38), ARPES data show a more consistent picture
with clear signs of a quasiparticle peak associated with the
metallic state [11–13]. However, the physics of the bulk
properties does not seem to change significantly in this
doping range (0.36–0.40), leaving open the question of
why the surface properties vary so significantly. Gold-tip
point-contact tunneling (at x ¼ 0:36) concludes there is an
insulating surface bilayer acting as a tunnel barrier [6] and
shows evidence for a metallic second bilayer with the
expected suppression of the density of states near EF due
to Coulomb interactions [14]. However, scanning tunnel-
ing spectroscopy for the x ¼ 0:3 surface concludes that a
pseudogap dominates the tunneling characteristics [15].
The aim of this work is to understand the nature of the

structure-functionality relationship at the surface of corre-
lated electronic materials (CEMs), specifically the origin
of the non-FM phase present at the (001) surface of the
La2�2xSr1þ2xMn2O7 manganites by a combined experi-
mental and theoretical analysis. For this, a quantitative
study of surface structure was performed using LEED
[16], determining geometric and chemical ordering. The
full-potential linearized augmented plane-wave (FLAPW)
theoretical approach [17] was employed to calculate the
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electronic structure of the La2�2xSr1þ2xMn2O7 system.
Further, electronic and magnetic characterizations of
in situ cleaved (001) surfaces were performed using
x-ray resonant magnetic scattering (XRMS).

Single-crystal samples of La1:28Sr1:72Mn2O7 (x ¼ 0:36)
and La1:2Sr1:8Mn2O7 (x ¼ 0:40) were cleaved in situ under
ultrahigh vacuum conditions at temperatures of 80 and
300 K. The following LEED and x-ray studies yielded
the same results regardless of the cleaving temperature.
The LEED structural analyses indicate a LaSrO rocksalt-
terminated surface, as expected for the cleavage of these
layered manganites, in agreement with other recent studies
of the bilayer surface [15,18]. The observed diffraction
patterns presented a (1� 1) structure with p4mm symme-
try [Fig. 1(a)] and no indication of surface reconstruction,
as had been previously suggested as a possible root cause
for altered surface properties [6]. This indicates that the
changes in the physical properties at the surface must be
due to a change not of the symmetry, but could be due to a
change of lattice parameters at the surface.

To probe the details of the surface structure, a quantita-
tive analysis of the LEED IðVÞ data was conducted.
Variations in the diffraction intensity as a function of the
incident electron beam energy [IðVÞ] are connected to the
details of the surface structure [16]. Symmetrically equiva-
lent beams, according to the p4mm symmetry, were then
averaged leading to 11 nonequivalent beams [IðVÞ curves]:

(1,0), (1,1), (2,0), (2,2), (2,1), (3,0), (3,1), (3,3), (4,0), (4,1),
and (3,2), in total energy ranges of 3129 and 3509 eV,
respectively, for the x ¼ 0:36 and 0.40 samples at 300 K.
Optimization of the (001) surface structure of both the x ¼
0:36 and 0.40 systems, within the constraints of p4mm
symmetry, was performed by searching for the minimum
of the Pendry R factor (RP) [19], which was employed to
quantify the theory-experiment agreement. Considering
the complexity of the structure of these systems, excellent
final theory-experiment agreements were achieved, as
characterized by the final RP values of 0.18 and 0.20 for
x ¼ 0:36 and 0.40, respectively, at 300 K.
A comparison between typical experimental and theo-

retical IðVÞ curves obtained for the x ¼ 0:40 best structure
can be seen in Fig. 1(b). Both x ¼ 0:36 and 0.40 (001)
surfaces present the same final structure within the accu-
racy of the results. An analysis of experimental data col-
lected at 80 K indicates no change in the surface structure
for either doping level at reduced temperature. The main
structural features of the (001) surface pertain to changes in
the three different Mn-O distances in the top half of the
surface bilayer, which are defined in Fig. 1(c) and pre-
sented in Table I. Notice that the most significant change is
a contraction of the Mn-O(II) spacing at the surface, while
the Mn-O(I) and Mn-O(III) spacings basically keep their
bulk values (within uncertainties). This change in the
Mn-O(II) distance will be seen below to play a key role
in the physical properties of the surface. Of particular
importance is the distortion of the octahedra, known as a
Jahn-Teller distortion, which alters the energies of the Mn
3d orbitals. The Jahn-Teller distortion (�JT) can be defined
as the ratio of the averaged apical Mn-O distances
[Mn-O(I) and Mn-O(II)] to the equatorial Mn-O distance
½Mn-OðIIIÞ�:�JT¼½Mn-OðIÞþMn-OðIIÞ�=½2�Mn-OðIIIÞ�.
According to the experimental results of the bulk struc-

ture [20,21],�JT decreases from� 1:034 at x ¼ 0:30 (FM)
to �1:011 at x ¼ 0:50 (AFM). The change in magnetic
order with increasing hole concentration (x) results from
the depopulation of the 3z2 � r2 orbitals and is coupled to
a decrease in �JT [22]. This weakens the ferromagnetic
double exchange between the bilayers in favor of the t2g
AFM superexchange, resulting in an A-type state with
moments aligned ferromagnetically within the layer and
antiparallel between the double layers.
As previously mentioned, the surface structural results

show that both the Mn-O(I) and Mn-O(III) distances ex-
hibit bulklike values for both samples and that Mn-O(II) is
systematically reduced in the surface. The reduction of
Mn-O(II) is consistent with a change in the orbital occu-
pancy and, consequently, the magnetic order at the surface,
as will be discussed below. Using bulk values for Mn-O(I)
and Mn-O(III) [20], one can yield �JT equal to (1:0013�
0:0155) and (1:0044� 0:0181) at the surface for x ¼ 0:36
and 0.40, respectively. If a comparison with bulk is made,
one may speculate that both systems present AFM order at
the surface, possibly of an A type. Specifically, the surface

FIG. 1 (color online). (a) LEED diffraction pattern for the x ¼
0:36 sample at 150 eV. (b) LEED: comparison between theo-
retical and experimental IðVÞ curves for the x ¼ 0:40 system at a
temperature of 300 K. Red (gray) and black lines correspond,
respectively, to the theoretical and experimental intensities. IðVÞ
curves for four distinct diffracted beams [(1,0), (1,1), (2,1), and
(4,1)] are presented. (c) Top half of the first bilayer, showing the
three distinct manganese-oxygen distances: (1) Mn-O(I), dis-
tance between manganese and oxygen in the center of the
bilayer; (2) Mn-O(II), distance between manganese and top/
bottom oxygen; (3) Mn-O(III), distance between manganese
and in-plane oxygen.
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relaxation produces a collapse in the c axis, decreasing the
Jahn-Teller distortion and, in analogy with the bulk results,
driving the system from FM to AFM order.

To connect to the previous work showing the loss of FM
order at the surface and the concomitant formation of an
insulating surface bilayer [6,7], we did a direct compari-
son of the surface magnetism for crystals cleaved in air
and in situ. First, we examined in detail the electronic
properties of Mn near the surface as probed by x-ray
absorption spectroscopy. We compared the surface-
sensitive absorption (electron yield) for the in situ versus
ex situ cleaving and found that they are identical, indicat-
ing that the electronic structure of the Mn atoms in the
surface bilayer is largely unaffected by the cleaving envi-
ronment [see Fig. 2(a)]. As shown in Fig. 2(b), a compari-
son with absorption measurements in the surface and bulk
sensitive modes, it is clear that the surface has the same
composition as the bulk. Through in situ x-ray photoelec-
tron spectroscopy (not shown), we find no evidence of
Sr segregation to the surface, which is in agreement with
x-ray absorption, LEED, and previous studies for layered
manganites [18].

The magnetic state at the surface was probed directly by
measuring the polarization-dependent magnetic reflectiv-
ity, referred to as XRMS. The XRMS results from an
interference between the charge and magnetic scattering
from the chemical and magnetic profiles. Using the results
above that show a uniform chemical profile, this interfer-
ence can be measured via angle-dependent XRMS and can
determine the nature of the magnetism near the surface or
interface [6,7]. The key observation from the XRMS mea-
surements is that the change of sign of the XRMS signal
occurs and can be connected to a single surface bilayer
which displays no net magnetism and is therefore not
ferromagnetic like the bulk. Such a sign change would be
absent in the case where the ferromagnetism was present in
the surface bilayer [7]. In Fig. 2, we present a comparison
between an in situ (c) and ex situ (d) cleaved sample
measured under the same conditions. It is clear that the
data for both surfaces show the same sign reversal, pre-
viously shown to be due to a non-FM surface bilayer.
Having shown the similarity between the electronic and
magnetic behavior of the two surface preparations allows

us to conclude that this is the intrinsic physical property of
the surface bilayer.
As previously discussed, there is a strong correlation

between crystal structure and physical properties, the
structure-functionality relationship, in a TMO system
such as La2�2xSr1þ2xMn2O7. Therefore, a detailed knowl-
edge of the surface structure is required for understanding
the physical properties at the surface. The experimentally
determined surface structure indicates a change in the
Mn-O(II) distance of the top half of the first bilayer, as
can be seen in Table I, where surface as well as bulk values
for these bond lengths are presented. The Mn-O(I) and
Mn-O(III) distances remain basically bulklike. In spite of
the uncertainties in their values, the experimental results
systematically and consistently indicate the same behavior
for both the x ¼ 0:36 and 0.40 systems. The magnetic and
electronic properties of the bilayered manganites are
strongly related to the Mn-O distances and, consequently,

FIG. 2 (color online). (a) Comparison of surface-sensitive
x-ray absorption (electron yield) for in versus ex situ cleaving
showing identical surface electronic structure for the two differ-
ent surface preparations. (b) Comparison of surface versus bulk
absorption showing similar composition for both regions. X-ray
resonant magnetic scattering (XRMS) as a function of angle for
(c) in situ and (d) ex situ cleaved samples. The sign reversal is
attributed to a non-FM surface bilayer and is clearly seen in both
cases, indicating that this is an intrinsic property of the surface
layer.

TABLE I. The distances between Mn and the three different types of O [top, middle, and plane, as shown in Fig. 1(c) in the top half
of the first bilayer] are presented: Mn-O(I), Mn-O(II), and Mn-O(III). The ratios between Mn-O(I) and Mn-O(II) distances, as well as
the Jahn-Teller distortion (�JT), are also shown. The surface values presented correspond to a temperature of 300 K.

Parameter x ¼ 0:36 x ¼ 0:40 x ¼ 0:35 (bulk) [20] x ¼ 0:40 (bulk) [21]

Mn-O(I) ð1:952� 0:09Þ �A ð1:953� 0:09Þ �A 1.929 Å 1.936 Å

Mn-O(II) ð1:924� 0:06Þ �A ð1:936� 0:07Þ �A 2.010 Å 2.003 Å

Mn-O(III) ð1:937� 0:02Þ �A ð1:937� 0:02Þ �A 1.929 Å 1.9339 Å

Mn-OðIÞ=Mn-OðIIÞ (1:014� 0:032)a (1:008� 0:036)a 0.95 970 0.96 655

�JT (1:0013� 0:0155)a (1:0044� 0:0181)a 1.0210 1.018 37

aBecause Mn-O(I) and Mn-O(III) distances do not change at the surface (within uncertainties), bulk values have been adopted for
Mn-O(I) and Mn-O(III).
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with the associated Jahn-Teller distortion. As previously
discussed, a comparison with bulk results strongly suggests
an AFM phase at the surface [20], a conclusion supported
by surface-sensitive magnetic measurements [6,7].

Theoretical calculations were performed on a bulk sys-
tem to explore the structure-functionality relationship, spe-
cifically how the magnetic order correlates with Mn-O
octahedron distortion at a fixed hole concentration. The
calculations were performed with the FLAPW implemen-
tation [17] of the density-functional approach to the elec-
tronic structure and properties of crystalline solids. Our
theoretical results for hole doping corresponding to x ¼
0:40, using as our initial structural parameters those of
Mitchell et al. [21], are presented in Fig. 3. The total energy
difference between AFM and FM configurations (�E ¼
EAFM � EFM) is presented in the following situation: the
Mn-OðIÞ=Mn-OðIIÞ ratio is varied by changing the
Mn-O(II) distance. Positive or negative values for �E
indicate a FM or AFM state, respectively. For comparison
with Table I, the right panel presents the correspondence
between the MnOðIÞ=Mn-OðIIÞ ratio and the Jahn-Teller
distortion. The experimental values at the surface for the
Mn-OðIÞ=Mn-OðIIÞ ratio are presented in Table I for both
x ¼ 0:36 and 0.40 surfaces. As can be seen in Table I and in
Fig. 3, the surface Mn-OðIÞ=Mn-OðIIÞ ratios obtained by
LEED of 1.004 for x ¼ 0:40 and 1.001 for x ¼ 0:36 would
both drive the system into an AFM phase. The theoretical
predictions presented in Fig. 3 predict a 25-meV stabiliza-
tion for the AFM-ordered phase at the surface.
Significantly, as in the bulk, it is the Jahn-Teller distortion
that seems to correlate strongly with magnetic order. The
behavior of �E ¼ EAFM � EFM with changes in �JT is

clear from Fig. 3. A weaker Jahn-Teller distortion system-
atically indicates a tendency to an AFM phase. As can be
inferred from Table I, the empirical �JT surface values
obtained by LEED analyses indicate an AFM phase as
the most stable state. These results are in agreement with
the bulk experimental work by Kubota et al. [20].
Further details about the methodologies adopted in this

Letter are presented elsewhere [23].
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FIG. 3 (color online). FLAPW for x ¼ 0:4 (bulk). The total
energy difference between AF and FM configurations (�E ¼
EAF � EFM) is presented as the Mn-OðIÞ=Mn-OðIIÞ ratio varied
by changing the Mn-O(II) distance. The associated Jahn-Teller
distortion (�JT) is also presented. The bulk experimental values
for x ¼ 0:40, as well as the surface values for x ¼ 0:36 and 0.40,
are presented in the graph.
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